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We report an investigation of rates of ruthenium-catalyzed A 122@
alternating ring opening metathesis (AROM) of cyclohexene with two different wy=, oni-O o
Ru-cyclohexylidene carbenes derived from bicyclo[4.2.0]oct-6-ene-7-carboxamides % Ph » Lo T
(A monomer) that bear different side chains. These monomers are Lo AR P A
propylbicyclo[4.2.0]oct-6-ene-7-carboxamide and N-(2-(2-ethoxyethoxy)- @Iy
ethanylbicyclo[4.2.0]oct-6-ene-7-carboxamide. The amide substitution of these
monomers directly affects both the rate of the bicyclo[4.2.0]oct-6-ene-7- n\m

carboxamide ring opening and the rate of reaction of the resulting carbene with % 2 o) NH_O/(@ O NH b) 0'
cyclohexene (B monomer). The resulting Ru-cyclohexylidenes underwent Q—* %&[Rul""ﬂ ""%NV(JR"I—»WM
reversible ring opening metathesis with cyclohexene. However, the thermodynamic NH i

equilibrium disfavored cyclohexene ring opening. Utilization of triphenylphosphine ° -

forms a more stable PPh; ligated complex, which suppresses the reverse ring closing 0= o=x~"""

reaction and allowed direct measurements of the forward rate constants for b *

formation of various A-B and A-B-A’ complexes through carbene-catalyzed ring-

opening metathesis and thus gradient polymer structure-determining steps. The relative rate of the propylbicyclo[4.2.0]oct-6-ene-7-
carboxamide ring opening is 3-fold faster than that of the N-(2-(2-ethoxyethoxy)ethanylbicyclo[4.2.0]oct-6-ene-7-carboxamide. In
addition, the rate of cyclohexene ring-opening catalyzed by the propyl bicyclooctene is 1.4 times faster than when catalyzed by the
ethoxyethoxy bicyclooctene. Also, the subsequent rates of bicyclo[4.2.0]oct-6-ene-7-carboxamide ring opening by propyl-based Ru-
hexylidene are 1.6-fold faster than ethoxyethoxy-based Ru-hexylidene. Incorporation of the rate constants into reactivity ratios of
bicyclo[4.2.0]amide-cyclohexene provides prediction of copolymerization kinetics and gradient copolymer structures.

alternating ring opening metathesis, amide substitution, intermediate trapping, ruthenium cyclohexylidene,
triphenylphosphine, NMR spectroscopy

ing opening metathesis polymerization (ROMP) of cyclic defined backbone sequences'”'® and copolymers with back-
olefins is a thermodynamically controlled chemical bone degradability.'*"
transformation. The unfavorable entropy associated with AROMP has been used to create materials with unique and
polymerization disfavors ring-opening polymerization of cyclic interesting properties.'”'*' However, in order to create more
olefins with low ring strain energies.” Hence, ROMP has been advanced functional materials using AROMP, it is important
limited to high strain energy monomers such as norbornenes, that we understand the kinetics of the ring openings of the
cyclooctadienes, and cyclobutenes.' > However with recent bicyclooctene and the subsequent ring opening of CH. For a
developments and innovations, low strain cyclic olefins such as Ru-catalyst to effectively ring open CH, the equilibrium should
cyclohexene (CH), which traditionally is impractical for be shifted toward the metathesis product.” a-Carbonyl
ROMP,” can be incorporated into alternating copolymers via containing ruthenium carbene complexes”®'” ™" meet this
ROMP (AROMP)”~” and cascade enyne metathesis polymer- criteria because of their ability to stabilize their complexes
ization.* """ When CH is combined with specific monomer through the carbonyl group.
types that undergo only a single metathesis cycle and do not
homopolymerize, the monomers will cross-react to form March 26, 2023 ORGANIC & ®
s . 5=7 . 6,11 INORGANIC
precisely alternating copolymers. Bicyclooctenes™ "~ and May 16, 2023
disubstituted cyclopropenes’ are prominent examples of single May 17, 2023
addition monomers that can form highly alternating copoly- May 30, 2023

mers with cyclohexene and other low strain cyclic olefins. This
innovation provides rapid access to copolymers with well-

© 2023 The Authors. Published b
American Chemical Societz https://doi.org/10.1021/acsorginorgau.3c00013

v ACS PUbl ications 233 ACS Org. Inorg. Au 2023, 3, 233240


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francis+O.+Boadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicole+S.+Sampson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsorginorgau.3c00013&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00013?ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00013?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00013?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00013?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00013?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aoiab5/3/4?ref=pdf
https://pubs.acs.org/toc/aoiab5/3/4?ref=pdf
https://pubs.acs.org/toc/aoiab5/3/4?ref=pdf
https://pubs.acs.org/toc/aoiab5/3/4?ref=pdf
pubs.acs.org/orginorgau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsorginorgau.3c00013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/orginorgau?ref=pdf
https://pubs.acs.org/orginorgau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

The third-generation Ru-alkylidene catalyst reacts with
bicyclo-oct-7-ene-7-carboxylate to generate an enoic carbene,’
which efficiently ring opens CH and yields a linear-alternating
copolymer. However, when bicyclo[4.2.0]oct-6-ene-7-carbox-
amide reacts with the ruthenium benzylidene complex (Chart
1), it generates Ru-cyclohexylidene carbene (Figure 1).'**

Chart 1. Kinetic Studies Performed with Bicyclo[4.2.0]-oct-
6-ene-7-carboxamides with a Propyl Amide Substituent (1a)
and N-(2-(2-Ethoxyethoxy)ethanyl Amide Substituent (1b),
the Low-Strain Cyclohexene (2), and I as the Metathesis
Catalyst
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Figure 1. AROM of bicyclo[4.2.0]oct-6-ene-7-carboxamide. PPh; was
used to kinetically trap the ring opened product 1-alt-2-Ru to shift the
equilibrium to ring opened species in the absence of additional 1
monomer.
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Although not an a-carbonyl containing carbene, the Ru-
cyclohexylidene can react with cyclohexene”® in the presence
of additional bicyclo[4.2.0]oct-6-ene-7-carboxamide mono-
mers to form a linear-alternating copolymer."' ™" To this
end, we employed bicyclo[4.2.0]oct-6-ene-7-carboxamide
systems in extensive studies because of their fast ROM
reactivities compared with previous bicyclo[4.2.0] systems.®

The ring opening rates of bicyclo[4.2.0]oct-6-ene-7-carbox-
amides are directly influenced by amide substitution.'>"* In
the mixed copolymerization of 1a, 1b, and 2, the rate of
formation of 1a-2-1a was 6-fold faster than 1b-2-1b, resulting
in the formation of a gradient copolymer.'> However, the rate
of ROM for propylbicyclo[4.2.0]-oct-6-ene-7-carboxamide
(1a) is only 3-fold faster than for N-(2-(2-ethoxyethoxy)-
ethanylbicyclo[4.2.0]oct-6-ene-7-carboxamide (1b)."* Thus,
there are longer-range effects beyond the reactivity of the 1
monomer. In this work, we investigate the kinetics of ring
opening of cyclohexene by the two different Ru-cyclo-
hexylidene complexes (1-Ru) and the subsequent ring opening
of bicyclo[4.2.0]-oct-6-ene-7-carboxamides by (1-2-Ru) to
elucidate the rates of individual steps and to understand the
extent of long-range influence on the metathesis rate as a first
step in designing selectivity for gradient copolymerization in
the AROMP system.

To understand the kinetics of AROM of bicyclo[4.2.0]oct-6-
ene-7-carboxamides, we undertook analysis of the first ROM of
bicyclo[4.2.0]-oct-6-ene-7-carboxamide, the subsequent ROM
of cyclohexene, and the second ROM of bicyclo[4.2.0]-oct-6-
ene-7-carboxamide. We prepared two bicyclo[4.2.0]oct-6-ene-
7-carboxamides: one with a propyl side chain (1a) and the
other with a N-(2-(2-ethoxyethoxy)ethanyl side chain (1b) via
acid—amine coupling.'"> The ruthenium third-generation
catalyst (I) was used as the metathesis catalyst.

We first analyzed the kinetics of the initial ROM of 1 by I
under pseudo-first-order conditions. The initiator I was
allowed to react with excess 1.”' The reactions were conducted
at 40 °C in CDCl; and monitored by '"H NMR spectroscopy
by following the disappearance of the Ru-benzylidene proton
signal at 19.1 ppm. This signal was integrated against protons
in the NHC ligand (Figure S1). The reactions of 1 with I to
yield the Ru—cyclohexylidene complex (1-Ru) were second-
order overall with first-order dependence on both the
concentration of I and of 1 (d[1-Ru]/dt = k[I][1]; Figure 2
and Figure S2). The ROM second-order rate constant for 1a is
12.9 M™! min™!, which is about 3-fold faster than for 1b (k =
3.95 M~ min~"). The slower ROM reactivity of 1b can be
attributed to the greater steric bulk of its side chain. These
results are consistent with previous measurements made under
second-order conditions."”

To determine the kinetics of the ring opening of cyclohexene
2, first 1 and I were allowed to react at equimolar
concentrations to stoichiometrically generate 1-Ru. The
generation of 1-Ru was confirmed by disappearance of the
Ru-benzylidene proton signal at 19.1 ppm (‘H NMR) and the
appearance of the Ru-cyclohexylidene carbon signal at 158.3
ppm (*C NMR, Figure 3). When >90% of 1-Ru had formed, it
was then allowed to react with excess 2 (about 10 equiv). The
reactions were followed using "H and *C NMR spectroscopy
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Figure 2. Plots of k,, for ROM of 1 as a function of concentration of
1. The slopes of the best-fit lines (ks = k[1], R* = 0.99) represent
second-order rate constants of 12.9 + 0.4~ and 3.95 + 0.1 M}
min~' for ROM of la (square, red line) and ROM of 1b (triangle,
green line), respectively. Reactions were conducted at 40 °C in
CDCl,.

(Figure 3). The formation of 1-alt-2-Ru (or 1-2-Ru) was
confirmed by the appearance of a new multiplet alkylidene
proton signal Hb at 19.0 ppm ("H NMR, Figure 3). However,
no more than 20% conversion was observed even after 4 h.
The formation of 1-2-Ru could not be detected by *C NMR
spectroscopy (no peak observed near 332 ppm), presumably
due to its low concentration. This observation is in agreement
with the assertion that ring opening of cyclohexene by Ru-
alkylidene is thermodynamically unfavorable and that the
equilibrium favors the cyclohexene.'® It is important to note
that upon addition of cyclohexene, the benzylidene proton

signal (Ha) shifted slightly downfield, suggesting that the
cyclohexene may coordinate with I-Ru without undergoing
ring opening since the concentration of I did not change
(Figure 3, Figures S3 and S4). Hence, the small concentrations
of I present in the reaction mixtures do not interfere with the
subsequent reactions.

In order to accurately measure the forward rate of the
metathesis reaction: ring opening of cyclohexene by cyclo-
hexylidene 1-Ru, triphenylphosphine PPh;, a strong o-
donating,”” labile ligand™ that is inexpensive and easy to
handle, was added to the reaction mixture. We anticipated that
PPh; will bind to the Ru center”** of 1-2-Ru and form a more
stable PPh, ligated complex (1-2-Ru(PPh;)), thus suppressing
the reverse ring closing reaction (Figure 1). When 10 equiv of
PPh; was added to the reaction mixture, the rate of formation
of 1-2-Ru(PPh;) increased significantly, consistent with
suppression of the reverse reaction. Specifically, the observed
rate of ring opening was increased by 4-fold and 3-fold for 1a-
2-Ru(PPh;) and 1b-2-Ru(PPh,), respectively (Figure 3). *>'P
NMR spectra showed that PPh; is ligated to the ruthenium
center (Figure SS).

We determined the rate constants for ring opening of 2 by 1-
Ru under pseudo-first-order conditions. First, 1-Ru was
generated by reacting equimolar amounts of I and 1. A
molar excess of PPh; was added to the reaction mixture
followed by addition of 2 at varying concentrations. Small
aliquots were removed at specified time intervals and quenched

A H NMR 13C NMR
HE (= 7850 1a-2-Ru + PPh; cb'
1a-2-Ru + PPh, )
Ha (~ 3%)
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Figure 3. "H (left) and "3C (right) NMR spectra of the ring opening of 2 with 1-Ru. ROM of 2 is not favored but with addition of PPh;, the
equilibrium for ring opening of 2 shifts 4-fold for 1a-2 (A) and 3-fold for 1b-2 (B). Reactions were conducted at 40 °C in CDCl,.
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immediately with ethyl vinyl ether. After removing solvents,
the quenched crude mixture was analyzed using 'H NMR
spectroscopy. Ring opening of cyclohexene was judged by the
disappearance of [1-Ru], which was analyzed by integrating the
resonances for cyclohexylmethylene protons (Ha & Hb) at
4.65—4.55 ppm against those for the side chain methylene
protons, He (2H in the case of 1a), and Hc-g (10H in the case
of 1b) (Figures S6 and S7). The progress of the reaction was
monitored by the disappearance of cyclohexylmethylene
protons (Ha & Hb) (Figures S8 and S9). To ensure that the
rate measured is for ring opening of cyclohexene and not the
reaction of PPh;, we doubled the equivalents of PPh; used
(Figures S10 and S11). The rate of ring opening of
cyclohexene did not change even as PPh; concentration was
doubled. This confirms that PPh; addition does not influence
the AROM and that the rate constants measured are truly the
forward rate constants of the ring opening of cyclohexene.
The rate of ring opening of 2 increased by the same factor by
which the concentration of 2 was increased (Figure S12),
which indicates that ring opening of 2 with 1-Ru has a first-
order dependence on the concentration of 2. A plot of the
observed rate constant (k) as a function of concentration of
2 was linear, which indicates the overall reaction kinetics are
second-order. The rates of formation of 1-2 (defined as d[1a-
2-Ru(PPh,)]/dt = k[1-Ru][2]) have rate constants of 0.38
M™ min™" for 1a-2-Ru(PPh;) and 0.27 M~ min™" for 1b-2-
Ru(PPh;) (Figure 4). The ring opening of 2 with 1a-Ru is 1.4

0.30

o 1a-2
O 1b-2

0 200 400 600

[2] (mM)
Figure 4. AROM of cyclohexene is first-order in cyclohexene. Plots of
kp, of ring opening metathesis of 2 as a function of concentration of 2
at a fixed concentration of 1-Ru (23 mM). The slopes of the best-fit
lines (kyp, = k[2], R* = 0.99) provide second-order rate constants of
0.38 + 0.01 and 0.27 + 0.01 M™" min~" for ROM of 2 by 1a-Ru (red
line) and 1b-Ru (green line), respectively.

times faster than with 1b-Ru. The rate of ring opening of
cyclohexene is much slower than the rate of ring opening of
bicyclo[4.2.0]oct-6-ene-7-carboxamide (Figure 5).

Thus, in the AROM formation pathway, ring opening of 2 is
the rate-determining step. We noted that without kinetically
trapping the ring opened product, the formation of 1-2-Ru was
disfavored. In the case of a polymerization (AROMP) reaction,
the driving force necessary is provided by having an excess of 1
and 2 relative to I. We propose the origin of AROM or
AROMP in Figure 6.

The formation of the 1-1 dimer through 6pathway I is
kinetically disfavored due to steric repulsion””° and possibly
substrate distortion. Kinetically, pathway II leading to the
formation of 1-2-Ru is favorable. However, formation of
product 1-2-Ru is thermodynamically disfavored. Nonetheless,
the presence of excess monomers (the norm in a polymer-
ization reaction) provides a driving force for the forward
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Figure S. Comparison of rate constants for ROM and AROM. Rate
constants for ROM: reaction of 1 with I, AROM: reaction of
cyclohexene 2 with 1-Ru. The rate of ROM of 1a is 3-fold faster than
the rate of ROM of 1b. The rate of AROM of 2 with 1a is 1.4-fold
faster than with 1b.

reaction through complexation to the active ruthenium carbene
species.

Copolymer composition and comonomer sequence distribu-
tion are important factors that dictate copolymer properties
and functions.”’ " The distribution of comonomers in a
copolymer is largely determined by the reactivity ratios of the
comonomers, the tendency of an active chain end to add onto
an identical monomer.”® Assuming that the addition of
bicyclo[4.2.0]oct-6-ene-7-carboxamides 1a and 1b is depend-
ent on the identity of the terminal unit 1-2-Ru, four possible
chain propagating equations must be considered (eqs 1—4).

la—2-Ru+la 228 [a_2_la-Ru (1)
la—2—Ru+1b 2% 13 _2 _ 1b — Ru 2)
1b —2 — Ru + 1a Lt la—2—-1a—Ru (3)
Ib—2—Ru+1b 2% 1b—2 — 1b - Ru (4)

Assuming a steady-state concentration of 1a-2-Ru and 1b-2-
Ru, the reactivity ratios r; and r, can be defined as

(5)
(6)

To determine the rate constants k. 1, k1a-2-16) K1b-2-16) 20d
kip-2.1 we performed a second ROM experiment. We
monitored the kinetics of the second ring opening of
bicyclo[4.2.0]oct-6-ene-7-carboxamide (1”) with 1-2-Ru to
form 1-2-1”-Ru. First, we mixed bicyclo[4.2.0]Jamide 1 and
initiator I in an equimolar ratio to form 1-Ru. Triphenylphos-
phine (30 equiv) and cyclohexene (2) (30 equiv) were added
to generate 1-2-Ru(PPh;). Using 'H NMR spectroscopy, the
formation of 1-2-Ru(PPh,) was confirmed by the appearance
of a new multiplet resonance at 18.9 ppm, which corresponds
to the alkylidene proton. After 1-2-Ru(PPh,) was formed, one
equivalent of 1” was added. The rate of formation of 1-2-1”
was monitored by the disappearance of a resonance at 2.95
ppm in the '"H-NMR spectrum, which corresponds to the Ha
proton of amide 1 (Figures S13 and S14). The kinetic data
only fit the first-order integrated equation.

Since excess amounts of cyclohexene (2) were used, the
cyclohexylidene species 1-2-1-Ru formed readily and reacts

= kiaa—1a/kiaap

1, = kip—z—1v/kip-2-1a
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Figure 7. Summary of rates and species formed in the AROM copolymerization pathway. (A) Kinetics of the second ROM of 1”: ROM of 1a with
1a-2-Ru to form 1a-2-1a”-Ru (red solid line, ks, = 6.65 X107 min~'), ROM of 1b with 1a-2-Ru to form la-2-1b”-Ru (green dashed line, k, =
2.15 X107 min™"), ROM of 1b with 1b-2-Ru to form 1b-2-1b-Ru (green solid line, ky,, = 1.33 X107 min~"), and ROM of la with 1b-2-Ru to
form 1b-2-1b-Ru (green dashed line, ko, = 4.32 X10™° min™'). (B) Comparison of the rates of second ROM of 1 with 1-2-Ru to form 1-2-1”.
Colored letter denotes the appended [4.2.0] amide. (C) Schematic representation of the reactivities of different 1-Ru complexes.
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with 2 to regenerate the hexylidene, and therefore the
concentration of 1-2-Ru did not seem to change (as per the
'"H NMR proton signal at 18.9 ppm) even though 1 was
consumed quantitatively (Figures S13—S16). Based on the
kinetic plots (Figure 7), the rate constants of the second ROM
are the following: ky,,.1, = 6.65 X 107> min™", ky,5.q = 2.15 X
1073 min™, kypyppp = 1.33 X 1072 min™, and kyp.p.1, = 4.32 X
107 min~". From eqs 5 and 6, the reactivity ratios can be
computed: r; = 3.09 and r, = 0.308 (thus, r; > 1 > r,). This is
indicative of when these two bicyclo[4.2.0]oct-6-ene-7-
carboxamides la and 1b are reacted with cyclohexene 2
under the catalysis of ruthenium alkylidene, gradient
copolymers whose composition changes smoothly from la-2-
1a to 1b-2-1b would be formed.”"** The propensity of 1a-2-
Ru reacting with identical bicyclo[4.2.0]amide 1a is much
more likely than 1b-2-Ru reacting with 1b (a S-fold
difference). Inherently, there is a 3-fold difference between
the ring opening of 1a and 1b; however, geometric constraints
of the reactive species 1-2-Ru contribute an additional 1.6-fold
difference (1a-2-Ru vs 1b-2-Ru) (Figure 7C). In addition, the
rate of ROM of 1a by 1b-2-Ru is 2-fold faster than the rate of
ROM of 1b by 1a-2-Ru, which indicates that cross propagation
would favor 1b-2-la formation over 1a-2-1b. This is
interesting because if 1b-2-Ru were to form, it would readily
react with 1a. These kinetic data imply that a terpolymerization
reaction of la, 1b, and 2 catalyzed by I would yield
predominantly 1a-2 microsequences with intermittent micro-
sequences of 1b-2 in the initial stage and when 1la is almost
completely consumed, then longer microsequences of 1b-2
would be formed. This phenomenon is consistent with
gradient copolymerization."” The inherent 3-fold difference
in ROM of 1a vs 1b, 1.4-fold difference in ring opening of 2 by
la-Ru vs 1b-Ru, and the 1.6-fold difference due to the steric
constraints of the terminal active species may contribute to the
6-fold difference in the formation of la-2-la vs 1b-2-1b
microsequences in copolymerization.m

Monomers with different reactivities are incorporated into
copolymers at different rates, resulting in asymmetrical
distribution of the comonomers in polymer chains. Steric
hindrance is an important parameter that can differentiate the
reactivities of two monomers. Other factors such as electronics
may also contribute to the differences in reactivities among
monomers. For bicyclo[4.2.0]oct-6-ene-7-carboxamides with
similar strain energies, the most important contributing factor
of reactivity is the substituent on the amide. In this work, we
demonstrated that amide substitution has direct effects on all
three ROM processes: ROM1 of bicyclo[4.2.0]carboxamide,
ROM of cyclohexene, and ROM2 of bicyclo[4.2.0]-
carboxamide. The differences resulted in a cumulative 6-fold
faster rate of formation of 1a-2-1b vs 1b-2-1b, which fits well
with a gradient copolymerization model.”” The evidence
presented here suggests that kinetic data from the three
steps involved in the formation of 1-2-1 can be used as a
predictive tool for gradient copolymerization. To accurately
use this model to predict other copolymerization types, we are
currently investigating other [4.2.0] amides with different side
chains. We will test them for their ROMI1 and ROM2
reactivities and the reactivities of ring opening of cyclohexene.
The cumulative rates of formation of A-B-A’ complexes as well
as the reactivity ratios of A-B complexes can be computed from
the kinetic reactions outlined here and can be used to predict
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the copolymer type formed when two different A monomers
and a B monomer are polymerized using ruthenium alkylidene
as the catalyst.

Metathesis reactions were performed under a N, atmosphere. Grubbs
2nd generation catalyst (CL(H,IMes)(PCy;)Ru = CHPh) and
deuterated trichloromethane (CDCl;) were purchased from Aldrich.
Grubbs 3rd generation catalyst (3-BrPyr),Cl,(H,IMes)Ru= CHPh
(I) was prepared from 2nd generation catalyst and 3-bromopyr-
idine.*®> Propyl[4.2.0]oct-6-ene-7-carboxamide (1a)'* and N-(2-(2-
ethoxyethoxy)ethanylbicyclo[4.2.0]oct-6-ene-7-carboxamide  (1b)"?
were prepared according to the literature, and both 'H and *C
NMR data were in agreement with the literature. Dry, oxygen-free
CH,Cl, was prepared with a Pure Process Technology solvent
purification system. Mallinckrodt silica gel-60 (230—400 mesh) was
used for column chromatography. Analytical thin-layer chromatog-
raphy was performed on precoated silica gel plates (60F254) and
Combi-Flash chromatography on RediSep normal-phase silica
columns (silica gel-60, 230—400 mesh). NMR spectra were recorded
at 'H-500 MHz and “C-125 MHz and 'H-700 MHz and “C-176
MHz. Chemical shifts were recorded relative to the CDCl; peak.

Reactions were run in NMR tubes in deuterated trichloromethane
and tubes capped with a septum. All reagents were added by a syringe.
Reaction mixtures were maintained at 40 °C (using a water bath)
under a N, atmosphere, and at the indicated time intervals, "H-NMR
spectra were collected. Spectra were integrated, the reaction progress
was plotted as concentration of [I] vs time (min), and the data were
fit to a first-order integrated rate law equation.

1st ROM Kinetics for 1a. I:1a (1:5). A spectrum for reaction time
t = 0 min of a solution of I (2.5 mg, 2.8 pmol) in deuterated
trichloromethane (500 L) was recorded by 'H-NMR spectroscopy
at 40 °C. A solution of 1a in deuterated trichloromethane (2.7 mg,
14.0 pmol, 200 uL) was added rapidly into the NMR tube, the
contents were mixed, and the reaction was monitored.

I:1a (1:10). A spectrum for reaction time t = 0 min of a solution of I
(2.5 mg, 2.8 umol) in deuterated trichloromethane (500 uL) was
recorded by 'H-NMR spectroscopy at 40 °C. A solution of la in
trichloromethane (5.5 mg, 28.5 gmol, 200 L) was added rapidly into
the NMR tube, the contents were mixed, and the reaction was
monitored.

I:1a (1:15). A spectrum for reaction time t = 0 min of a solution of I
(2.5 mg, 2.8 umol) in deuterated trichloromethane (500 uL) was
recorded by 'H-NMR spectroscopy at 40 °C. A solution of la in
trichloromethane (8.2 mg, 42.4 ymol, 200 L) was added rapidly into
the NMR tube, the contents were mixed, and the reaction was
monitored.

1st ROM Kinetics for 1b. I:1b (1:5). A spectrum for reaction time
t = 0 min of a solution of I (2.5 mg, 2.8 pmol) in deuterated
trichloromethane (500 L) was recorded by 'H-NMR spectroscopy
at 40 °C. A solution of 1b in trichloromethane (3.8 mg, 14.2 ymol,
200 pL) was added rapidly into the NMR tube, the contents were
mixed, and the reaction was monitored.

I:1b (1:10). A spectrum for reaction time ¢ = 0 min of a solution of I
(2.5 mg, 2.8 umol) in deuterated trichloromethane (500 uL) was
recorded by "H-NMR spectroscopy at 40 °C. A solution of 1b in
trichloromethane (7.6 mg, 28.4 ymol, 200 L) was added rapidly into
the NMR tube, the contents were mixed, and the reaction was
monitored.

I:1b (1:15). A spectrum for reaction time ¢ = 0 min of a solution of I
(2.5 mg, 2.8 umol) in deuterated trichloromethane (500 uL) was
recorded by "H-NMR spectroscopy at 40 °C. A solution of 1b in
trichloromethane (11.4 mg, 42.6 umol, 200 uL) was added rapidly
into the NMR tube, the contents were mixed, and the reaction was
monitored.
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Reactions were run in 2 mL glass vials in trichloromethane and vials
capped with a septum. All reagents were added by a syringe. Reaction
mixtures were maintained at 40 °C (using a water bath) under a N,
atmosphere. Aliquots (S0 pL) were removed at indicated time
intervals and quenched immediately with excess ethyl vinyl ether.
Solvents were removed in vacuo, and the crude reaction mixture was
redissolved in deuterated trichloromethane (CDCl;) and analyzed by
"H NMR spectroscopy. The concentration of 1-Ru remaining was
plotted as a function of time, and data were fit with a first-order
integrated rate law equation.

1a-2 or 1b-2:Cyclohexene (1:10). A solution of I (15 mg, 17
umol) in dichloromethane (500 yL) was added to a vial containing
170 uL of 1a (3.3 mg, 17 umol) or 1b (4.6 mg, 17 umol) and allowed
to react at 40 °C for approx. 8 h when the Ru-benzylidene proton
signal in the '"H NMR spectrum integrated <5% of its starting
concentration. An aliquot (70 uL) was removed and immediately
quenched with excess ethyl vinyl ether. To the remaining mixture
(containing approx. 15 gmol 1a-Ru or 1b-Ru), a solution (50 L) of
triphenylphosphine (39 mg, 150 ymol) and cyclohexene 2 (15 uL,
150 pumol) was added, the contents were mixed, and the reaction was
monitored.

1a-2 or 1b-2:Cyclohexene (1:20). A solution of I (15 mg, 17
umol) in dichloromethane (500 yL) was added to a vial containing
170 uL of 1a (3.3 mg, 17 pmol) or 1b (4.6 mg, 17 umol) and allowed
to react at 40 °C for approx. 8 h when the Ru-benzylidene proton
signal in the 'H NMR spectrum integrated <5% of its starting
concentration. An aliquot (70 pL) was removed and immediately
quenched with excess ethyl vinyl ether. To the remaining mixture
(containing approx. 15 gmol 1a-Ru or 1b-Ru), a solution (50 uL) of
triphenylphosphine (78 mg, 300 pmol) and cyclohexene 2 (30 uL,
300 umol) was added, the contents were mixed, and the reaction was
monitored.

1a-2 or 1b-2:Cyclohexene (1:30). A solution of I (1S mg, 17
umol) in dichloromethane (500 yL) was added to a vial containing
170 uL of 1a (3.3 mg, 17 ymol) or 1b (4.6 mg, 17 umol) and allowed
to react at 40 °C for approx. 8 h when the Ru-benzylidene proton
signal in the 'H NMR spectrum integrated <5% of its starting
concentration. An aliquot (70 uL) was removed and immediately
quenched with excess ethyl vinyl ether. To the remaining mixture
(containing approx. 15 gmol 1a-Ru or 1b-Ru), a solution (50 L) of
triphenylphosphine (118 mg, 450 umol) and cyclohexene 2 (4S5 uL,
450 pmol) was added, the contents were mixed, and the reaction was
monitored.

Reactions were run in NMR tubes in deuterated trichloromethane
and tubes capped with a septum. All reagents were added by a syringe.
Reaction mixtures were maintained at 40 °C under a N, atmosphere,
and at the indicated time intervals, '"H-NMR spectra were collected.
Spectra were integrated, the reaction progress was plotted as
concentration of [1”] vs time (min), and the data were fit with a
first-order integrated rate law equation. 1” is the second equivalent of
monomer 1 after formation of a 1-2-Ru(PPh;) complex.

2nd ROM Kinetics for 1” with 1-2-Ru(PPh;) to Form 1-2-1"-
Ru(PPh3). 1a-2-1a-Ru(PPh;). A solution of I (15 mg, 17 umol) in
deuterated trichloromethane (500 xL) was added to an NMR tube
containing a solution (200 yL) of 1a (3.3 mg, 17 ymol) and allowed
to react at 40 °C for approx.. 8 h when the Ru-benzylidene proton
signal in the '"H NMR spectrum integrated <5% of its starting
concentration. A solution (150 uL) of triphenylphosphine (118 mg,
450 umol) and cyclohexene 2 (45 uL, 450 umol) was added, and the
reaction was maintained at 40 °C. When 1a-2-Ru was formed as
judged by the appearance of a new multiplet proton signal at 19.05
ppm, a solution (200 L) of 1a” (3.3 mg, 17 umol) was added, the
contents were mixed, and the reaction was monitored.

1b-2-1b-Ru(PPh;). A solution of I (15 mg, 17 ymol) in deuterated
trichloromethane (500 L) was added to an NMR tube containing a
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solution (200 uL) of 1b (4.6 mg, 17 umol) and allowed to react at 40
°C for approx. 8 h when the Ru-benzylidene proton signal in the 'H
NMR spectrum integrated <5% of its starting concentration. A
solution (150 uL) of triphenylphosphine (118 mg, 450 gmol) and
cyclohexene 2 (4S5 uL, 450 ymol) was added, and the reaction was
maintained at 40 °C. When 1b-2-Ru was formed as judged by the
appearance of a new multiplet proton signal at 19.05 ppm, a solution
(200 uL) of 1b” (4.6 mg, 17 umol) was added, the contents were
mixed, and the reaction was monitored.

1a-2-1b-Ru(PPh;). A solution of I (15 mg, 17 ymol) in deuterated
trichloromethane (500 L) was added to an NMR tube containing a
solution (200 yL) of 1a (3.3 mg, 17 ymol) and allowed to react at 40
°C for approx. 8 h when the Ru-benzylidene proton signal in the 'H
NMR spectrum integrated <5% of its starting concentration. A
solution (150 uL) of triphenylphosphine (118 mg, 450 ymol) and
cyclohexene 2 (45 uL, 450 pmol) was added, and the reaction was
maintained at 40 °C. When 1a-2-Ru was formed as judged by the
appearance of a new multiplet proton signal at 19.05 ppm, a solution
(200 uL) of 1b” (4.6 mg, 17 umol) was added, the contents were
mixed, and the reaction was monitored.

1b-2-1a-Ru(PPh;). A solution of I (15 mg, 17 umol) in deuterated
trichloromethane (500 L) was added to an NMR tube containing a
solution (200 yL)of 1b (4.6 mg, 17 pmol) and allowed to react at 40
°C for approx. 8 h when the Ru-benzylidene proton signal in the 'H
NMR spectrum integrated <5% of its starting concentration. A
solution (150 uL) of triphenylphosphine (118 mg, 450 ymol) and
cyclohexene 2 (45 uL, 450 pmol) was added, and the reaction was
maintained at 40 °C. When 1b-2-Ru was formed as judged by the
appearance of a new multiplet proton signal at 19.05 ppm, a solution
(200 uL) of 1a” (3.3 mg, 17 pmol) was added, the contents were
mixed, and the reaction was monitored.

The data underlying this study are available in the published
article and its Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00013.

Reaction kinetic data and NMR spectral characterization
data (PDF)
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