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ABSTRACT:  A series of olefin metathesis  catalysts  bearing cyclic (alkyl)(amino)carbene
(CAAC) ligands of varying size and steric demand has been synthesized and evaluated in
ring-closing-, self-, and cross-metathesis reactions at room temperature. The catalysts were
also probed for potential  applications in dynamic covalent chemistry.  The majority of the
catalysts showed high stability, and remained active in the reaction mixtures for several days,
including  in  methanol-based  solutions.  Higher  temperatures  could  be  used  to  control  the
reactivity  towards  sterically  challenging  substrates,  enabling  formation  of  tetrasubstituted
olefins.  The  CAAC  complexes  exhibited  remarkable  functional  group  tolerance  towards
heteroaromatic and nucleophilic additives, making them potentially useful in the screening of
biologically active compounds.

INTRODUCTION

Shortly  after  their  discovery,[1,2]  cyclic  (alkyl)(amino)carbenes  (CAACs)  have  found
numerous  applications  in  transition  metal-  and  main  group  chemistry.[3–5]  Being  more
σ-donating analogs of N-heterocyclic carbenes (NHCs), CAACs can drastically change the
electronic properties of metal-carbene complexes,[6] for example resulting in catalysts that are
particularly efficient in ethenolysis.[7–10] Although the first CAAC-based catalysts did not
exhibit improved activity in cross-metathesis processes compared to their NHC counterparts,
recent reports have revealed that CAACs can enable reactivities that cannot be achieved with
conventional  catalysts.[10–12]  Stable  bis-CAAC  ruthenium  complexes  have  thus  become
promising  olefin  metathesis  catalysts,  exhibiting  high  turnover  numbers  enabling  new
strategies in the synthesis of Hoveyda-Grubbs 2nd generation catalysts.[13–15]

Many catalysts, including Grubbs 1st generation (GI-Bn), Grubbs 2nd generation (GII),
Hoveyda-Grubbs  1st  generation  (HGI),  and  Hoveyda-Grubbs  2nd  generation  (HGII)
catalysts, as well as CAAC complexes 1 and 3 (Figure 1), exhibit high kinetic E/Z-selectivity
at low conversions, however reaching thermodynamic equilibria over time.[10] This feature of
the  metathesis  reaction has  suggested  the  use  of  this  transformation in  dynamic  covalent
chemistry,[16–29]  although  with  severe  limitations  in  substrate  scope.[30–37]  As  dynamic
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systems are often used for the discovery of bioactive compounds presenting a number of polar
functional  groups,  the  ability  to  equilibrate  a  mixture  of  olefins  together  with  enhanced
stability makes CAAC-based catalysts promising tools in dynamic chemistry.

Figure 1: Commonly used NHC-based olefin metathesis catalysts (GI-Bn, GI-Ind, GII, HGI, HGII) and CAAC-
based complexes used in this study (1-4).

Applications of olefin metathesis in synthesis are sometimes limited due to poor functional
group tolerance.[38] Decomposition/poisoning of the catalyst are often important processes
that  determine  the  overall  efficiency.[38–41]  On  the  other  hand,  the  unique  reactivity  of
CAAC-based  catalysts  is  attributed  to  the  increased  stability  of  the  reactive  carbene  and
metallacyclobutane  intermediates  generated  in  situ.[9,15,42]  Therefore  these  catalysts  can
potentially be used under challenging conditions, such as in aqueous environment and with
biologically relevant substrates. However, the complete substrate scope and functional group
compatibility of CAAC-based catalysts have not been determined.

These challenges have been addressed in the present study, where we describe efficient
synthesis protocols to a series of remarkably stable, yet active, CAAC-based olefin metathesis
catalysts,  and their  evaluation in ring-closing-,  self-,  and cross-metathesis transformations.
The  functional  group  compatibility  was  furthermore  evaluated,  underscoring  the  high
structural stabilities and showing that the CAAC complexes exhibited high tolerance towards
heteroaromatic  and nucleophilic  additives.  The complexes  were  also  evaluated for  use  in
dynamic covalent chemistry, where the results show that CAAC-based catalysts display high
potential for generation and application of dynamic systems.

RESULTS AND DISCUSSION

Catalyst synthesis

The series of CAAC-based catalysts studied is displayed in Figure 1 (compounds 1-4). The
structures possess small variations in the degree of steric bulk around the ruthenium core,
thereby  enabling  detailed  evaluation  of  the  activities  and  stabilities.  It  was  in  this  case
expected that  these variations would result  in  catalysts  spanning the appropriate  range of
highly active to more stable structures, with the potential of identifying optimal complexes for
different applications.

Two common synthetic routes towards NHC-based olefin metathesis catalysts start with a
phosphino-ruthenium(II)  precursor  complex and an imidazolinium salt.[43]  The  first  route
utilizes HGI as a starting material, and has been shown to be applicable also in the synthesis
of CAAC-bearing complexes 1 and 3.[12] However, this strategy could not be used to yield
catalyst  4,  due to  the shorter  lifetime of  the  carbene.[9,12]  The  other  approach,  based  on
ruthenium indenylidene complexes,  was also unsuccessful  in this  case,  and recent  studies
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revealed that bis-CAAC adducts form instead.[15]  Further  investigations of  the activity of
these  complexes  in  olefin  metathesis  opened  up  a  new strategy,  which  was  successfully
applied  in  the  synthesis  of  a  series  of  CAAC-based analogs  of  HGII.[15]  This  approach
enabled the expansion of the family of olefin metathesis catalysts to less bulky and potentially
more reactive analogs.

Catalyst  1  was  synthesized  using  the  route  based  on  HGI  and  the  corresponding
pyrrolidinium starting material in the presence of KHMDS in toluene. Catalysts 2-4, on the
other hand, were synthesized following an approach utilizing isolated bis-CAAC complexes
(Figure 2). In addition to obtaining catalysts 2 and 3, this protocol allowed the synthesis of
catalyst  4,  carrying  a  demanding  mesityl  substituent,  which  was  previously  reported
impossible  to  synthesize.[12,14]  In  contrast  to  the  recently  reported  three-step-one-pot
method,[15]  this procedure furthermore resulted in easier purification and generally higher
yields (30-90%).

Figure 2: Synthesis of catalysts 2-4 via bis-CAAC complex; inset: X-ray crystal structure of catalyst 4 (thermal
ellipsoids drawn at 50% probability; hydrogen atoms omitted for clarity).

X-ray crystallographic analysis showed that catalyst 4 had the same conformation in the
solid state  as  catalysts  1-3,  with the N-aryl  ring  located  above the  benzylidene hydrogen
(Figure 2). The Ru‒C11 (1.934 Å) and Ru‒O (2.329 Å) distances in catalyst 4 proved similar
to those found in catalyst 1 (Ru‒C11: 1.930 Å, Ru‒O: 2.325 Å), indicating low influence of
the N-aryl aliphatic substituents on the σ-donating properties of the carbene.[12] Therefore all
differences in reactivity between catalysts 1-4 should be attributed to secondary steric factors
of the complexes.

Ring-closing metathesis

All four complexes were tested in the formation of cyclic di-, tri- and tetrasubstituted olefins
through ring-closing metathesis (RCM) of substrates 5-7 (Table 1). In complement to previous
results with catalysts 1 and 3,[12] cyclization of compounds 5 and 6 proceeded smoothly and
were completed in 15 and 30 min at 40 °C with catalysts 2, 3 and 4, respectively (Table 1,
entries 2-3). Catalyst 1,  however, did in this case not exhibit  high activity in these cases,
resulting  in  95% conversion  in  28  h  and  172  h,  respectively.  These  results  point  to  the
importance of the benzylic methyl group(s) of the CAAC aryl moiety in retarding the RCM
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process,  where  replacement  of  a  methyl  group  in  benzylic  positions  2  and/or  6  with  a
hydrogen significantly  enhanced the  reaction rates.  The results  also  demonstrate  the  high
stability of catalyst 1, being active for long periods of time at elevated temperature.

It  has  been shown that  the  activity  of  the  catalysts  can be  significantly  influenced by
temperature.[12]  In  particular,  ring-closing  metathesis  of  compounds  5  and  6  can  be
accomplished with catalyst 1 at 60 °C in 3.3 and 10 h, respectively. To compare these results
with catalysts 2-4,  RCM of compound 5  was performed at  room temperature,  predictably
resulting  in  longer  reaction  times.  The  observed  catalyst  activities  appeared  to  be  in
accordance with the steric bulk of the N-aryl ring (Table 1, entry 1), supporting the hypothesis
that the catalyst activity is influenced by the steric interaction between the parallel alkylidene
and N-aryl groups.[12,44] Moreover, the replacement of one isopropyl group in catalyst 1 with
a methyl moiety (catalyst 2) resulted in a dramatic increase in activity, however only slightly
improved by replacement of the second isopropyl group (catalyst 4). The crucial difference
between the 2,6-iPr2- and the 2-iPr-6-Me moieties can be explained by the selective rotation
of the benzylidene ligand towards the less substituted side of the N-aryl ring in catalyst 2.

Table 1: Activity of Ru-complexes 1-4 in RCM of selected substrates (R = COOEt).a

Entry Substrate T (°C) 1 2 3 4

1 22 372 h (95%)b 185 min (95%) 151 min (95%) 93 min (95%)

2 40 28 h (95%) >15 min (98%) >15 min (98%) >15 min (98%)

3 40 172 h (95%) 30 min (95%) 30 min (96%) 30 min (93%)

4 60 30 h (95%) ― ― ―

5 40 0% 0% 0% 0%

6 80 0% 400 h (5%) 480 h (22%) 70 h (6%)
aConditions: 0.1 M substrate, 1 mol% catalyst, C6D6, R = COOEt; bMaximum conversion and time to reach it.

Although it was reported that catalysts 1 and 3 are not capable of forming tetrasubstituted
olefins,[12,45] prolonged reaction time along with higher temperatures (>3 d at 80 °C) yielded
the RCM product of compound 7 (Table 1, entry 6). Here, the difference in reactivity towards
compounds 6 and 7 reflects the difference between the initiation rate of the allyl and methallyl
moieties.  Obviously,  the  less  substituted  allyl  group  is  considerably  more  reactive  in
metathesis reactions, and, thus, both compounds 5 and 6 enter the catalytic cycle quickly and
cyclize in short times.

Self-metathesis

The ability of the catalysts to accelerate self-metathesis processes was next explored, where
allyl alcohol was first selected as a model substrate owing to its superior performance in these
transformations.[46,47] The metathesis process of allyl alcohols is believed to occur through
hydrogen bonding,[48–50] and, to some extent, coordination to the ruthenium center.[48]  In
order to assess these types of effects in the reactions with the CAAC-based catalysts, allyl
acetate (lacking hydrogen bond donor) and allyl benzene (free of any specific interactions)
were added to the substrate pool.

Surprisingly, all catalysts exhibited low reactivities towards allyl alcohol, resulting in only
10-35%  conversion  (Figure  S1).  In  most  cases,  the  reaction  progress  slowed  down
significantly within a short period of time, with complete disappearance of the catalyst signal
in the NMR spectrum. However, after a small decrease, the conversion started growing again
slowly.  These  results  suggest  early  catalyst  decomposition  followed by slow catalysis  by
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unidentified Ru species formed during decomposition. Nevertheless, it is not clear why such
an unusual  behavior  is  triggered by allyl  alcohol.  Similarly,  poor efficiency towards allyl
acetate was observed, affording only slightly improved conversion in average (Figure S2),
indicating the low influence from H-bond donation in this case.

On  the  other  hand,  the  self-metathesis  process  of  allyl  benzene  reached  about  50%
conversion at room temperature with catalysts 1-3 (Figure 3, Figure S4), suggesting this to be
the equilibrium position for this substrate, independent from catalyst loading (Figure S5). The
lifetime of catalyst 4 appeared in this case to be shorter than the time required to establish the
equilibrium  between  all  metathesis  products.  No  isomerization  to  the  more  stable
β-methylstyrene or formation of other side-products occurred. However, the kinetic profile of
this reaction suggests a two-step process with a slow initiation step, also observed for some
NHC-based catalysts.[51] The long induction time of catalyst 1 is in accordance with the RCM
results and supports the hypothesis of the determining role of the ortho-substitution pattern
for initiation.

Figure 3: Performance of catalysts 1-4 in self-metathesis of allyl benzene.

Cross-metathesis

Following a  standard  system of  catalyst  characterization,[51]  the  cross-metathesis  process
between  allyl  benzene  and  cis-1,4-diacetoxybutene  was  subsequently  investigated.  The
carbene substituent patterns displayed in this case significant differences on the outcome. The
bulkiest catalyst 1 yielded 1% of cross-metathesis product after 1 week, while about 90% of
the catalyst remained unchanged in the mixture (Figure S6). In contrast, the least sterically
hindered complex 4 underwent complete decomposition after 2 hours, yielding only 2.5% of
the cross-metathesis product. The carbene substituent patterns in catalysts 2 and 3, however,
resulted in a proper balance between activity and stability leading to good conversions in
shorter  time (Figure  S9).  Interestingly,  all  catalysts  exhibited lower  E/Z-selectivity  in  the
cross-metathesis  process  than  non-CAAC  catalysts  GI-Bn,  GII,  HGI,  and  HGII
(Figure S8).[51]

Functional group tolerance

Since high activity of  CAAC catalysts  can be attributed to the stability of  the alkylidene
intermediates,  the  robustness  is  an  important  and  valuable  property.  The  integrity  of  the
catalysts was therefore evaluated with respect to time and different additives. Complexes 1-3
exhibited excellent stability at room temperature, being active in metathesis processes from
several  days  up  to  weeks.  In  order  to  evaluate  the  difference  between  NHC and  CAAC
catalysts, catalysts 1-4  were also compared to HGII  in self-metathesis of allyl benzene at
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room temperature.  Surprisingly,  catalyst  HGII  appeared  to  be  considerably  less  active  at
room temperature than the CAAC catalysts. The NHC-catalyst was thus almost completely
decomposed after 1 h, producing only 11% conversion after 20 h (10% within 1 h; also 1-2%
of β-methylstyrene was formed; Figure S9). In contrast,  the least stable CAAC catalyst 4
resulted in 37% conversion in 4 h under the same conditions.

Typically,  olefin  metathesis  is  performed  in  non-polar  solvents,  such  as  toluene  and
dichloromethane. However, the solubility of polar substrates, especially natural products and
drug precursors, sometimes requires a more polar environment, like methanol or water. Non-
functionalized  Hoveyda-Grubbs  2nd  generation  catalysts  are  usually  sparingly  soluble  in
methanol  and  their  instability  in  protic  media  is  an  important  drawback.{Nelson,  2014
#37;Binder, 2007 #3} CAAC-based catalysts can in this case display improved performance,
where, even at 0.25 mol% loading, catalyst 3 converted 25% allyl benzene within two weeks
(20% after 34 h) in CD3OD in a self-metathesis process (Figure S7). This indicates improved
tolerance  of  CAAC  catalysts  to  protic  solvents,  recently  applied  in  aqueous  olefin
metathesis.[52]

In addition to alcohols, several other classes of compounds are known to be detrimental to
olefin metathesis catalysts.[41,53,54] An additive screening protocol, in which the functional
group was intentionally decoupled from the substrate, was therefore adopted to explore the
functional group tolerance of catalyst 2 in cross- and ring-closing metathesis protocols (Table
2). To distinguish the influence of additives, which did not affect the rate of the fast RCM
reaction,  they were evaluated in the slower allyl  benzene self-metathesis  process.  Certain
aliphatic- and heteroaromatic amines retarded the reactions, whereas other polar functional
groups, including anilines and pyrroles, were well tolerated. The results are also indicative of
a correlation between the coordinating ability of the additives and their ability to poison the
ruthenium catalyst.  Strongly coordinating ligands,  such as  pyridine and imidazole,  can in
principle bind to the metal center and impair the catalytic cycle, as reflected in the present
results. Previous studies have also shown that CAAC complexes bearing pyridine moieties
suffer from instability and display poor catalytic activity.[12]
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Table 2: Influence of various nucleophilic additives on cross-metathesis and ring-closing metathesis.

Additive Conversion (%) Catalyst alive (2 h) Additive Conversion (%) Catalyst alive (2 h)
2 h 16 h 2 h 3 d

– 23 45 ✓ – 87 100 ✓

19 40 ✓ 0 0 ✘

2 19 ✓ 0 <1 ✓

1 8 ✓ >1 4 ✓

18 42 ✓ 0 0 ✓

22 44 ✓ 0 0 ✓

13 40 ✓

19 41 ✓

0 2 ✓

Dynamic systems equilibration

The  potential  of  adopting  the  CAAC-based  catalysts  for  generation  of  dynamic  covalent
systems was furthermore investigated. Complex 2 was in this case selected due to its good
balance between activity and stability, enabling sustained catalysis in the equilibrating pool of
compounds.  In  order  to  investigate  the  ability  of  the  CAAC-based  catalyst  to  establish
thermodynamic equilibria, a dual entry-point analysis of a system containing cis- and trans-
1,4-diacetoxy-2-butene (9) was performed.[55] Starting from any of the isomers, the E/Z-ratio
eventually reached 93:7 (Figure 4a). In addition, the model cross-metathesis reaction of a 1:1
mixture of allyl benzene and compound Z-9 resulted in equilibrium formation, which upon
addition of another equivalent of compound Z-9 reached the same composition as if starting
from a 1:2 mixture of the compounds (Figure 4b).
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Figure 4: a) Equilibration of system containing either compound E-9 or Z-9; conditions: catalyst 2 (2.5 mol%),
0.2 M, C6D6, 40 °C; b) equilibration of systems containing compounds 8 and 9; 1:1 mixture reaches the same
composition as  the 1:2 mixture after  addition of  another  equivalent  of  compound 9;  conditions:  catalyst  2
(1 mol%), 0.2 M, CDCl3, 22 °C.

These results indicate that CAAC-based catalysts, such as complex 2,  are well  capable of
generating  prototype  dynamic  systems  under  mild  conditions  at  room  temperature.  The
prolonged  catalyst  lifetime  of  these  structures,  in  comparison  with  NHC-based  analogs,
enabled the establishment of alkene equilibria in cross-metathesis protocols. This combination
of catalytic activity and structural integrity is an attractive feature of these catalysts, essential
for applications in dynamic chemistry.

CONCLUSIONS

In  conclusion,  we  have  investigated  the  catalytic  performance  of  several  CAAC-based
ruthenium complexes in benchmark olefin metathesis reactions under mild conditions. The
catalysts  were  applied  to  ring-closing-,  self-,  and  cross-metathesis  protocols,  and  found
exceptionally stable for weeks in reactions performed at room temperature. The substitution
pattern of the aryl substituent of the CAAC moiety was crucial for the catalyst activity, where
both highly substituted and sterically unhindered ligands resulted in less performant catalysts.
Instead, a delicate balance in the bulkiness of the substituents was necessary, similar to the
ethenolysis reaction.[9] In contrast to previous results,[12] the catalysts were found capable of
forming  tetrasubstituted  olefins,  albeit  at  somewhat  elevated  temperatures.  The  CAAC
complexes showed considerably better  stability compared to their  NHC analogs,  which is
especially important at room temperature when catalyst decomposition becomes faster than
productive metathesis.  From an additive screening protocol,  the catalysts were also found
stable in the presence of different polar groups, including anilines and pyrroles. These long
catalyst  lifetimes,  together  with  an  increased  group tolerance,  provide  an  opportunity  for
using these catalysts in dynamic covalent chemistry.
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