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Abstract

Ring-opening metathesis polymerization (ROMP) is used to prepare trans-poly(A-alt-B)
polymers from a 1:1 mixture of A and B where A is a cyclic olefin such as cyclooctene (A,) or
cycloheptene (A,) and B is a large norbornadiene or norbornene derivative such as 2,3-
dicarbomethoxy-7-isopropylidenenorbornadiene (B,) or dimethylspirobicyclo[2.2.1]hepta-2,5-
diene-2,3-dicarboxylate-7,1'-cyclopropane (B,). The most successful initiators that were
examined are of the type Mo(NR)(CHCMe,Ph)[OCMe(CF;),], (R = 2,6-Me,C,H; (1) or 2,6-i-
Pr,C¢H,; (2)). The trans configuration of the AB linkages is proposed to result from the steric
demand of B. Both anti-MB and syn-MB alkylidenes are observed during the copolymerization,
where B was last inserted into a Mo=C bond, although anti-MB dominates as the reaction
proceeds. Anti-MB is lower in energy than syn-MB, does not react readily with either A or B,
and interconverts slowly with syn-MB through rotation about the Mo=C bond. Syn-MB does not
readily react with B, but it does react slowly with A (rate constant ~1 M s) to give anti-MA
and one trans-AB linkage. Anti-MA then reacts with B (rate constant ~300 M s or larger) to
give syn-MB and the second frans-AB linkage. The reaction has been modeled using
experimental data in order to obtain the estimated rate constants above. The reaction between
anti-MA and A is proposed to give rise to AA linkages, but AA dyads can amount to <5%.

Several other possible A and B monomers, initiators, and conditions were explored.



INTRODUCTION

Copolymers in which monomers A and B are incorporated in a perfectly alternating
manner (poly(A-alt-B)) are rare.! Two examples are alternating AB copolymers formed from
CO and olefins' or CO, and epoxides.'“" In each case one monomer (CO or CQ,) itself is not
homopolymerized.

In the last fifteen years ring-opening metathesis polymerization (ROMP) has been
employed to make alternating AB copolymers.” The ideal circumstance for preparing an AB
copolymer is one in which two monomers that are only slowly homopolymerized undergo cross
polymerization. An example is the copolymerization of 1-substituted cyclobutenes and
cyclohexene with ruthenium alkylidene initiators;* 1-substituted cyclobutenes are not readily
homopolymerized for steric reasons and the free energy for polymerization of cyclohexene is
positive, so only one cyclohexene (it is proposed) is incorporated between two units of
cyclobutene. Cyclooctene is often partnered with a relatively strained olefin such as a
norbornene because "back-biting" to give cyclic oligomers can limit the length of
poly(cyclooctene) sequences. Formation of an AB copolymer with a single structure via ROMP
ideally should also include control of the cis or trans stereochemistry of the new C=C bonds, but
this stereochemical control is rare.”® Control of tacticity in an AB copolymer has not been
reported. In some variations formation of an AB copolymer is a consequence of thermodynamic
rather than kinetic control.*’

To the best of our knowledge all attempts to prepare AB copolymers via ROMP
employed Ru-based catalysts’ before the discovery of the AB copolymers formed with
molybdenum initiators that are the subject of this paper. An exception is the special case of an
alternating copolymer where A and B are enantiomers.* In this case a racemic norbornene-like
monomer is employed along with an initiator whose four-coordinate metal center inverts with
each insertion of each enantiomer of the monomer. The preferential reaction of one
configuration of the metal with one enantiomer allows enantiomers to be incorporated alternately
to give a polymer with a single, so-called, cis,syndiotactic,alt structure. Among the well-defined
catalysts, so far only molybdenum initiators yield a polymer with a cis,syndiotactic,alt structure.
The reason why tungsten analogs of successful molybdenum initiators do not yield
cis,syndiotactic,alt structures is not yet known.

We recently reported the synthesis of four alternating trans-A-alt-B copolymers from one
of two large norbornadienes (B, or B,, Figure 1) and either cyclooctene (A,) or cycloheptene (A,)
where Mo(NR)(CHCMe,Ph)[OCMe(CF,),], (R = 2,6-Me,C,H; (1) or 2,6-i-Pr,CiH; (2)) is the
initiator.” Between 92% and 97% AB dyads are formed in the trans-A-alt-B copolymer from a

1:1 mixture of A and B, depending on the specific reaction and conditions employed. In a
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Figure 2. Four copolymers made with initiator 1.
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Figure 3. The 8 5.8 to 5.1 ppm region of the 'H NMR spectra for each A-alt-B copolymer made with 1 as

the initiator.

typical experiment A and B (50 equiv of each, 0.4 M in C,D,) are consumed to give copolymers
after ~2 h. The 'H NMR spectra of these trans A-alt-B copolymers contain two olefinic proton
resonances; a doublet of triplets for H, and a doublet of doublets for Hy (Figures 2 and 3). The
large coupling constant between the olefinic protons (\Jy.s = ~15.5 Hz) together with a strong
IR absorption at ~970 cm™ confirms the presence of trans C=C bonds. The resonances that can

be ascribed to AA olefinic protons (in both cis and trans dyads) can be observed at 5.33 and 5.38

ppm in the spectra of poly(A,;-alt-
B,) and poly(A,-alt-B,), but are
hidden under the H, resonance in
the spectra of poly(A;-alt-B,) and
poly(A,-alt-B,). Integration of the
olefinic resonances suggests that
the AA dyads amount to 92%
(A/By), 94% (A4/B,), 94% (A,/B)),
and 97% (A,/B,), respectively, in
the spectra shown in Figure 3. The
precise percentage of AA dyads
present in a given copolymer varies

to some degree with concentration
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Figure 4. The proposed mechanism to form trans-poly(A,-alt-B,).



and temperature. The rate of copolymerization of A, and B, with 1 is approximately an order of
magnitude slower in THF compared to chloroform, benzene, or toluene, as a consequence of
competitive binding of THF to syn and anti propagating species to varying degrees.’
Polymerizations in THF or other coordinating solvents or in the presence of potential ligands are
not discussed in this paper.

Preliminary experiments led us to propose that two propagating species, syn-MB (in
which B has inserted last into an M=C bond) and anti-MA (in which A has inserted last into an
M=C bond) comprise the core of the mechanism for formation of trans AB copolymers. The
mechanism for copolymerization of A, and B, is shown in Figure 4. The A,-alt-B, copolymer is
formed when syn-MB, reacts with A, to give anti-MA, and one trans A,B, linkage, followed by
a reaction between anti-MA, and B, to form the other trans A,B, linkage and syn-MB,. The
trans selectivity is proposed to arise as a consequence of the steric demand of B,. It is proposed
that anti-MB, does not react readily with either B, or A,. Syn-MB, does not react readily with
B,, but it does react slowly with A, to give anti-MA, and a trans A,B, linkage in one of the two
reactions in which trans A,B, dyads are formed. No MA, intermediates are observed.

In this paper we model the reaction to form trans-poly(A,-alt-B,) in order to obtain the
rate constants ky, and k,, (Figure 4) and explore other AB combinations, catalysts, and

conditions.

RESULTS AND DISCUSSION
Modeling the formation of poly(A,-alt-B,)

The reaction between B, and syn-2 in toluene-d; is convenient to study kinetically
because syn-2 reacts with around one equivalent of B, to yield the frans first-insertion product,
MB,,, relatively cleanly; homopolymerization of B, is very slow. MB,, can be isolated and
characterized;’ it is primarily (95%) the anti isomer at equilibrium. Usually a syn alkylidene
isomer is more stable than an anti isomer in an imido alkylidene complex of Mo or W with K,
(K, = ky/k, where k, is the rate constant for conversion of anti to syn, and k, the reverse) being
over a thousand.® We ascribe the lower energy of anti-MB,, relative to syn-MB,,to the steric
demand of the alkylidene substituent derived from B,in syn-MB,,. Since the rate of reaction of
B, with syn-2 does not depend upon the concentration of B, in the range of 5 - 30 times the
concentration of syn-2, it was proposed that only anti-2 reacts with B,.> Monitoring the reaction
between syn-2 and 0.4 equiv of B, over a period of ~10,000 s by proton NMR revealed that syn-
MB,, is formed first and then begins to be converted to anti-MB,, as B, is consumed and syn-2 is
partially consumed (Figure 5). Therefore, we propose that the mechanism of the reaction
between syn-2 and B, is one in which syn-2 must first form anti-2 through rotation of the
alkylidene (eq 1), anti-2 reacts with B, to yield syn-MB,, (eq 2), and syn-MB,, then is converted



to anti-MB,, through alkylidene rotation (eq 3). The reaction between anti-2 and B, (eq 2) is a
model for the proposed reaction between anti-MA, and B,in an actual copolymerization. It has
been noted in the literature that initiation of homopolymerization of 1,7,7-
trimethylbicyclo[2.2.1]hept-2-ene (in either rac or (-) form) requires a rate-limiting conversion

of the syn alkylidene isomer of 2 to the anti alkylidene isomer.”
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reaction of syn-2 with ~0.4 equiv of B,.

The rate constants for interconversion of syn-2 and anti-2 were determined in 1993.° The
rate constant for conversion of anti-2 to syn-2 (k,,,) was found to be 0.10 s at 22 °C through
extrapolation of values obtained at lower temperatures in an Eyring plot. From the equilibrium
constant at 22 °C in tol-d; (k,,/k,,, = 1400) k

rate constants are probably accurate to +5% at best. The ratio of anti-MB,, to syn-MB,, at

was then estimated to be 7.0x10° s™'. These two

as2 sa2

equilibrium can be estimated by proton NMR to be ~95:5. Finally, photolysis of syn-2 at -78 °C
yielded a mixture of anti-2 (40%) and syn-2, which upon treatment with 0.4 equiv of B, at low
temperature produced a mixture of syn-2 and syn-MB,,, the latter of which contains a trans C=C
bond (see SI). This result proves that anti-2 reacts much more readily with B, than syn-2 reacts
with B,, and that exclusively a frans C=C bond is formed as a product. Similar results were
found in previous studies for 35,6-bistrifluoromethylnorbornadiene.® The relatively slow
conversion of syn-MB,,to anti-MB,,was then followed at 22 °C in order to obtain Ky, =
30x107° s™'. Therefore, k, s, can be calculated to be 1.6x107 s™', assuming that the ratio of anti-
MB,, to syn-MB,, is 95:5 at equilibrium. We ascribe the relatively slow rates of interconversion
of syn-MB,,and anti-MB,in each direction to the large substituent in the alkylidene derived
from B,. The only rate constant in equations 1-3 for which no experimental data are available is

kg,, which would appear to be relatively large since the reaction shown in equation 2 is "fast." In

5



fact, to our knowledge no rate constant for a "fast" reaction between an anti-alkylidene and a

norbornene-like substrate has been measured.

Table 1. The results of modeling the reaction between syn-2 and B,.

[B,] (M) Ko K" Koonpa™” Konpa™” kg,
initial values 0.10 7.0 1.6 30 unknown
0.4x[2] 0.10 7.50(4) 2.00(10) 43.3(2) 282(8)
0.5x[2] 0.10 8.22(13) 2.88(24) 42.9(6) 264(18)

* All x 10”° °Units are s™'. © Units are M s™!

The experimental data in Figure 5 were fit using the Levenberg-Marquardt method in
COPASI, as described in the Supporting Information. An analogous reaction between syn-2 and
B, (0.5 equiv) was similarly followed and modeled (see SI). Four of the values in Table 1 were
treated as variables while k,,, was fixed at 0.10 s”. Rate constant k,, has to be fixed in order to

obtain a value for kg, because k,, and kg, are correlated as a consequence of the fact that anti-2 is

as2
either converted to syn-2 (eq 1) or reacts with B, (eq 2). The values obtained for k,,, K, and
K. mpa 10 the modeling study are close to the initial values found through the studies described
above; they are shown in Table 1 as "initial values". In the modeling study the minimum
acceptable value for kg,, the bimolecular rate constant for the reaction between anti-2 and B,,
was found to be ~300 M s'. Use of larger, fixed values for kg, led to no changes in the values
for K., Koo and K sy Shown in Table 1. Therefore, we can conclude that kg, is ~300 M 5™
or larger. The minimum error in this kg, could easily be = 50 M s™.

If we treat k,, (eq 1) as an unknown in a model in which an irreversible, rate-limiting
syn-2 to anti-2 conversion is followed by a rapid and irreversible reaction between anti-2 and B,,
the resulting values that are obtained for k,, are the same as those shown in Table 1. An
irreversible rate-limiting step followed by a rapid formation of product is the source of the large
uncertainty in kg,.

The proposed mechanism of copolymerization of A, and B, by initiator 2 is shown in
Figure 4. We know that kg, for the reaction between anti-2 and B, ~300™" s™ or larger (Table 1).
The minimum value for kg, for the reaction between anti-MA, and B, should be significantly
greater than 300 M sin view of what is likely to be a higher reactivity for a relatively small
(near the metal) anti alkylidene versus an anti neophylidene complex (see Figure 4); therefore
we employed (arbitrarily) a fixed value of kg, = 700 M s for modeling the reaction between
anti-MA, and B, in an actual copolymerization. In order to account for formation of A,A,
linkages, the four ways to form A,A, linkages (cis or trans) plus the equilibrium between syn-
MA, and anti-MA, were added to the simulation (see SI). The consumption of A, (15 or 35

6



equiv) and B, (15 or 35 equiv) in the presence of MB,, as the initiator was followed and fit to the
model as described in the SI using the Levenberg-Marquardt method in COPASI. The reaction
of anti-MA, with A, to give anti-MA, or syn-MA, and cis or trans homopolymer (HP) linkages,
respectively, reproduced the experimental results. All rate constants were treated as unknowns
except kg,. The second order rate constant (k,,) for the reaction of syn-MB, with A, was found
to have a value of ~1 M s for both runs (see SI for details.) Following only the consumption
of A, and B, is inadequate to determine the number of unknowns in the simulation, in part since
the formation of A,A, (HP) linkages is only ~4% in this model (see SI). The time course for
consumption of A, and B, and formation of A,B, (CP) and A,A, (HP) linkages shown in the SI
(Figures S5 and S7) is a relatively accurate description of a typical formation of >96% poly(A-
alt-B). The main conclusion is that the rate constant (if kg, = 700) for the reaction of anti-MA,
and B, is at least ~700 times the value for the rate constant (kg, ~1) for the reaction of syn-MB,
with A,. The success of formation of trans-poly(A,-alt-B,), and the three other alternating
copolymers explored initially clearly depends upon the relatively selective reactions between
anti-MA, with B, to give syn-MB, and a trans A,B, linkage and that between syn-MB, and A, to
give anti-MA, and a trans B,A, (= A,B,) linkage. This model is the simplest possible. It does
not include any reversibility of the formation of AA linkages ("back-biting") or the formation of
AAA linkages, etc., or ways of forming AA linkages other than in the non-stereoselective

reaction of anti-MA, with A,.

Studies relevant to the formation of poly(A,-alt-B,)

Initiators 1 and 2 behave similarly in copolymerizations, but 1 reacts differently with B, than
2 reacts with B,. The differences between 1 and 2 are subtle. (All details can be found in the
SI.)

A solution of 1 in toluene-dg was photolyzed at 350 nm for 3 h at =78 °C. A new resonance
at 13.02 ppm ('Joy= 156 Hz; 45%) that was observed in the 'H NMR spectrum at =50 °C was
assigned to anti-1 on the basis of the large value for 'J.; compared to 'Jfor the syn isomer (at
12.02 ppm, 'Jo;= 122 Hz). The conversion of anti-1 to syn-1 above —50 °C was followed versus
an internal standard at four temperatures over a 15 °C range to obtain four values for k,, at those
temperatures. An Eyring plot led to values for AH*(17.1 kcal/mol) and AS*(-7.4 eu) and a
calculated value for AG*,,gat 22 °C (19.3 kcal/mol) and a k,,, at room temperature of 0.045 s™.
K. (=k
at room temperature. These values should be compared with those for 2 (AH*= 18.3 kcal/mol,
AS*= -2 eu, AG*5= 18.3 kcal/mol), and K., = 1400, respectively).” The value for k, at room

sa2

/k,;) was determined to be 1400 through integration of the resonances for syn and anti

asl

temperature was calculated to be 3.2 x 10°s™ employing the value for K.p- The values for k,,
(0.045 s and k_, (3.2 x 10°s™) compared to k,, (0.10 s™) and k(7 x 10°s™) suggest that anti-

sa2



1 and syn-1 interconvert at about half the rate that anti-2 and syn-2 interconvert, but K, and K.,
are the same (1400).

When 0.7 — 0.8 equivalents of B, were added to a toluene solution of 1 at room temperature,
B, was fully consumed within 20 minutes. Two doublets (*Jy of 3.3 Hz and 7.6 Hz) were
observed in the alkylidene region of the proton NMR spectrum. Two olefinic proton resonances
were observed for two isomers having cis C=C stereochemistry, not trans, according to the value
for *J,; (12 Hz). With the aid of 'H-'"H COSY and 'H-"C HSQC, individual olefinic resonances
were found to arise from syn and anti isomers of the first insertion product. The major isomer
(Ju of 3.3 Hz) was found to have 'Jo; = 157 Hz and therefore was assigned to be anti-MB,,,
while the minor isomer (*J,; of 7.6 Hz) was assigned to be syn-MB
anti-MB,_,; and syn-MB

was found to be 5/95, the same as Kz, (vide supra). We propose that syn-MB

At room temperature,
[/anti-MB, ;1)

results from

Icis*

Leis 10 Slowly reached equilibrium and K g, (=[syn-MB,;
Icis

the reaction between syn-1 and B,, while anti-MB
to trans-MB

the minor product, results from

Icis»

isomerization of syn-MB We propose that the smaller imido group in syn-1 is

1cis Icis*

why the major first-insertion product is syn-MB, ;..

When By (0.45 equiv) in a toluene-ds solution was added to a mixture of syn-1 and anti-1
at —50 °C, complete consumption of anti-1 was observed after 10 minutes according to '"H NMR
spectra. Approximately 30% of anti-1 was converted back to syn-1 after 10 minutes at —15 °C,
so consumption of anti-1 at —50 °C results mainly from the reaction of anti-1 with B;y. In the
alkylidene region, the syn-MBy,4,s isomer of the first insertion product was formed, as confirmed
by the coupling constants of the alkylidene and the olefinic protons. When the temperature was
raised to —40 °C, syn-1 started to react with By to form syn-MBy.;. At —10 °C, the two
overlapping alkylidene peaks of syn-MBy.;; and syn-MBy,.,s could be observed in the proton
NMR spectrum. All assignments were determined through "H-'"H COSY experiments. All
details can be found in the SI.

From the above experiments we conclude that anti-1 reacts with By at low temperatures
to give syn-MBy4,s much more rapidly than syn-1 reacts with By to give syn-MBy;;, consistent
with approach of By to both syn-1 and anti-1 with the cage pointing toward the imido ligand.
However, at 22 °C the opposite is found; syn-1 reacts with B; to give syn-MBy ;. Therefore the
reaction of syn-1 with By at 22 °C is not a good model for a copolymerization reaction of A; and
B, by initiator 1. It should be noted that the crystallographically characterized first-insertion
product of the reaction of By with syn-Mo(NAr)(CH-¢-Bu)(O-#-Bu), has a syn,trans geometry,®
which suggests (but does not prove) that the syn first-insertion product arises through a reaction
between By and anti-Mo(NAr)(CH--Bu)(O-#-Bu),.” The syn first-insertion product derived from
Mo(NAr)(CH-#-Bu)(O-t-Bu), and By does not react further with By, even at 50 °C. Initiator 1
does polymerize 50 equivalents of By (>96% conversion after 24 h) at 22 °C, but the isolated

8



polymer is not stereoregular. Polymerization of B; is slow compared to the timescale of a
copolymerization of A; and By by syn-1, which is why the resulting trans-poly(Ai-alt-B1) has
few, if any, B;B; errors. It is important to note that even though syn-1 reacts with By to give syn-
MB,.s at 22 °C (vide infra), only anti-MA; is present as an intermediate under catalytic
conditions and it is proposed to react with By to give syn-MB; that contains a trans C=C linkage

before any syn-MA; can form.

Formation of A,-alt-B,/B,, A,-alt-B,/B,, A,/A,-alt-B,, A,/A,-alt-B, and A /A,-alt-B,/B,
copolymers

The initial studies suggest that B, and B, behave similarly and A, and A, behave similarly
in forming the four possible stereoregular alternating AB copolymers. Therefore three, or even
all four monomers, can be employed to make copolymers in which A,, A,, B,, and B, are (it is
proposed) randomly distributed within the polymer microstructures, but frans-A.-alt-B, dyad
relationships are maintained (Figure 6). For AJA, alt-B,B,
example, polymerization of 50 equivalents
of A, using initiator 1 (0.2 M in CDCL,), 25 Ha HaHgHs

equivalents of B,, and 25 equivalents of B, Wmian—&

produced a CDCl;-soluble copolymer within H H
A B

2h at 22 °C in which both trans copolymer
) A,-alt-B,/B,
dyads could be observed (Figure 6). The

remaining three combinations (A,-alt-B,/B,, H, H,HgHg
A/A,-alt-B,, and A,/A,-alt-B,) produced WMAZ_a,t_BZ
similar copolymers (Figure 6). The patterns He Hq

for H,, and H,, overlap essentially

completely in the spectra for A,/A,-alt-B, MM@#-BJ B,
and A,/A,-alt-B,in Figure 6, but those for Hy HaHgHg

r T T
5.6 54 5.2

H;, and Hp,are separated. Overlap of H,,

and H,, patterns accounts for the slightly Figure 6. The "H NMR spectra between 5.2 and
lower fidelity in the H,; and H,, patterns 5.5 ppm of Ay-alt-B,/B,, A,-alt-B,/B,, A\/A,-alt-B,,
and A,/A,-alt-B, prepared using 1.

when both A; and A,are present. An
equimolar mixture of A;:A,:B;:B, (0.2 M in CDCl;) can be polymerized to yield a polymer
whose 'H NMR spectrum is a combination of those obtained for the A,-alt-B,/B, and A,-alt-
B,/B, copolymers (top of Figure 6).

"Sequence editing" in copolymerizations to give alternating AB copolymers has been
reported in the literature for some ruthenium-initiated copolymerizations, i.e., cyclooctene is

largely polymerized first and then "edited" down to some relatively short sequence before the



norbornene-like monomer irreversibly reacts with the MA alkylidene to form an AB linkage.'""

Ay (25 equiv) was added 1 to give polyA;, followed by addition of By (25 equiv). Five days later,
virtually no high quality (>90%) trans-poly(Aj-alt-B;) was observed. Therefore, sequence
editing is not a competitive pathway on the time scale of an A;/B4/1 copolymerization in this

system in toluene-ds.

Synthesis of other frans A,B, copolymers

Other A;B, combinations were found to yield copolymers with > 80% alternating A,B,
linkages, as shown in Figure 7. The most successful were B;, B,, and B, which are close
relatives of B,. Formation of copolymer from A, and B, was relatively slow, with three days
being required to form ~90% trans A,B¢ linkages. Repeating the copolymerization of A, and B,
at 50 °C for 8 h resulted in the total consumption of A, with little copolymer formation. Heating
this sample (24 h at 50 °C) resulted in polymerization of the remaining By, but still little
copolymer was formed. These observations also rule out "editing" of poly(cyclooctene)
sequences as the major mechanism of forming A,B, linkages. We ascribe the relatively high
percentage of A A, dyads in trans-poly(A;-alt-B,) to the slower reaction of By with anti-MA,

than B, with anti-MA, for electronic reasons.

B3 B4 B5 Bs B7
95% alt 94% alt 93% alt ~90% alt 90% alt

Hy Hg Hy, Hg
A-alt-B, A,-alt-B; A,-alt-B,
5[7 5T6 5T5 5T4 573 5T2 511 5[7 ' 5?6 ' 5T5 ' 5?4 ' 5?3 ' 5T2 ' 511 5{7 5?6 5?5 5T4 5?3 5?2 5‘.1

Figure 7. Proton 'H NMR spectra between 5.60 and 5.15 ppm of A,-alt-B, prepared using 1 as an initiator.

10



Rac-Bg (Figure 8) has been copolymerized with cyclooctene by ruthenium initiators to
give a copolymer that contains a mixture of cis and trans double bonds.” The copolymer
prepared using Grubbs 1% generation initiator (82% yield, 73% A,-alt-Bg) could be improved to
~90% A,-alt-Bg employing a modified Grubbs 2™ generation initiator. The polymerization of
100 equivalents of A, and B4 (0.1 M in CDCl,) by 1 was complete within 2 h at 22 °C to yield a
CDCl;-soluble, yellow polymer. The 'H NMR spectrum of isolated of A,-alt-Bg showed four
resonances in the olefinic region; a doublet for H, at 5.72 ppm, a double doublet for H, at 5.64
ppm, and a pair of overlapping multiplets for Hy and Hy at 5.80 and 5.87 ppm, respectively
(Figure 9). The coupling between H, and Hy was found to be ~15 Hz characteristic of trans
C=C bonds. The methine proton resonance in the polymer was located at 4.74 ppm. All
assignments were corroborated through '"H COSY and HSQC NMR experiments. The relatively
simple and sharp 'H and "C NMR resonances for poly(A,-alt-Bg ) are consistent with a trans

head-to-tail polymer having A,Bg linkages in excess of 85% and essentially only frans C=C

0 o . 0 0
00 g g odo
o) o F F o) o)

Bg Bg B1o B4
85% Aq-alt-Bg 89% Aq-alt-Bo 83% Aj-altByy  89% Aq-alt-Byq

Figure 8. '"H NMR spectra from 6.0 to 5.4 ppm of A,-alt-B, prepared using 1 as an initiator.

5 Z >
HB HB
o 'T‘ (0]
R
Hg Hg Hy Hg Hg Hy Hg Hg H,
6,0 5.9 5.8 57 5.6 5.5 5.4 6.0 5.9 5.8 5.7 5.6 5,5 5.4 6.0 5.9 5.8 5.7 5.6 5.5 5.4 6.0 53 5.8 5.7 5A6 5.5
A-alt-Bg A,-alt-B, A,-alt-By, A,-alt-B,

Figure 9. 'H NMR spectra from 6.0 to 5.4 ppm of A,-alt-B, prepared using 1 as an initiator.
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bonds. Copolymerization of rac-Bg with cyclooctene was impractically slow under conditions
where rac-Bg was copolymerized. We assume that the enantiomers of Bg are incorporated
randomly in poly(A,;-alt-Bg ) and related copolymers.

Monomer B, was only slightly more selective towards the formation of AB linkages than
Bg and B, (89%, 85% and 83% A-alt-B, respectively). A copolymer with 89% A,B,, linkages
was formed when B,, was employed as a monomer. The 'H NMR spectrum of poly(A,-alt-B,;)
contained resonances for the two H, protons (H, and H,,) at 5.63 ppm and a pair of multiplets
for Hy and Hy at 5.80 and 5.87 ppm, respectively, a proposal that is supported by gCOSY

experiments.

Catalyst screening and other experiments

Copolymerizations involving equal amounts of A, and B, were chosen in order to
ascertain the efficienty of initiators 3-13 (Figure 10).

Compound 4, a tungsten analog of 1, led to no appreciable consumption of A, and B,
after 24 h. The polymer that could be observed after several days appeared to be an intractable
mixture of copolymer and homopolymer dyads of A, and B,.

N H N E N E
F3C’/r0u ,,,,, N|I|0§/I4Ph FsC,, O, \ll!/\ Ph FSC/(I/OI, N;lo Jph
FsC
‘ CF3 ‘ CF3 ‘
o o o
/\”’CFS FiC /\:I,C,:a FiC /\C”:’CF3
3
3 4 5
CF3 : Ph
N ; FiC i : FiC N : FiC i :
FG‘C’II/OM ,,,,, N|||° o Ph 32 Olin.. l\/llL . A~ —Ph 3, O'”'"’Nlllo .~ —Ph 32 O, Nlllo — Ph
FsC ‘ F3C ‘ FsC ‘ F3C ‘
o o o o
/\ "CF3 /\W’CFS /\""CFB /\””CFs
CFs CFs CF3 CFs3
6 7 8 9

FsC ‘ FsC ‘
E o/ “Et,0 A \o
)V"CF3 Fd CFs FsC )\W’CFS =|"cFy
CFs CF3
10 1" 12 13

Figure 10. Initiators 3 - 13 explored for al/~-ROMP using A, and B, as monomers.
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Initiators 3* and 5 were less selective than 1 towards al/t~ROMP. The F, initiator (5)
yielded more cis linkages, while the F; initiator (3) was more frans selective and more active
towards the homopolymerization of B, (Figure 11 and Table 2). Transferring the steric bulk
from the ortho to the meta positions of the N-phenyl imido ligand (in the form of a 3,5-
dimethylphenylimido ligand in 12) increased the % cis dyads (Table 2)."” A similar effect was
observed using mono-o-substituted N-phenyl imido ligands. The % trans dyads increased as the

size of the 2-substituent increased from trifluoromethyl to #-butyl. These screening results

H H

B cis + trans B cis + trans
HA trans HA trans HB trans HA trans
oo || e |
- Ih, I
T Il || w
(.'J\I\l ||J' \ ‘JI ’ " u‘ | | L'\ | "‘
~ ! \ _‘,r' \ N L ‘\__) S~ An ) J "\
T r T T T T T 1
56 55 54 53 52 51 5.6 55 54 53 5.2 51 56 55 54 53 52 51 5.0
F3 initiator F6 initiator F9 initiator

Figure 11. '"H NMR spectra from 5.6 to 5.0 ppm of A,-alt-B, copolymers prepared using F;, F¢ and F, as initiators.

Table 2. The consequence of changing the alkoxide and imido ligands.”

Entry Catalyst Time Conversion AB linkages cis : trans
(h) (%) (%) AB linkages
(%)
1 Mo(N-2,6-Me,CH,)(CHCMe,Ph)[OC(CF,),], 8.5 80 85 15:85
2 Mo(N-2,6-Me,C H,)(CHCMe,Ph)[OCMe(CF,),], 2 >99 97 01:99
3 Mo(N-2,6-Me,C H,)(CHCMe,Ph)[OCMe,CF;], 6 >99 78 03:97
4 Mo(N-3,5-Me,C H,)(CHCMe,Ph)[OCMe(CF,),], 1 >99 99 40 : 60
5 Mo(N-2-CF,C.H,)(CHCMe,Ph)[OCMe(CF,),], 1 >99 93 26:74
6 Mo(N-2-i-PrC,H,)(CHCMe,Ph)[OCMe(CF,),1, 1 >99 93 28:72
7 Mo(N-2-PhC¢H,)(CHCMe,Ph)[OCMe(CF,),], 1 >99 85 34: 66
8 Mo(N-2-t-BuC¢H,)(CHCMe,Ph)[OCMe(CF,),], 24 >99 99 20:80

*Conditions: 50 equiv A, and B, (0.1 M in CDCl;) at 22 °C. % Conversion, % AB linkages, cis:trans ratio

determined from 'H NMR spectra of isolated polymers.
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Hya H, H,  Hg Hya Hg H,  Hg

T T T T T T r T T T T T T T T T T T r T T T T T
5.6 55 54 5.3 5.2 5.1 5.6 55 5.4 53 52 5.1 5.6 55 54 53 5.2 5.1 5.6 55 5.4 53 5.2 5.1

A,-alt-B, A,-alt-B, A,-alt-B, A,-alt-B,

Figure 12. 'H NMR spectra from 5.6 to 5.0 ppm of A-alt-B prepared using 13 as the initiator.

comprise a cause and effect that can be traced to the size of the imido ligand, with "smaller"
imido ligands allowing more cis dyads to form. Replacing the phenylimido ligand with the
adamantylimido (in 10) or NAr" ligands (in 11) led to mixtures of copolymer and homopolymer
dyads.

Because monoalkoxide pyrrolide (MAP) initiators generally give high % cis polymers,
we did not expect Mo(NAr)(CHCMe,Ph)(Me,Pyr)[OCMe(CF,),] (13)'*to be a successful
initiator for alt-ROMP to give a trans alternating copolymer. Table S6 in the SI summarizes the
results of the copolymerizations obtained with B, or B, plus either cyclooctene or cycloheptene
using 13 as initiator. The only copolymers that were formed with >85% AB linkages were A;-
alt-B, and A,-alt-B, (Figure 12; Table S6, entries 1 and 3). Copolymers made from B, had 82%
and 72% AB linkages with A, and A,, respectively (Table S6, entries 2 and 4). Initiator 13 was
less active towards monomers with lower ring strain (A,). The fact that 13 does not yield high
cis copolymers can be ascribed to the preferred formation of trans dyads when employing B, and
B,, i.e., monomer control of cis/trans content.

We briefly explored a temperature effect on cis/trans selectivity of a reaction involving
Mo(N-2-i-PrC,H,)(CHMe,Ph)[OCMe(CF,),], (7) as the initiator. We found that decreasing the
temperature from 22 °C to —30 °C slightly increased the percentage of cis linkages, but also
increased the tendency for the formation of A,A, linkages (Table S7). When the polymerization
of Aiand B1 by 1 at room temperature, which gives 92% trans-poly(A1-alt-B1), was carried
out at 65 °C, little change was observed (~90% A1A1 dyads).

Two polymers were subjected to GPC studies in THF relative to polystyrene. Trans-
poly(A1-alt-B1) (50/50 equiv) prepared with initiator 1 showed a unimodal peak in the
GPC with M, = 30.3 kDa (Pwm = 2.04), while trans-poly(A1-alt-B2z) showed a unimodal peak
in the GPC with M, = 36.8 kDa (Pm = 1.74). (See the SI for the GPC traces.) The lowest
possible average molecular weight for each is ~18,000, so the observed M,, if it is relatively

accurate, is approximately double the lowest possible.
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Synthesis of A B, Copolymers that Contain A;, A,, and A,

Three other A monomers were explored for forming alternating copolymers with B,
using 1 as initiator (Figure 13). All three monomers gave >75% A,B, linkages (x = 3-5). The
results of copolymerizations involving A;, A,, and A; are summarized in Table S8 and in Figure
13. A,-alt-B, is > 85% trans with a proton NMR spectrum much like that for A,-alt-B, (Figure
3), but shifted slightly downfield. The pattern of H, resonances in the spectrum for A;-alt-B, is
relatively complex as a consequence of two olefin faces being present, and therefore two
possible relationships between A; and B,in a dyad. The pattern for Hy in A;-alt-B, is a relatively
simple double doublet. Copolymer A:-alt-B, shows a relatively high percentage of A;A; dyads
with a resonance at 5.35 ppm. The reaction between anti-MA; and A; must simply be more

competitive relative to the reaction between anti-MA; and B,.

O O

As
Ha Hg Ha Hg Ha Hg
) 5T7 T 5T5 T 5T3 T 5T1 1 | 5T7 T T 5‘5 T T 5T3 T T 5T1 ™ ) 5Y7 T 5T5 T 5T3 T 5T1 1
A-alt-B, A,-alt-B, Ag-alt-B,
~82 % AB, ~85 % AB, ~78 % AB,

Figure 13. Partial '"H NMR spectra of poly(A,-alt-B,) prepared using initiator 1.

CONCLUSIONS

The work described here suggests that trans-poly(A-alt-B) polymers are formed through
a finely balanced set of two reactions analogous to those shown for trans-poly(A,-alt-B,) in
Figure 4 and partially elucidated for trans-poly(A,-alt-B,) through modeling studies. The large
size of B creates a situation where anti-MB is lower in energy than syn-MB and does not react
with either A or B relative to the rate of conversion of anti-MB to syn-MB. Syn-MB then reacts
with A faster than it reacts with B to give anti-MA and a trans AB dyad. Anti-MA reacts with
both A and B competitively before (we propose) any anti-MA can isomerize to syn-MA. The
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rate of the reaction between anti-MA and B to give a trans AB dyad and syn-MB versus the rate
of the reaction between anti-MA and A to give both cis and frans AA dyads we propose is
essentially equal to the percentage of AB dyads formed. Formation of an all trans AB
copolymer is "monomer controlled" in that the anti alkylidene derived from one monomer (MA)
is naturally converted to the syn isomer formed from the other monomer (MB) and vice versa

during formation of the AB copolymer.

EXPERIMENTAL

General considerations. All air-sensitive manipulations were performed under nitrogen in a
glovebox or using Schlenk techniques. All glassware was oven-dried and allowed to cool under
vacuum or nitrogen before use. 'H and ?C NMR spectra were obtained on 500 MHz or 400 MHz
spectrometers. °'F NMR spectra were obtained on 400 MHz spectrometers. All chemical shifts
are reported in & (parts per million) and referenced to residual 'H/"*C signals of the deuterated
solvent ("H(8) benzene 7.16, chloroform 7.26, tetrahydrofuran 3.58, toluene 2.08; >C(8) benzene
128.06, chloroform 77.16, toluene 20.43; '"F(8) external PhF standard -113.15). Low
temperature 'H NMR experiments were conducted on a variable temperature 500 MHz
spectrometer capable of a temperature range of -100 °C to +150 °C. 'H-'"H gCOSY, HSQC,
DEPT NMR experiments were conducted on a 500 MHz spectrometer. Pentane was washed
with H,SOy4, followed by water and saturated aqueous NaHCO3;, and dried over CaCl, pellets
over at least two weeks prior to use in the solvent purification system. HPLC grade diethyl ether,
toluene, tetrahydrofuran, pentane, and methylene chloride were sparged with nitrogen and passed
through activated alumina. In addition, benzene was passed through a copper catalyst. Organic
solvents were then stored over activated 4 A Linde-type molecular sieves. Deuterated solvents
were degassed and stored over activated 4 A Linde-type molecular sieves. Benzaldehyde was
distilled and stored under nitrogen. Monomers Bl,ls Bz,l6 B6,17 B7,18 Bs,]o Bm,l9 and B;2° were
prepared according to published literature procedures. Monomers A; (95%, Alfa Aesar), A;
(>96%, TCI America), Az (>98.5%, Aldrich) and As (>99%, Aldrich) were distilled before use.
Monomer A4 was prepared according to a published literature procedure.”’ Complexes 1," 2,%
3,12 5,12 6,12 7,12 8,12 9,12 10,12 12,12 and 13" were prepared according to literature procedures.
Syntheses of 4 and 11 are reported here. Unless otherwise noted, all other reagents were
obtained from commercial sources and used as received. ATR-FT-IR spectra were acquired

using a Nicolet 6700 FT-IR with a Ge crystal for ATR and peak locations are reported in cm™.
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Supporting Information. Experimental details for all syntheses and experiments summarized
in the text (33 pages). This material is available free of charge via the Internet at

http://pubs.acs.org.
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S2

1. Syntheses of monomers and initiators 4 and 11.

Synthesis of W(N-2,6-Me,CH;)(CHCMe,Ph)(OCMe(CF;),), (4)
W(N-2,6-Me,C¢H3)(CHCMe,Ph)(OTf),(dme) (161.8 mg, 0.196 mmol, 1 equiv) was dissolved in
8 mL diethyl ether. The resulting yellow solution was chilled to —30 °C before adding a cold
ether solution of the lithium alkoxide (74.0 mg, 0.393 mmol, 2 equiv). The reaction was stirred
for 2 h before removing volatiles in vacuo. The residue was extracted with pentane and filtered
through a pad of Celite. The resulting solution was dried in vacuo to give a yellow solid (113 mg,
yield = 72.13%): 'H NMR (500 MHz, C¢Dg) & = 9.04 (s, 1H, syn-W=CH, *Jyy; = 15 Hz, 'Joyy =
115 Hz), 7.18-7.20 (m, 2H, Ar), 7.03-7.06 (m, 2H, Ar), 6.92-6.93 (m, 4H, Ar), 2.17 (s, 6H), 1 .44
(s, 6H), 1.16 (s, 6H). "C NMR (125 MHz, CD,) & = 252.48, 154.41, 150.67, 136.14, 128.47,
128.35, 128.16, 127.97, 127.82, 127.19, 126.37, 12592, 12499, 122.71, 81.78, 51.74, 32.04,
18.76, 18.63. ""F NMR (282 MHz, C,D¢) & = -77.62,-77.97. Anal. Calcd for C,sH,,F,NO,W:
Theory C,39.17; H,3.41; N, 1.76. Found C, 39.36; H, 3.47; N, 1.89.

Synthesis of Mo(NC¢F5;)(CHCMe,Ph)[OCMe(CF;),],’Et,0 (11)
Mo(NC¢F5)(CHCMe,Ph)(OTf),(dme) (1.41 g, 1.77 mmol, 1 equiv) was dissolved in 100 mL
diethyl ether. The yellow solution was chilled to —30 °C before adding a cold 20 mL ether
solution of the lithium alkoxide (0.699 g, 3.72 mmol, 2.1 equiv). The reaction mixture was
stirred for 3 h before removing all volatiles in vacuo. The residue was extracted with pentane and
the extract was filtered through a pad of Celite. The solvent was removed from the filtrate in
vacuo to give a red-orange solid which was recrystallized from ether at —30 °C; yield of
combined crops = 45%; 'H NMR (500 MHz, C,D¢) 6 = 9.75 (brs, Mo=CH, 1H), 7.25 (m, 4
aromatic CH), 7.11 (m, 1 aromatic CH) 3.31 (q, 3y = 7.03 Hz, 2 CH,), 1.53 (s, 6H), 1.28 (s, 6H),
1.10 (t, *Jyy = 7.02 Hz, 2 CH;); "C NMR (125 MHz, C;D;) 6 = 313.28 (Mo=CH); ’F NMR (376
MHz, C¢Dg) & = -78.27 (m, 12F), -156.13 (d, *J = 25.70 Hz, 2F), -163.30 (t, *J5 = 24.83 Hz, 2F),
-166.66 (t, *Jir = 23.74 Hz, 1F). Anal. Calcd for C,gH,sF,;MoNO;: Theory C, 39.78; H, 3.34; N,
1.66. Found C, 39.80; H, 3.28; N, 1.60.

Syntheses of B; 5

5-cyclobutylidenecyclopenta-1,3-diene and 5-cyclopentylidenecyclopenta-1,3-diene used in this
study were prepared according to a procedure reported by Coskun and Erden.' 5-
Cyclohexylidenecyclopenta-1,3-diene was synthesized according to a procedure reported by
Reynaud et al.?

A solution of dimethyl acetylenedicarboxylate (1.0 equiv) and freshly distilled fulvene (1.1 equiv)
in 30 mL of benzene was stirred at 80 °C for 24 h. After the reaction was complete, the mixture
was allowed to cool to room temperature and the solvent removed using rotatory evaporation.
The product was separated from the crude mixture by distillation under high vacuum. Typical
yield: 60-80%.

B;: Yellow oil. Made from (2.73 g, 19.2 mmol) dimethyl acetylenedicarboxylate and (2.50 g, 21.1
mmol) 5-cyclobutylidenecyclopenta-1,3-diene. 'H NMR (500 MHz, CDCL,): 6 = 6.99 (m, 2H),
4.19 (m, 2H), 3.78 (s, 6H), 2.53 (dt, J = 7.8 and 2.8 Hz, 4H), 1.86 (quint, J = 8.1 Hz, 2H). °C
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NMR (125 MHz, CDCl,): & = 165.04, 157.72, 151.92, 142.38, 107.76, 53.11, 52.19, 28.05, 17.09.
HRMS (ES]) caled for [M+H] 261.1121, found 261.1127.

B,: Viscous yellow oil. Made from (2.59 g, 18.2 mmol) dimethyl acetylenedicarboxylate and
(2.65 g, 20.0 mmol) 5-cyclopentylidenecyclopenta-1,3-diene. 'H NMR (500 MHz, CDCl,): § =
6.99 (m, 2H), 4.26 (m, 2H), 3.78 (s, 6H), 2.07 (m, 4H), 1.55 (m, 4H). "“C NMR (125 MHz,
CDCls): 6 165.14, 158.10, 151.77, 142.20, 110.45, 54.44, 52.20, 29.35, 26.65. HRMS (ESI)
calcd for [M+H] 275.1278, found 275.1183.

Bs: Viscous yellow oil. Made from (2.46 g, 17.3 mmol) dimethyl acetylenedicarboxylate and
(2.79 g, 19.0 mmol) 5-cyclohexylidenecyclopenta-1,3-diene. 'H NMR (500 MHz, CDCl,): § =
6.99 (m, 2H), 4.44 (m, 2H), 3.79 (s, 6H), 1.94 (m, 4H), 1.43 (m, 6H). "C NMR (125 MHz,
CDCls): 6 = 165.11, 159.26, 151.97, 14248, 107.97, 52.99, 52.19, 29.18, 27.20, 26.57. HRMS
(ESI) caled for [M+H] 289.1434, found 289.1436.

Synthesis of B,

N-pentafluorophenyl maleimide prepared by a procedure reported by Ma and coworkers’® (3.00 g,
11.4 mmol) was dissolved in 15 mL of 2-methylfuran. The resulting solution was heated at reflux
for 24 h. The solvent was removed by rotatory evaporation to yield a light yellow solid. This solid
was dissolved in a minimal amount of THF and chilled to —30 °C. An equal volume of hexane
was then layered onto the solution and the mixture left to recrystallize overnight at —30 °C. A
white solid was formed at the interface. B, was pure after two recrystallizations. Yield = 50%

B,: White solid. '"H NMR (500 MHz, CDCLy): 8 = 6.58 (d, *Jyy = 5.58 Hz, 1H), 6.40 (d, *Jyy =
5.61 Hz), 5.32 (s, 1H), 3.23 (d, *Jyyy = 6.43 Hz, 1H), 2.97 (d, *J,yy = 6.42 Hz, 1H), 1.79 (s, 3H). F
NMR (376 MHz, CDCLy): & = -142.09 (dm, 2F), -150.95 (m, 1F), -160.73 (dm, 2F). “C NMR
(125 MHz, CDCL): & = 173.13, 171.93, 143.70 (dm, Jor = 255.04 Hz, C-F), 143.39 (dm, Jr =
256.14 Hz, C-F), 142.26 (dm, Jo = 257.57Hz, C-F), 140.71, 139.00 (m, C-F), 137.04, 13541,
88.89,81.18,51.32,50.37, 15.61. HRMS (ESI) calcd for [M+Na] 368.0317, found 368.0324

Synthesis of frans-poly(A;-alt-B,/B,): A stock solution of 1 (5.2 mg, 7.3 pmol, 0.5 mL in CDCly)
was added to a stirred mixture of A; (40.8 mg, 0.37 mmol, 50 equiv), B, (44.7 mg, 0.18 mmol, 25
equiv) and B, (42.2 mg, 0.18 mmol, 25 equiv) in 1.5 mL CDCl;. The solution was stirred for 2 h.
At this point 'H NMR spectroscopy showed the reaction to be complete. The reaction was
quenched by the addition of the solution to MeOH (45 mL) in air. The polymer was isolated by
centrifugation and dried in vacuo overnight. Yield = 70%. 'H NMR (500 MHz, CDCly): § = 5.47
(dt,*Jyy = 14.47 and 6.88 Hz, 2H), 5.33 (dt, *Jyy = 13.64 and 6.89 Hz, 2H), 5.27 (dd, *Jyy; = 15.22
and 7.9 Hz, 2H), 5.20 (dd, *Jyu = 15.09 and 9.24 Hz, 2H), 4.11 (d, *Jy = 7.88 Hz, 2H), 3.74 (s,
6H), 3.73 (s, 6H), 3.13 (d, *Jyy = 9.19 Hz, 2H), 1.98 (m, 8H), 1.62 (s, 6H), 1.31(m, 12H), 0.60-
0.46 (m, 4H). "C NMR (125 MHz, CDCl,): & = 165.80, 165.69, 141.92, 141.01, 133.39, 133.17,
132.55, 129.08, 128.76, 128.37, 57.46, 53.36, 52.04 (overlapping), 32.57, 32.51, 29.62, 29.61,
29.13,29.09, 20.50, 15.58, 7.14.
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Synthesis of trans-poly(A,-alt-B,/B,): The procedure was repeated as stated above using A, (34.6
mg, 0.37 mmol, 50 equiv) instead of A,. Yield = 75%. '"H NMR (500 MHz, CDCl;): § = 5.49 (dt,
*Jun = 14.63 and 6.87 Hz, 2H), 5.34 (dt, *Jyyy = 14.89 and 6.84 Hz, 2H), 5.28 (dd, *J;y = 15.23 and
7.96 Hz, 2H), 5.21 (dd, *Jyy = 15.14 and 9.93 Hz, 2H), 4.11 (d, *Jyy = 9.2 Hz, 2H), 3.75 (s, 6H),
3.74 (s, 6H), 3.13 (d, *Jyy = 9.2 Hz, 2H), 1.98 (m, 8H), 1.63 (s, 6H), 1.31 (m, 12H), 0.60-0.46 (m,
4H). C NMR (125 MHz, CDCL,): § = 165.79, 165.68, 141.91, 140.99, 133.33, 133.13, 132.53,
129.06, 128.82, 128.37, 57.46, 53.37, 52.05 (overlapping), 32.55, 32.47, 29.56, 29.52, 28.80,

28.73,20.51,15.57,7.15.



S5

o s N 0~ m —~© <o
- o — o © =M A
< < Mmom ™ om — — — oo
N N N\ | N/ N/
B,/B,
E31
T
° - o~
< n @ *
& ~ P R
SRR T B/B,| gB
55 54 53 52 ) 1/B,y
I
|
B1 BZ B
I 1t 2
! 1
m }—r{ ©o
o —m o 4 — ~ o R o
S no® o — © © @ o n
NN . i pt % " bt =
T T T T T T T T T T T
6.0 55 5.0 45 4.0 3.5 3.0 25 20 15 1.0 0.5
R3 A SR © N0 nNoONOMm o N
A A — S ma o w0 N MmN n n v
© © T MMM ANNN o -Co N M NN RWBHB S 0 =
- /Rt A c [T MMNNNN N N
~ ~SES b= 0 (e === |
Cr. .Ci, .Cp »C12$\ Ei
o - ~ oo o e o
184 JJ O Ugd Fa Ca 1 SoUg SSSSSF e ¢ o
o ==Cy n ] 556605
~ L >
[8) MeO,C 105—0 3 5555
O
O\ B,
Ce
z—0C,
z,C8
\\Fv//\\«/’ Cr..¢ Cio  -Ci2
Fa 2 1 %\
ful =—=Cy4 "
e %
= MeO,C Cs=
| 2 0 B,
P o
© \
-
S Ce
~
O

T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Synthesis of trans-poly(A,/A,-alt-B,): A stock solution of 1 (5.2 mg, 7.3 pmol, 0.5 mL in CDCly)
was added to a stirred mixture of A; (19.8 mg, 0.18 mmol, 25 equiv), A, (17.5 mg, 0.18 mmol, 25
equiv) and B, (91.9 mg, 0.37 mmol, 50 equiv) in 1.5 mL CDClI;. The solution was stirred for 2 h.
At this point 'H NMR spectroscopy showed the reaction to be complete. The reaction was
quenched by the addition of the solution to MeOH (45 mL) in air. The polymer was isolated by
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centrifugation and dried in vacuo overnight. Yield = 72%. '"H NMR (500 MHz, CDCl;): § = 5.48
(overlapping dt, 4H), 5.27 (overlapping dd, 4H), 4.10 (overlapping d, 4H), 3.74 (overlapping s,
12H), 1.97 (overlapping m, 8H), 1.62 (overlapping s, 12H), 1.36—1.18 (overlapping m, 14H). °C
NMR (125 MHz, CDCl;): 6 = 165.71, 141.03, 133.19, 132.57, 128.79, 128.41, 53.39, 52.07,
32.60, 32.58,29.65,29.58,29.15, 28.82, 20.53.
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Synthesis of frans-poly(A,/A,-alt-B,): The procedure was repeated as stated above using B, (86.7
mg, 0.37 mmol, 50 equiv) instead of B;. Yield = 75%. 'H NMR (500 MHz, CDCl,): 6 =5.33
(overlapping dt, 4H), 5.19 (overlapping dd, 4H), 3.73 (overlapping s, 12H), 3.13 (overlapping d,
4H), 1.96 (overlapping m, 8H), 1.31 (overlapping m, 14H), 0.65-0.40 (overlapping m, 8H). °C
NMR (125 MHz, CDCl,): & = 165.80, 141.92, 133.38, 133.33, 129.08, 57.46, 52.03, 32.51, 32 46,
29.61,29.51,29.06,28.67,15.59,7.14.
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Synthesis of frans-poly(A/A,-alt-B,/B,): A stock solution of 1 (5.2 mg, 7.3 umol, 0.5 mL in
CDCl;) was added to a stirred mixture of A; (19.8 mg, 0.18 mmol, 25 equiv), A, (17.5 mg, 0.18
mmol, 25 equiv), B; (44.7 mg, 0.18 mmol, 25 equiv) and B, (42.2 mg, 0.18 mmol, 25 equiv) in
1.5 mL CDCl;. The solution was stirred for 2 h. At this point 'H NMR spectroscopy showed the
reaction to be complete. The reaction was quenched by the addition of the solution to MeOH (45
mL) in air. The polymer was isolated by centrifugation and dried in vacuo overnight. Yield =
70%. '"H NMR (500 MHz, CDCl,): & = 5.47 (overlapping dt, 4H), 5.33 (overlapping dt, 4H), 5.27
(overlapping dd, 4H), 5.20 (overlapping dd, 4H), 4.10 (overlapping d, 4H), 3.74 (overlapping s,
12H), 3.73 (overlapping s, 12H), 3.12 (overlapping d, 4H), 1.97 (overlapping m, 16H), 1.62
(overlapping s, 12H), 1.30 (m, 24H), 0.60-0.42 (m, 8H).
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General Procedure for the Formation of frans-poly(A,-alt-B; ;) copolymers

A stock solution of 1 (1.4 mg, 2.0 ymol) was added to a vigorously stirred solution of B, (B;=
26.0 mg, By=27.4 mg, Bs=28.8 mg, B=27.9 mg and B;= 25.4 mg, respectively, 0.10 mmol, 50
equiv) and A, (13 L, 0.10 mmol, 50 equiv) in C¢D4 (0.5 mL). The solution was stirred for 2-72 h.
The conversion was monitored using "H NMR spectroscopy. Benzaldehyde (~0.2 mL) was added
to quench the polymerizations and the mixture stirred for 1 h. The mixture was poured into

MeOH and the precipitated polymer was isolated by centrifugation and dried in vacuo overnight.
Yield = 70-90%.

Synthesis of trans-poly(A -alt-B;): '"H NMR (500 MHz, CDCl,): § = 5.43 (dt, *Jyy = 14.51 and
6.83 Hz, 2H), 5.21 (dd, *Jy; = 15.11 and 8.26 Hz, 2H), 4.00 (d, *Jy; = 8.03 Hz, 2H), 3.73 (s, 6H),
2.65 (m, 2H), 2.53 (m, 2H), 1.97 (m, 6H), 1.40-1.20 (m, 8H). *C NMR (100 MHz, CDCL,): § =
165.69, 141.21, 138.31, 132.38, 130.35, 128.10, 52.90, 52.00, 32.46,29.95,29.64, 29.13, 17.93.

Synthesis of trans-poly(A;-alt-B,): '"H NMR (400 MHz, CDCl,): = 5.49 (dt, *Jy; = 14.8 and 6.8
Hz, 2H, H,), 5.20 (dd, *J;;; = 14.8 and 8.4 Hz, 2H, H,), 3.98 (d, *Juy = 8Hz, 2H, H,), 3.75 (s, 6H,
Hy),2.19 - 1.98 (m, 8H, Hy and H,,), 1.62 (m, 4H, H,,), 1.32 (m, 6H, H,, and H,5). °C NMR (100
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MHz, CDCl;): 6 = 165.75, 141.29, 140.55, 132.79, 129.93, 127.64, 54.43, 52.03, 32.51, 3048,
29.61,28.85,26.54.

Synthesis of trans-poly(A-alt-Bs): 'H NMR (400 MHz, CDCL,): & = 5.48 (dt, */,; = 15.2 and 6.8
Hz, 2H, H,), 5.30 (dd, *J,y = 152 and 7.6 Hz, 2H, H,), 4.14 (d, *Jyyy = 7.6 Hz, 2H, Hy), 3.74 (s,
6H, Hy), 2.11 — 1.94 (m, 8H, H, and H,,), 1.54 — 1.25 (m, 14H, H,o, H,,, H,s, H,,). °C NMR (100
MHz, CDCL,): & = 165.73, 140.94, 136.61, 132.13, 129.87, 129.05, 52.62, 52.01, 32.58, 30.95,

29.64,29.13,27.67,26.61.

Synthesis of trans-poly(A-alt-Bg): see assigned 'H (500 MHz) and “C (125 MHz) spectra

below:
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Synthesis of trans-poly(A;-alt-B,): '"H NMR (400 MHz, CDCl,): 6 = 5.49 (dt, *Jy; = 15.6 and 6.4
Hz, 2H, H,), 5.34 (dd, J,y = 152 and 7.2 Hz, 2H, H,), 449 (d, *Jsys = 6.8Hz, 2H, H,), 1.97 (m,
4H, H,,), 1.74 (s, 6H, Hy), 1.32 — 1.25 (m, 8H, H,, and H,,). '"F NMR (282 MHz, C;D): & = -
144 45 ( d),-150.26 (d). °C NMR (400 MHz, CDCl,): 8 = 144.93, 142.50 (d, 'Jor = 245 Hz),
141.14, 138.60 (d, 'Jo = 256 Hz), 134.72, 131.61, 129.38, 128.68, 127.48, 49.15, 32.42, 29.52,
29.07,20.717.

General Procedure for the Formation of A;-alt-Bg;; copolymers

A stock solution of 1 (2.8 mg, 4.0 umol, 0.5 mL in CDCl;) was added to a stirred mixture of A,
(44.1 mg, 0.40 mmol, 100 equiv) and B, (Bg = 102.1 mg, B, = 138.1 mg, B;; = 82.9 mg and B, =
107.7 mg, respectively, 0.40 mmol, 100 equiv) in 1.5 mL CDClI;. The solution was stirred for 2 h.
At this point 'H NMR spectroscopy showed the reaction to be complete. The reaction was
quenched by the addition of the solution to MeOH (45 mL) in air. The polymer was isolated by
centrifugation and dried in vacuo overnight. Typical Yield = 60-80%

The copolymerization of A; and Bg was previously reported by Daeffler and Grubbs.*

Synthesis of trans-poly(A,-alt-Bs): see assigned 'H (500 MHz) and “C (125 MHz) spectra
below:
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Synthesis of trans-poly(A,-alt-B,): see '"H (500 MHz) “F (300 MHz) and "*C (125 MHz) NMR

spectra below:
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Synthesis of trans-poly(A-alt-B,y): see assigned 'H (500 MHz) and “C (125 MHz) spectra

below:
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Synthesis of trans-poly(A-alt-B,;): see assigned 'H (500 MHz) and “C (125 MHz) spectra

below:
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Procedure for the Formation of trans-poly(A;.s-alt-B,) copolymers

Synthesis of trans-poly(A;-alt-B,): A stock solution of 1 (2.5 mg, 3.5 umol) was added to a
vigorously stirred solution of B, (42.8 mg, 0.172 mmol, 50 equiv) and A; (21.4 mg, 0.172 mmol,
50 equiv) in toluene (0.9 mL). The solution was stirred for 14.5 h. At this point, the conversion
was >98% by 'H NMR spectroscopy. Benzaldehyde (~0.2 mL) was added to quench the
polymerization and the mixture was stirred for 1 h. The mixture was poured into MeOH and the
precipitated polymer (54 mg, 0.145 mmol, 84% yield) was isolated by centrifugation and dried in
vacuo overnight. '"H NMR (500 MHz, CDCly): & = 5.55 — 5.52 (m, 2H, H,), 5.34 (dd, *J;y; = 15
and 8 Hz, 2H, H,), 4.11 (d, *Jyyy = 7.5Hz, 2H, H;), 3.73 (s, 6H, Hy), 2.90 (s, 2H, H},), 2.19 (m, 4H,
H,), 1.62 — 1.52 (m, 10H, Hyand H;;). "C NMR (125 MHz, CDCl): & = 165.52 (Cs), 140.89
(Cy, 132,67, 131.69, 130.52, 130.02, 129.30, 128.77, 57.27 (C},), 55.89, 53.84 (C3), 52.67 (Cy),
51.50,50.34,30.63,29.58,27.92,26.94,20.20, 19.99.

Synthesis of trans-poly(As-alt-B,): A stock solution of 1 (3.1 mg, 4.4 umol) was added to a
vigorously stirred solution of 2,3-dicarbomethoxy-7-isopropylidenenorbornadiene (B,) (53.5 mg,
0.215 mmol, 50 equiv) and cis-cyclodecene (A4) (34 L, 0.215 mmol, 50 equiv) in CD,CI, (0.41
mL). The solution was stirred for 3 h. At this point, the conversion was 70% by 'H NMR
spectroscopy. Benzaldehyde (~0.2 mL) was added to quench the polymerization and the mixture
stirred for 1 h. The mixture was poured into MeOH and the precipitated polymer (55 mg, 0.142
mmol, 66% yield) was isolated by centrifugation and dried in vacuo overnight. 'H NMR (400
MHz, CDCls, 20 °C) 8 5.51 (dt, *Jyy = 15.2 and 6.8 Hz, 2H, H,), 5.30 (dd, *Jyy = 15.2 and 8 Hz,
2H,H,),4.12 (d, *Jyyy = 7.6 Hz, 2H, H3), 3.77 (s, 6H, Hg), 1.99 (m, 4H, H,(), 1.67 (s, 6H, Hy), 1.34
—1.27 (m, 12H, H;;, H,and H,3); "C NMR (125 MHz, CDCl;, 20 °C) & 165.70, 140.01, 133.16,
132.58,128.73,128.31,53.34,52.03, 32.57, 29.66, 29.64,29.25, 20.49.



Synthesis of trans-poly(As-alt-B,):
A stock solution of 1 (2.3 mg, 3.2 gmol, 0.1 mL in CDCl;) was added to a solution of B, (39.7
mg, 0.160 mmol, 50 equiv) and As (81 uL, 0.800 mmol, 250 equiv) in CDCl; (0.5 mL). The
reaction was allowed to sit for 21 h. At this point, there was completed conversion of B, by 'H
NMR spectroscopy. Benzaldehyde (~0.2 mL) was added to quench the polymerization and the
solution mixed. The mixture was poured into MeOH and the precipitated polymer was isolated by
centrifugation and dried in vacuo overnight. The 'H (500 MHz) NMR is shown below:
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2. Photolysis experiments involving syrn-2 and B,.

A 0.5 mL sample of a 26 mM toluene stock solution of 2 (10 mg) was added to a NMR tube in a
glove box. The tube was sealed with a rubber septum and irradiated at —78°C using a Rayonet photolysis
apparatus at 350 nm for 3h. The sample was kept at —78°C until it was placed in a 500 MHz NMR
spectrometer pre-equilibrated to —80°C; 40% of anti-2 was observed.

The mixture was then frozen in liquid nitrogen and 0.2 mL of a 6 M toluene solution of B, (1
equiv.) was added using a syringe. The sample was thawed and allowed to mix —78 °C before being
refrozen in liquid N,. It was then placed into the pre-equilibrated spectrometer at —80 °C. All anti-2 reacted
with B,. The 40:60 mixture of syn-MB,, and syn-2 was then warmed 10°C every 10 min. No appreciable
change in the '"H NMR spectra was observed until room temperature (22 °C) was reached. Conversion of
syn-MB,, to anti-MB,, was then recorded every 5 min. The first 2 data points (f = 15 min) were discarded
to ensure that the sample had equilibrated to room temperature.

Table S1
Time (s) In([syn-MB,]/[syn-MB,,],)
900 -0.503022812
1200 -0.602210186
1500 -0.716620537
1800 -0.816671667
2100 -0.870839469
2400 -0.964955904
2700 -1.053256587
3000 -1.122085645
3300 -1.25281297
3600 -1.290984181
3900 -1.435064525
4200 -1.540378377
4500 -1.658103084
4800 -1.706499625
5100 -1.818925137
5400 -1.866914143
Figure S1
o 0 1000 2000 3000 4000 5000 6000

-0.6

-0.8

y =-0.0003x - 0.2343
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o
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Slope (k) =3.0x 10* s
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3. Modeling the reaction of syn-2 with B, (0.4 and 0.5 equivalents).

The reactions modeled were al + B -> sMB (equation 2 in text), aMB = sMB (the reverse of equation 3
in text), and al = sl (the reverse of equation 1 in text). The initial species and concentrations for the "0.4
equiv B," run are al (syn-2,0 M), aMB (anti-MB,,;, 0 M), B (B,, 0.002268 M), sl (syn-2, 0.005751 M), and
sMB (syn-MB,,, 0 M). The value for k, for al = sI (k,,) was fixed at 0.1 s'. The parameters estimated
were k, for al = sI (k,,, = 7.0 x 107 start value), k, for aMB = sMB (K,qp = 1.6 x 107 start value), and k,
for aMB = sMB (ks = 30 x 107 start value), and k, for al + B (kg,, start value 100).

Table S2. Experimental file (tab delimited) for 0.4 equiv B, run
B

Time sMB sl aMB

0 0 0.0057847 0 0.00231380

1260 0.000382369  0.005268126 0.000133627 0.0017972
1410 0.000417077  0.005218956 0.000148667 0.0017481
1560 0.000393938  0.005191190 0.000199572 0.0017203
1710 0.000440216  0.005140863 0.000203621 0.0016700
1860 0.000469139  0.005073182 0.000242379 0.0016023
2010 0.000452364  0.005051779 0.000280558 0.0015809
2160 0.000506740  0.004973685 0.000304275 0.0015028
2310 0.000510211  0.004934928 0.000339562 0.0014640
2460 0.000517731  0.004912946 0.000354024 0.0014420
2610 0.000543762  0.004848157 0.000392781 0.0013773
2760 0.000535085  0.004827332 0.000421705 0.0013564
2910 0.000546076  0.004775848 0.000463354 0.0013049
3060 0.000557645  0.004709903 0.000517152 0.0012390
3210 0.000569793  0.004701226 0.000513681 0.0012303
3360 0.000577892  0.004649742 0.000557067 0.0011788
3510 0.000602766  0.004583218 0.000598716 0.0011123
3660 0.000568636  0.004579169 0.000636895 0.0011083
3810 0.000598716  0.004526528 0.000659456 0.0010556
3960 0.000601609  0.004480250 0.000702263 0.0010094
4110 0.000609707  0.004434551 0.000740442 0.0009637
4260 0.000607972  0.004413148 0.000763580 0.0009422
4410 0.000609129  0.004365713 0.000809858 0.0008948
4560 0.000585990  0.004354144 0.000844566 0.0008832
4710 0.000592932  0.004288777 0.000902992 0.0008179
4860 0.000602766  0.004280100 0.000901835 0.0008092
5010 0.000605658  0.004240764 0.000938278 0.0007699
5160 0.000589461  0.004191594 0.001003645 0.0007207
5310 0.000607972  0.004163827 0.001021578 0.0006929
5460 0.000588304  0.004127383 0.001069013 0.0006565
5610 0.000594667  0.004085734 0.001104299 0.0006148
5760 0.000576156  0.004064330 0.001143635 0.0005934
5910 0.000582519  0.004020945 0.001181236 0.0005500
6060 0.000555331  0.004030779 0.001198590 0.0005599
6210 0.000552439  0.003979295 0.001252966 0.0005084
6360 0.000563430  0.003961363 0.001259908 0.0004905
6510 0.000573264  0.003916820 0.001294037 0.0004459
6660 0.000550125  0.003894839 0.001339737 0.0004239
6810 0.000553017  0.003863601 0.001368082 0.0003927
6960 0.000539713  0.003838727 0.001406261 0.0003678
7110 0.000538556  0.003805754 0.001440390 0.0003349
7260 0.000537977  0.003791292 0.001455431 0.0003204
7410 0.000522937  0.003778566 0.001483197 0.0003077
7560 0.000525829  0.003743858 0.001515013 0.0002730
7710 0.000496327  0.003736916 0.001551457 0.0002660
7860 0.000494592  0.003714356 0.001575174 0.0002435
8010 0.000470296  0.003710885 0.001603519 0.0002400
8160 0.000484758  0.003675598 0.001624344 0.0002047
8310 0.000469718  0.003656509 0.001658473 0.0001856

8460 0.000486493  0.003639733 0.001658473 0.0001688



8610 0.000451207
8760 0.000432117
8910 0.000450050
9060 0.000425754
9210 0.000402037
9360 0.000399723
9510 0.000393360
9660 0.000381790
9810 0.000361544
9960 0.000352288

10110 0.000329149

0.003644939 0.001688554 0.0001740
0.003602133 0.001749872 0.0001312
0.003584200 0.001750450 0.0001133
0.003582465 0.001776481 0.0001116
0.003602711 0.001779952 0.0001318
0.003571474 0.001813503 0.0001006
0.003556434 0.001834907 0.0000855
0.003557591 0.001845319 0.0000867
0.003546600 0.001876557 0.0000757
0.003535030 0.001897382 0.0000641
0.003548913 0.001906637
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Figure S2. Experimental and calculated curves for 0.4 equiv run.
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The initial species for the "0.5 equiv B," run are al (syn-2,0 M), aMB (anti-MB,,, 0 M),

B (B,, 0.002782 M), s (syn-2, 0.005664 M), and sMB (anti-MB,,, 0 M).

Table S3. Experimental file (tab delimited) for 0.5 equiv B, run
Time sMB sl
0 0057847 0

0
600
900
1200
1500
1800
2100
2400
2700
3000
3300

0003258
0003954
0004405
0004748
0005067
0005436
0005657
0005847
0005993
0006167

aMB

0053825
0052695
0051788
0050785
0049848
0049089
0048104
0047178
0046382
0045493

B

0029029
0000764
0001198
0001654
0002314
0002932
0003322
0004086
0004822
0005472
0006187

0025007
0023877
002297

0021967
002103

0020271
0019286
001836

0017564
0016675



3600
3900
4200
4500
4800
5100
5400
5700
6000
6300
6600
6900 .
7200
7500
7800
8100
8400
8700
9000
9300
9600 .
9900 |
10200
10500
10800
11100
11400
11700
12000
12300
12600
12900

0006290
0006342
0006405
0006597
0006474
0006523
0006502
0006452
0006400
0006337
0006272

0006241

0006100
0006129
0005984
0005910
0005712
0005525
0005433
0005441

0005225

0005184
0004993
0004898
0004741
0004500
0004431
0004237
0004093
0003901
0003724
0003619

0044741
0043995
0043034
0041978
0041702
0040414
0039921
0039223
0038628
0037919
0037472
0036882
0036436
0035598
0034939
0035218
0034250
0033974
0032968
0032888
0032231
0031659
0031675
0031373
0030826
0030605
0029975
0030535
0030002
0029838
0029748
0028934

0006816
0007510
0008408
0009272
0009671
0010910
0011424
0012172
0012819
0013591
0014103
0014724
0015311
0016120
0016924
0016719
0017885
0018348
0019446
0019518
0020391
0021004
0021179
0021576
0022280
0022742
0023441
0023075
0023752
0024108
0024375
0025294

0015923
0015177
0014216
001316
0012884
0011596
0011103
0010405
000981
0009101
0008654
0008064
0007618
000678
0006121
00064
0005432
0005156
000415
000407
0003413
0002841
0002857
0002555
0002008
0001787
0001157
0001717
0001184
000102
000093
0000116

S20



S21

Figure S3. Experimental and calculated curves for 0.5 equiv run.

— Experiment,[B](Fitted Value) + Experiment,[B](Measured Value)
O Experiment,[B](Weighted Error) — Experiment,[aMB](Fitted Value)

+ Experiment,[aMB](Measured Value) O Experiment,[aMB](Weighted Error)
— Experiment,[sl](Fitted Value) + Experiment,[sl](Measured Value)
O Experiment,[sl](Weighted Error) — Experiment,[sMB](Fitted Value)

+ Experiment,[sMB](Measured Value) 0O Experiment,[sMB](Weighted Error)
Parameter Estimation Result

0.006 —

0.005

0.004

0.003

0.002

0.001

-0.001

0 2,000 4,000 6,000 8,000 10,000 12,000



4. Modeling the copolymerization of A, and B, with 2.
The equations employed for the copolymerization of A, and B, are the following:

S22

aMA + A -> aMA + HP; aMA + A -> sMA + HP; aMA + B -> sMB + CP;

sMA + A -> aMA + CP; aMA = sMA; sMB = aMB
The minimum value for k; was fixed at 550 M s™.

15 equiv A,/B,/2 rxn
The starting concentrations were A = 0.08659; aMA = 0; aMB = 0.004872; B = 0.08753;

CP=0; HP =0; sMA =0, sMB = 0.0002.
Table S4. Experimental data for 15 equiv A,/B,/2 rxn

Time
600
1500
2400
3300
4200
5100
6000
6900
7800
8700
9600
10500
11400
12300
13200
14100
15000
15900
16800
17700
18600
19500
20400
21300
22200
23100
24000
24900
25800
26700
27600
28500
29400
30300
31200
32100
33000
33900
34800
35700
36600
37500
38400
39300
40200
41100
42000
42900
43800
44700
45600
46500
47400
48300
49200
50100
51000
51900
52800
53700

[A]

0.0812824
0.0759856
0.0701408
0.0647707
0.0599711
0.0555767
0.0518746
0.0484637
0.0455201
0.0430216
0.0406380
0.0384991
0.0365769
0.0346712
0.0331322
0.0316453
0.0303402
0.0291015
0.0279982
0.0268338
0.0259195
0.0248753
0.0240663
0.0232864
0.0225285
0.0217088
0.0208953
0.0203303
0.0198669
0.0191059
0.0186609
0.0181208
0.0175182
0.0170687
0.0165738
0.0162401
0.0157399
0.0154318
0.0149463
0.0145937
0.0142956
0.0139762
0.0136751
0.0133516
0.0130606
0.0127438
0.0125408
0.0122329
0.0119268
0.0116592
0.0115015
0.0111968
0.0110266
0.0107623
0.0105370
0.0103848
0.0101225
0.0100573
0.0097950
0.0096241

[B]

0.0824845
0.0780984
0.0732010
0.0686081
0.0645022
0.0606469
0.0571960
0.0540678
0.0515361
0.0492413
0.0465949
0.0445928
0.0427490
0.0411552
0.0393790
0.0380769
0.0367063
0.0353608
0.0343497
0.0334227
0.0320385
0.0313530
0.0303782
0.0293457
0.0286760
0.0276699
0.0271330
0.0264921
0.0259027
0.0252556
0.0245211
0.0240527
0.0236328
0.0229905
0.0225593
0.0222804
0.0217561
0.0212711
0.0208025
0.0204004
0.0199992
0.0197030
0.0192039
0.0188713
0.0186604
0.0182201
0.0180791
0.0176345
0.0172429
0.0171107
0.0167063
0.0166349
0.0160834
0.0159068
0.0157740
0.0155781
0.0154050
0.0152333
0.0149730
0.0147661
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Figure S4. Experimental and Fit data for 15 equiv A,/B,/2 rxn

— Experiment,[A](Fitted Value) + Experiment,[A](Measured Value) O Experiment,[A](Weigh
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Parameter Estimation Result

0.08 —

0.06 —

0.04 —

0.02 —

0 10,000 20,000 30,000 40,000 50,000



S24

Figure S5. Time course for 15 equiv A,/B,/2 rxn

—[aMA] —[aMB] —[sMB] —[A] —[B] —[CP] —[HP] —[sMA]
Concentrations, Volumes, and Global Quantity Values_1
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At 50,000 s the amount of CP =96% of total CP + HP
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Table S5. Experimental data for 35 equiv A,/B,/2 rxn
The starting concentrations were A = 0.2398; aMA = 0; aMB = 0.00470; B = 0.2439; CP

=0; HP =0; sMA =0, sMB = 0.0002.
Time [A] [B]

900 0.1907662 0.1930516
1800 0.1801607 0.1837938
2700 0.1627130 0.1710461
3600 0.1470940 0.1582820
4500 0.1331614 0.1475371
5400 0.1212750 0.1374547
6300 0.1113995 0.1289307
7200 0.1024840 0.1204729
8100 0.0948932 0.1133844
9000 0.0885271 0.1079562
9900 0.0824093 0.1029694
10800 0.0771870 0.0976022
11700 0.0727046 0.0932987
12600 0.0684274 0.0888352
13500 0.0648119 0.0855508
14400 0.0613239 0.0819455
15300 0.0582869 0.0786830
16200 0.0554889 0.0760273
17100 0.0528688 0.0730079
18000 0.0504311 0.0703729
18900 0.0485553 0.0685587
19800 0.0464035 0.0665484
20700 0.0445031 0.0646878
21600 0.0426305 0.0621580
22500 0.0409109 0.0602679
23400 0.0392461 0.0580969
24300 0.0377514 0.0568151
25200 0.0364082 0.0550921
26100 0.0350131 0.0537292
27000 0.0338035 0.0522785
27900 0.0327184 0.0512784
28800 0.0314678 0.0497599
29700 0.0306218 0.0487675
30600 0.0296662 0.0475238
31500 0.0286295 0.0466646
32400 0.0277746 0.0454973
33300 0.0270386 0.0448367
34200 0.0261325 0.0438464
35100 0.0254786 0.0429935
36000 0.0247050 0.0420759
36900 0.0240312 0.0413917
37800 0.0234816 0.0405197
38700 0.0227805 0.0396438
39600 0.0221059 0.0392023
40500 0.0215441 0.0382533
41400 0.0210104 0.0378425
42300 0.0200819 0.0362527
43200 0.0200231 0.0369622
44100 0.0194716 0.0357453
45000 0.0189688 0.0353992
45900 0.0185226 0.0348183
46800 0.0179224 0.0339086
47700 0.0175720 0.0339279
48600 0.0170288 0.0334909
49500 0.0167393 0.0330151
50400 0.0164259 0.0323763
51300 0.0151137 0.0323560
52200 0.0156740 0.0314626
53100 0.0154065 0.0310683
54000 0.0149486 0.0310513
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Figure S6. Experimental and Fit data for 35 equiv A,/B,/2 rxn
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Figure S7. Time course for 35 equiv A,/B,/2 rxn

—[aMA] —[aMB] —[sMB] —[A] —[B] —[CP] —[HP] —[sMA]

Concentrations, Volumes, and Global Quantity Values
0.5 —
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At 50,000 s the amount of CP =96% of total CP + HP
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5. Reactions relevant to polymerization of B, with 1.
Figure S8. Photolysis of 1
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Figure S10. Proton NMR spectrum upon addition of B, to 1 at 22 °C to give a
mixture of anti-MB,;, and syn-MB, (400 MHz, toluene-d,).
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Figure S11. Low T addition of B, to a mixture of syn-1 and anti-1 to give a mixture

of syn-MB,_;; and syn-MB,,,,.. (* residual B, olefin resonance).

cis

syn-MBtrans

syn-MBcis

He Hb Hh He Hg Hd Hc Hf

N

r T T T T T T T T T T T T T T T T T T T 1
6.3 6.2 6.1 6.0 5.9 5.8 5.7 5.6 5.5 5.4 2.3 52 5.1 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.€




S31

6. Screening polymerizations by 13.

Table S6. Each A-alt-B copolymer is made from 13 as the initiator

Entry A B Time Conversion AB linkages AB linkages:
(h) (%) (%) cis : trans
(%)
1 A, B, 24 >99% 90 08:92
2 A, B, 30 >99% 72 nd.
3 A, B, 15 >99% 89 10: 90
4 A, B, 15 >99% 82 nd.

*Conditions: 50 equiv. A and B (0.1 M in CDCl;) at room temperture. % conversion, % AB linkages, cis:trans ratio determined from

"H NMR spectrum of isolated polymer. n.d. = not determined

7. Temperature effects

Table S7. Effect of changing the temperature using Mo(N-2-i-Pr-C;H,)(CHCMe,Ph)(OCMe(CF;),), as the

initiator”
Entry Temperature Time Conversion AB linkages AB linkages: cis : trans
(°O) () (%) (%) (%)
1 22 1 >99 93 28:72
2 0 2 >99 93 28:72
3 -30 15 >99 85 35:65

*Conditions: 50 equiv. A, and B, (0.1 M in CDCl,) at stated temperature. % conversion, % AB linkages, cis:trans ratio determined

from 'H NMR spectrum of isolated polymer.

|-IB cis + trans HB cis + trans I-IB cis + trans
A trans HA trans HA trans
T T . ; ; : T T T T : T 1 T . ; ; ; : 1
56 55 54 53 52 51 56 55 54 53 52 51 50 56 55 54 53 52 51 50
At 22 °C At0°C At -30 °C

Figure S12. 8 5.6 to 5.0 ppm 'H NMR spectra of A,-alt-B, copolymer prepared using Mo(N-2-i-Pr-
C¢H,)(CHCMe,Ph)(OCMe(CF;),), as initiator at different temperatures
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8. Polymerization of other A monomers with 1

Table S8. Screening of A type monomers using 1 as initiator”

Entry A Concentration Time Conversion AB linkages

M) (h) (%) (%)

1 A, [A3]p=[B],=0.19 14.5 >98 93
[Mo], = 0.0038

2 A, | [A=[B];=0.53 3 ~70 85
[Mo], =0.0011

3¢ Ay [As]y=1.33, [B],=0.27 20 >99 82
[Mo], =0.0053

*Conditions: [A]y:[Bly:[T], = 50:50:1 at room temperature. % conversion and % AB linkages determined using '"H NMR spectroscopy.
°[A]y/[Bly/[1], = 250/50/1 at room temperature.

9. Figure S13.'H NMR spectra on the olefinic region of A,-alt-B, copolymers prepared
using different imido initiators.
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10. Figure S14. Effects of monomer ratio and T on polymerization of A; and B; by 1.

(a) Bi:A = 12,1t

(b) B1:A1 = 2:1,rt

(¢)B;:A;=1:1,65°C

(d)By:A, = i1, 1t
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11. Molecular weight studies of A1B1 and A1B:.

11a. GPC trace (in THF at 23 °C) of trans-poly(A1-alt-B1) (50/50 equiv) prepared

with initiator 1; M, = 30.3 kDa (Dm = 2.04).
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11b. GPC trace (in THF at 23 °C) of trans-poly(A1-alt-Bz) (50/50 equiv) prepared
with initiator 1; M, = 36.8 kDa (Pm = 1.74).
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