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Abstract

New ruthenium Grubbs’- and Hoveyda- Grubbs’ second generation catalysts bearing N-alkyl/N-
isopropylphenyl N-heterocyclic carbene (NHC) ligands with syn or anti backbone configuration
were obtained and compared in model olefin metathesis reactions. Different catalytic efficiency
were observed depending on the size of the N-alkyl group (methyl or cyclohexyl) and on the
backbone configuration. The presence of an N-cyclohexyl substituent determined the most
significant reactivity differences between catalysts with syn or anti phenyl groups on the backbone.
In particular, anti catalysts revealed highly efficient, especially in the ring-closing metathesis
(RCM) of encumbered diolefins, while syn catalysts showed low efficiency in the RCM of less
hindered diolefins. This peculiar behavior, rationalized through DFT studies, was found as related
to the high propensity of these catalyst to give nonproductive metathesis events. Enantiopure anti
catalysts were also tested in asymmetric metathesis reactions, where moderate enantioselectivity
was observed. Steric and electronic properties of unsymmetrical NHCs with the N-cyclohexyl group
were then evaluated using the corresponding rhodium complexes. While steric factors resulted as
unimportant for both syn and anti NHCs, a major electron-donating character was found for the

unsymmetrical NHC with anti phenyl substituents on the backbone.
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Introduction

Since their introduction in the 1960s,' N-heterocyclic carbenes (NHCs) have gained increasingly
importance in modern chemistry, with several applications in a large variety of research areas. Their
steric and electronic properties make them excellent ancillary ligands for metal catalysts as well as
effective organocatalysts. The majority of applications of NHCs, however, are related to their
coordination to transition metals, thanks to which efficient catalysts for a huge number of
academically and industrially important processes have been found. Indeed, the strong c-donor
capability of NHCs, combined with a shielding steric pattern, leads to increased metal complex
stability and improved catalytic activity.>

One of the most important and extensively studied transformations mediated by NHC-metal
complexes is ruthenium-catalyzed olefin metathesis® The employment of NHC-stabilized
ruthenium complexes (second generation catalysts) has given strong impetus to the development of
this methodology, which nowadays represents an indispensable synthetic tool for both organic and
polymer chemists.* Indeed, the use of NHCs as ligands for ruthenium olefin metathesis has given
access to unprecedented reactivity pathways and allowed significant advancements in a multitude of
challenging reactions.>”’

Most of the efforts in designing new ruthenium catalysts involves manipulation of the NHC
scaffold of the commercial available second generation catalysts.® Indeed, the fine tuning of steric
and electronic properties of the NHC ligand can strongly influences catalytic behavior of the
resulting ruthenium complexes. The development of unsymmetrical NHCs (uNHCs), able to
differentiate steric bulkiness in proximity of the carbenic center, has led to important effects on
reactivity and selectivity of the resulting catalysts.” Among the numerous examples of ruthenium
catalysts presenting uNHCs, those characterized by N-alkyl/N-aryl substituents have attracted much

attention (Chart 1).1° The major breakthrough in this field is represented by the introduction of a
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series of highly Z-selective ruthenium catalysts, incorporating a bidentate unsymmetrical NHC

ligand, by the Grubbs group (4, Chart 1).1!
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Chart 1. Selected catalysts with N-alkyl/N-aryl substituted NHCs

In this context, we recently'? reported on new olefin metathesis catalysts bearing uNHCs, that
combine N-cyclohexyl, N-isopropylphenyl groups and phenyl substituents on the NHC backbone
with syn and anti relative orientation (7-10, Chart 2), thus investigating for the first time the impact
of changing backbone configuration of uNHCs on catalytic behavior. As observed for Ru

8h.13 the introduction of

complexes bearing syn and anti backbone-substituted symmetrical NHCs,
differently oriented substituents on the backbone of uNHCs proved to be an effective means to
modulate the catalytic properties of the resulting complexes.

To offer a more complete picture on the relationship between NHC architecture and catalyst
activity, herein we present an extended study on the catalytic behavior of 7-10 in the most common
metathesis transformations. The catalytic performances of 7-10 are compared to those of newly

synthesized catalysts 11-14 (Chart 2), characterized by an N-alkyl group of reduced steric hindrance

with respect to the N-cyclohexyl, as the N-methyl group.
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Chart 2. New N-alkyl/N-aryl NHC Ru catalysts

Furthermore, we report on the selectivity of enantiopure Ru catalysts 8, 10, 12 and 14 in
asymmetric metathesis transformations, such as asymmetric ring-closing metathesis (ARCM) and
asymmetric ring-opening cross-metathesis (AROCM).

Finally, in order to gain more insight into the role of NHC backbone configuration on catalytic
behavior, the steric and electronic properties of uNHCs featuring catalysts 7-10 are evaluated using

the corresponding rhodium complexes.

Results and discussion

Synthesis and characterization of Catalysts

The synthesis of complexes 7-10 was easily accomplished in three synthetic steps, as described in
our preliminary communication.!> The Grubbs’ (7-8) and Hoveyda-Grubbs’ (9-10) second
generation type complexes were obtained in moderate to good yields (45-64%). All the complexes
were found stable in the solid state for 5-6 months and in CsDs solution over two weeks.'* Solution-
state 1D and 2D NMR analyses of the phosphine-containing complexes 7 and 8 showed the
presence of two rotational isomers, syn and anti, corresponding to different orientations of the
benzylidene unit with respect to the N-substituents of the uNHC ligand (syn: N-alkyl group located

on the same side as the benzylidene unit).!> These rotamers did not display chemical exchange on
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the NMR timescale up to 70°C, as proven by VT 'H NMR experiments. Attempts to get good-
quality crystals of 7 and 8 for X-ray crystallographic studies were unsuccessful.

As for phosphine-free complexes 9 and 10, the formation of rotamers with only anti arrangement of
the benzylidene moiety was observed in solution as well as in the solid state. The corresponding X-
ray crystal structures have been previously reported.'?

Complexes 11-14 were synthesized according to the synthetic route reported by Collins (Scheme
1).1%2%  Starting from the commercial diamines 15 and 16, cross-coupling with o-
isopropylbromobenzene, followed by alkylation and cyclization ~in the presence of
paraformaldehyde, afforded the aminals 19 and 20 in good yields (65 and 71%, respectively). After
oxidation of 19 and 20 by treatment with I, and NaHCO3 and anion exchange with NaBF4, the
corresponding tetrafluoroborate salts 21 and 22 were obtained in 66% and 78% yields, respectively.
The deprotonation in situ of 21 and 22 with (CF3)2(CH3)COK and subsequent reaction with
RuCl(=CHPh)(PCys3)2 (GI) or RuCl(=CH-0-iPtO-Ph)(PCy3) (HGI) afforded, respectively, after
flash column chromatography, the desired Grubbs’ IT (11-12) and Hoveyda-Grubbs’ II (13-14) type
complexes as air- and moisture-stable solids, albeit in very modest yields (12-22%). Attempts to
improve yield by changing reaction conditions (e.g. nature of base, solvent and temperature)
revealed unfruitful. The replacement of a large-sized cyclohexyl group with a sterically
unencumbered methyl group led to a diminished stability of 11-14 with respect to 7-10,!” as proven
by the disappearance from the '"H NMR spectrum of the diagnostic benzylidene signal over the
course of 1 week. This may also explain the differences in yield between 11-14 and 7-10.

The solution-state studies carried out using 1D and 2D NMR techniques showed the presence of
two rotational isomers for both 11 and 12. As already observed for complexes 7 and 8, the two
rotamers are compatible with syn and anti disposal of the benzylidene moiety with respect to the N-
substituents of the uNHC. Complex 11 was isolated in a 0.4:1 syn:anti ratio, while complex 12 in a

ratio of 0.5:1 syn:anti isomers. 2D-EXSY experiments at various mixing times showed no exchange
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between syn and anti rotamers. Complexes 13'® and 14 were obtained as a single isomer,

corresponding to the anti rotamer, analogously to what observed for 9 and 10.!? Unfortunately,

owing to their high solubility in most common polar and non-polar solvents, it was no possible to

obtain crystals suitable for X-ray solid-state characterization.
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Scheme 1. Synthesis of new ruthenium complexes 11-14

Ring-Closing Metathesis (RCM) Activity

The catalytic ability of 7-14 was investigated in the RCM reactions of diethyl diallylmalonate (23)

and diallyltosylamine (24). The RCM reactions promoted by Grubbs’ II type complexes (7, 8, 11

and 12) were performed at 30°C in CD,Cl,, while the same ring-closures in the presence of

Hoveyda-Grubbs’ II type complexes (9, 10, 13 and 14) were carried out at 60°C in C¢Ds. Indeed,

the latter family of ruthenium catalysts generally shows slow initiation rates under the catalytic
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conditions employed for the corresponding family of monophosphine complexes, therefore we
selected reactions conditions more suitable to promote their activation.'3®

The conversion of each substrate to product was monitored by 'H NMR spectroscopy. To put the
results in a larger context, we carried out parallel reactions with the symmetrical commercial
catalysts GII-tol'® and HGII-tol,>° possessing low hindered N-aryl groups, as the catalysts 7-14.

The kinetic profiles of all these experiments are depicted in Figure 1.
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Figure 1. RCM conversion of 23 (A,C) and 24 (B, D)

Interestingly, a different catalytic behavior among ruthenium complexes with different NHC
backbone configuration was observed. The phosphine-containing catalysts 8 and 12 with anti
disposal of phenyl groups on the backbone showed very similar activities in both the RCM,
overcoming significantly catalysts 7 and 11 with a syn-substituted backbone, and displaying faster
initial reaction rates than the benchmark catalyst GIItol. Indeed, as emerges from the kinetic data
of Figure 1A, 8 and 12 efficiently converted 23 to cyclic product 25 (>97% conversion) in 20 and
22 min, respectively, whereas GIItol needed 35 min to reach the same value of conversion. As for
the RCM of tosylamine derivative 24 (Figure 1B), despite their higher initial reaction rates, 8 and
12 showed a slightly inferior efficiency (94% conversion in 35 min for both catalysts) with respect

to GIItol, which effected complete cyclization (>99% conversion) in 27 min.
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Moreover, while for anti catalysts the size of the N-alkyl group (methyl or cyclohexyl) seems not to
play a substantial role in the examined ring-closures, for syn catalysts it assumes appreciable
relevance (Figure 1A, B). In fact, catalyst 11 bearing the smaller N-alkyl group performed much
better than 7 with the more encumbered N-cyclohexyl group, furnishing the cyclic products 25 and
26 in 78% and 65 % conversion within 60 min, respectively. On the contrary, in the same time 11
effected the ring-closures of 23 and 24 in 52% and 32% conversion, respectively.

Quite surprisingly, as a general trend shown by 7, 8, 11 and 12, and more markedly for syn
catalysts, the RCM reactions of malonate derivative 23 revealed easier than those involving tosyl
derivative 24. This finding is uncommon, since N-tosyl derivatives are generally ring-closed with
less difficulty with respect to malonate derivatives.?! A clear evidence of this anomaly can be
immediately caught by observing the kinetic profiles of the RCM of 23 and 24 promoted by GlIlItol,
which indeed show a trend opposite to that of 7-11.

As for phosphine-free complexes, reactivity differences in the RCM of 23 among 10, 13, 14 and
HGIItol appeared to even out, very likely as a consequence of the higher temperature used to
promote the activation of this class of catalysts (Figure 1C). Full conversions were reached in a
range of 3-5 min, with anti catalysts 10 and 14 performing slightly better than syn catalyst with N-
methyl group 13, and rivaling with the benchmark catalyst HGIItol. A much minor efficiency was
shown by syn catalyst 9, bearing an N-cyclohexyl group, that produced the cycloolefin 25 in full
conversion (>99%) within 20 min.

When the RCM of the N-tosylamine 24 was investigated, the same reactivity trend as that observed
in the previous RCM was observed (Figure 1D). Catalysts 10, 13 and 14 were able to complete
cyclization in a range of 2-4 min, displaying a catalytic behavior comparable to that of HGIItol

).22 Also in this case, 9

(full conversion in 6 min) at a ten times lower catalyst loading (0.1 mol%
revealed as the less efficient catalyst, not completing the RCM of 24 within 60 min (93%

conversion). As already observed for the monophosphine complexes possessing equal NHC

8
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backbone configuration, the effect of the different bulkiness of the N-alkyl group is noticeable only
for syn substituted catalysts.

The comparison on the catalytic behavior of catalysts 7-14 was then extended to the RCM of more
hindered dienes 27 and 28. The results for these reactions and for those promoted by GlItol and
HGIItol are depicted in Figure 2. Again, phosphine-containing anti catalysts 8 and 12 gave better
performances than their syn congeners (Figure 2A, B), with anti 8, characterized by the bulkier N-
cyclohexyl group, displaying the highest activity. Moreover, they were found more efficient than
GII tol in both transformations. As previously observed, the hindrance of the N-alkyl substituent
strongly influences the reactivity of syn catalysts; however, in the latter case, the catalytic
performances of complexes 7 and 11 were inverted, and the presence of the more encumbered N-
alkyl group (N-Cy) resulted in better catalytic activity. A carcful analysis of the slope of the
corresponding curves in Figure 2A and 2B strongly suggests a higher decomposition rate of 11 with
respect to 12, reflecting very likely the different stability associated to each of them. It is worth to
note that the reactivities of 7-12 towards malonate derivative 27 were slightly lower than those
towards tosyl derivative 28, differently from what observed for the RCM of the less sterically

encumbered diolefins 23 and 24.
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The kinetic plots for the RCM of 27 and 28 promoted by phosphine-free catalysts 9, 10, 13, and 14
are sketched in Figure 2C and 2D, respectively. The general reactivity trend is in line with that
previously observed for the RCM reactions carried out with this family of complexes, with very
little marked. differences in the catalytic behavior. Anti catalysts 10 and 14 were able to
quantitatively convert 27 to cycloolefin 29 within 9 min, as well as the commercial available
HGIItol, proving to be somewhat more efficient than syn 13, which instead required 12 min to
reach full conversion. Again, syn 9 revealed as the less efficient catalyst, nearly completing the
same reaction (94% conversion) within 60 min (Figure 2C) . Differences among the tested catalysts
in overall activity were more evident in the ring-closure of 28. Anti catalysts needed 5 min to give
quantitative conversion to cyclic product 30, outperforming HGIItel (>99% in 12 min) and syn
catalysts 9 and 13. Between the latter two catalysts, syn 13 with less hindered N-methyl group
furnished 30 in complete conversion within 7 min, whereas 9 took twice as long (Figure 2D). These
experimental evidences are in contrast with the results obtained with the corresponding
monophosphine catalysts, where the syn catalyst with N-methyl group revealed minor efficiency
than the syn catalyst with N-cyclohexyl group. Very likely, the increased stability, typical of
phosphine-free catalysts, strongly influences the reactivity trend.

We also investigated the catalytic properties of 7-14 in the challenging RCM of sterically
encumbered dienes 31 and 32. The corresponding kinetic data, depicted in Figure 3, disclosed a
striking reactivity difference among anti catalysts 8 and 10, with the bulkier N-cyclohexyl group,
and all the other ones. In the RCM of 31 (Figure 3A), anti 8 furnished the cyclic product 33 with a
57% conversion, inferior only to the benchmark catalyst GIItol, which is particularly competent in
difficult RCM reactions. A lower conversion was registered with phosphine-containing anti catalyst
12, possessing the less bulky N-methyl group, which slightly surpassed syn 9 with N-cyclohexyl
group to provide 33 (30% vs 22% conversion). The worst RCM performance was given by syn

catalyst 11, which achieves only 9% conversion within 60 min. A very similar catalytic behavior

10
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was noticed in the RCM of tosyl derivative 32 (Figure 3B), where anti 8, once again, turned out to
be the most active among the newly synthesized catalysts (64% conversion within 60 min), while
differences among 7, 11 and 12 are nearly undetectable (around 30% conversion). As in the RCM
of malonate derivative 31, GIItol disclosed the highest propensity to the ring closure of 32 (92%
conversion in 60 min).

As depicted in Figure 3C, the phosphine-free catalyst 10, successfully accomplished the ring-
closing of 31 (>97 conversion), equaling the performance of the commercial benchmark HGIItol,

which is one of the most efficient catalyst in RCM reactions of encumbered substrates.®®
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Figure 3. RCM conversion of 31 (A,C) and 32 (B, D)

Moreover, it significantly outperformed 9, 13 and 14, which indeed, in the same time, achieved
conversions in a range of 33-45%. In the RCM of 32 (Figure 3D), 10 behave as in the previous
RCM (97% conversion within 60 min), exhibiting inferior catalytic performance with respect to
HGlIItol, which reached a 99% conversion in 20 min. Catalysts 9, 13 and 14 gave each one the
same value of conversion (77%), displaying slightly better efficiency than in the RCM of malonate
derivative 31.

The above results suggest that catalysts with an anti disposal of the phenyl groups on the NHC
backbone are more active than their syn analogues, and that the size of the N-alkyl groups (methyl

11
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or cyclohexyl) plays an important role in determining catalytic behavior. Indeed, anti catalysts

benefit from the steric hindrance offered by the N-cyclohexyl group in exhibiting superior catalytic

performances in almost all cases, especially in the RCM of 31 and 32 leading to tetrasubstituted

olefins. On the contrary, the bulkier N-cyclohexyl seems to be responsible for the mediocre RCM

performances of syn catalysts, which disclosed an unexpectedly low activity in the easier RCM

reactions. To rationalize the peculiar behavior of syn catalysts toward low hindered olefins as 23,

we reasoned on the possibility that RCM nonproductive events could play an important role in

influencing the outcome of the reaction.?* Therefore, to probe this hypothesis, molecular modeling

studies were carried out (see Supporting Information for computational details).
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The free-energy profile for the RCM of a model of 23 (in which the -COOEt group has been
replaced by a -CH3) with catalyst 7 was compared with nonproductive event energy profile. As
depicted in Figure 4, rate determining transition state for the RCM was found to be the first cross
metathesis between the substrate and the alkylidene species (P2 in Figure 5), as already reported for
analogous catalytic systems.'3®?* More in detail, minimum energy profile involves species
characterized by alkylidene oriented under the aryl moiety, while higher energy transition states
were located when the alkylidene is under the cyclohexyl group. AG” of P2 was calculated to be
15.2 kcal/mol in CH2Cly, being significantly higher than barriers found for 23 for analogous
systems symmetrically substituted on nitrogen atoms.'*"

On the contrary, transition state for nonproductive events (NP2 in Figure 5) presents lower free
energy, being favored of 1,1 kcal/mol (in CH2Clz) with respect to P2, with an absolute barrier of
14,1 kcal/mol. Based on DFT calculation results, the extraordinary low activity of catalyst 7 in the
RCM of low hindered substrates seems to be depending on the high frequency of nonproductive
events, that appear to be favored with respect to productive catalytic cycle. This hypothesis is also

corroborated by previous experimental studies, that showed the increasing of nonproductive events

in the presence of unsymmetrical NHCs with respect to symmetrical ones.??

AAG* = +1.1 AAG=0 -\‘

Figure 5. Structures of rate determining step transition state of RCM of 23 (P2) and of

nonproductive event transition state (NP2)

Ring-Opening Metathesis Polymerization (ROMP) activity

To further assess the reactivity of 7-14, we turned out our attention to the ROMP of 1,5-
cyclooctadiene (35). This reaction was monitored by 'H NMR (Figure 6), and the results are
summarized in Table 1. All the four catalysts were found efficient, with the anti isomers again
outperforming the corresponding syn isomers. In particular, monophosphine catalysts 8 and 12, with

13
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anti phenyl groups on the NHC backbone, quantitatively furnished poly(35) in 20 and 9 minutes,
respectively, displaying activities lower than that of the reference catalyst GIItol (Figure 6A; entry
5, Table 1). Instead analogous syn isomers 7 and 11 required 30 and 14 min, respectively, to
successfully accomplish the polymerization. Furthermore, the smaller is the N-alkyl group, the
higher is the catalytic activity (entries 1-4, Table 1). Very likely, the presence of a less bulky methyl

group facilitates the approach of 35 to the ruthenium centre.
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Figure 6. ROMP conversion of 35.
The same reactivity trend was observed with phosphine-free catalysts 9-14 (Figure 6B), even if
reactivity differences appeared to be levelled out. All the catalysts exhibited lower efficiency than
the benchmark catalyst HGIItol (entries 6-10, Table 1). As for E:Z selectivity, catalysts 7-14
disclosed E.Z ratios inferior to those of GIItol and HGIItol, and a certain degree of Z selectivity
could be appreciated in the ROMP reactions carried out with catalysts bearing the less encumbered
N-methyl group (entries 3, 4, 8 and 9, Table 1). It is reasonable to suppose that the high level of
dissymmetry, created by substituents on the nitrogen atoms with such a different steric hindrance,

may influence the selectivity of key metathesis intermediates.'?®¢
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Table 1. ROMP of 35
entry catalyst time (min) poly(35) yield” E:Z°
(%)

1¢ 7 30 98 1.0
2¢ 8 20 >99 1.0
3¢ 11 14 99 0.8
4¢ 12 9 >99 0.5
5¢ Glltol 4 >99 1.3
64 9 12 >99 2.0
74 10 5 >99 2.5
8¢ 13 8 >99 0.9
94 14 4 >99 2.0
104 HGlItol 2 >99 3.8

“Determined by 'H NMR. ?E/Z ratios were determined by 'H and '3C NMR of isolated products. “Reactions in CH>Cl,,
at 30°C, catalyst 0.1 mol%. “Reactions in C¢Ds, at 60°C, catalyst 0.1 mol%.

Cross-Metathesis (CM) activity

Afterward, the catalytic behavior of 7-10'? was compared to that of newly synthesized 11-14 in the
CM of allyl benzene (36) and cis-1,4-diacetoxy-2-butene (37). The reaction is illustrated in Scheme
2 and the results are reported in Table 2.

Ph/\/_,_ AcO—\:/—OAc 2.5 mol% [Ru] PhUOAC

1 equiv 2 equiv O'EOMC*:C?;Ch'”
36 37 ’ 38

Scheme 2. CM of substrates 36 and 37
In contrast with the above experimental data, in this metathesis reaction catalysts with syn oriented
phenyl groups on the NHC backbone were found to be more competent than their anti congeners,
affording high yields combined to low E/Z ratios (~ 3) in the presence of catalysts 7 and 9,
possessing an encumbered N-cyclohexyl group (entries 1 and 6, Table 2). Indeed, catalysts with the
smaller N-methyl group gave worse results, in terms of both conversion in the desired product and
E/Z selectivity (entries 3 and 8, Table 2), resembling those of classical symmetrical second

generation catalysts.?
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Table 2. CM of 36 and 37 promotes by catalysts 7-14

entry catalyst 38 yield* (%) E:Z°
1 7 88 3.6
2 8 53 8.5
3 11 66 7.4
4 12 53 9.5
6 9 72 2.6
7 10 67 7.6
8 13 86 8.0
9 14 57 8.6
1 7 88 3.6
2 8 53 8.5

“Isolated yield. °E:Z ratios were determined by 'H NMR spectroscopy.

It 1s worth to note that yields in the desired cross-coupling product 38 are always higher for syn
catalysts with respect to the anti analogues, although conversions of 36 are almost quantitative (>
90%). This suggests a major tendency of anti catalysts to give the homocoupling product of 36 (1,4-
diphenyl-2-butene) rather than 38.

The above results point out that uNHC backbone configuration could cause profound alteration of
the shape of the reactive pocket around the metal, thus addressing not only activity but also
selectivity of the corresponding Ru complexes. Moreover, since marked differences in selectivity
between anti and syn catalysts were registered only in the presence of the more encumbered N-
cyclohexyl group, a combined effect of backbone configuration and bulkiness of N-substituents is
unquestionable.

It 1s important to underline that we are not able to evaluate the effect that each rotational isomer
(syn and anti) of complexes 7-12 exerts on catalyst properties due to the fact that the syn:anti
isomers can not be separated. However, the strong similitude of behavior between monophosphine

and phosphine-free catalysts (obtained as anti rotational isomers only) in both RCM and CM
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reactions strongly suggest the primary role of the backbone configuration in influencing catalyst

behavior with respect to the existence of rotamers.

Asymmetric metathesis transformations

Finally, the enantiopure catalysts 8, 10, 12, and 14 were evaluated in some model asymmetrical
metathesis reaction, such as asymmetric ring-closing metahesis (ARCM) of achiral trienes 39 and
40 (Scheme 3) and asymmetric ring-opening cross-metahesis (AROCM) of the meso-norbornene 43

and styrene (Scheme 4).

~

7 254mol% Ry~ .
y 0.055 M, CH,Cl,or THF; —
40°C, 2 h

R
R=H 39 R=H 41
R=Me 40 R=Me 42

Scheme 3. ARCM of 39 and 40

The results for the ARCM of trienes 39 and 40 are summarized in Table 3. All the catalysts were
able to promote the ring closure of 39 in high yields. The enantiomeric excesses were modest (18-
33%, entries 1, 3, 5 and 7, Table 3); however, in analogy with what observed in ARCM reactions
with chiral catalysts bearing C>-symmetric NHCs,?® they were increased by employing Nal as an
additive (47-53% ce) (entries 2, 4, 6 and 8, Table 3). This finding is in contrast with the study by
Collins on the same ARCM reaction performed with chiral catalysts incorporating Ci-symmetric
NHCs, structurally very similar to the ones newly synthesized. Indeed, in that case, a deleterious
impact of the use of Nal on enantioselectivity was observed (entries 9 and 10).!6*°

As a further remark, by comparison the results for the ring closure of 39 carried out with catalysts

12 and 3a, which differ only for the steric hindrance of substituents on the NHC backbone (phenyl

vs t-butyl groups), a great difference in enantioselectivity emerged. A nearly negligible effect of the
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size of N-substituents on enantiomeric excesses was detected (entries 1 and 3, Table 3), and no
substantial variations in yields and in enantioselectivies were noticed moving from phosphine-
containing to phosphine-free catalysts (entries 1-4 and 5-8). This suggests that enantioenrichment of
41 is determined by the same catalytic intermediate, independently of the fact that phosphine-
containing catalysts are a mixture of rotamers, while phosphine-free catalysts consist of a single
rotational isomer.

The good performances exhibited by catalysts 8, 10, 12, and 14 in the ring-closing of hindered
substrates prompted us to investigate their behavior in the challenging ARCM of 40 to generate
tetrasubstituted olefin 42. All the catalysts were found to be competent in this sterically demanding
reaction, disclosing opposite enantioselectivity with different values depending on the N-alkyl
substituents. Catalysts 8 and 10, characterized by an N-cyclohexyl group, furnished almost
quantitatively the cyclic product 42 (>95% conversion, 42% ee, entries 11 and 15, Table 3),
outperforming catalyst 3 (95% conversion, 8% ee, entry 19, Table 3) and mirroring the best results
reported by Collins with modified versions of catalyst 3 (95% conversion, 43% ee).!%

On the other hand, catalysts 12° and 14 successfully accomplished the RCM of 40 (>98%
conversion) in 25% and 29% ee of the opposite enantiomer, respectively. This clearly indicates that
the N-alkyl group of the NHC ligand has a direct effect on the enantiomeric excesses of the
desymmetrization reaction. Also in this case, by changing substituents on the NHC backbone (as
from 3 to 12), catalyst properties changed (compare entry 10 to entries 13 and 17 of Table 3). The
addition of Nal to improve enantioselectivity completely shut down the reaction, very likely
because the replacement of Cl” bound to ruthenium with I" ligands makes too congested the reactive
pocket of the catalyst, thus rendering difficult the approach of the bulky substrate 40. As observed
in the RCM of 39, Grubbs’ II and Hoveyda-Grubbs II type catalysts showed the same catalytic

behavior.

18



Dalton Trans., 2016, 45, 561-571. doi: 10.1039/c5dt03758a

Further studies to identify N-alkyl groups more suitable to increase enantiomeric excesses in
desymmetrization reaction of meso-trienes and to shed light on the involved mechanism of

enantioinduction are underway.

Table 3. ARCM of 39 and 40 with 8, 10, 12 and 14

entry? substrate catalyst Additive Yield® ee® (%)
(mol%) (%)
14 39 8(2.5) none >08 18 (S)
24 39 8 (4.0) Nal >95 53 (S)
3 39 12 (2.5) none >08 33 (S)
4 39 12 (4.0) Nal >908 50 (S)
54 39 10 (2.5) none >98 19 (S)
6¢ 39 10 (4.0) Nal >95 52 (S)
39 14 (2.5) none >98 33 (S)
39 14 (4.0) Nal >98 47 (S)
9¢ 39 3a (2.5) none >95 82 (S)
10° 39 3a (4.0) Nal >95 48 (S)
1V 40 8(2.5) none >95 42 (S)
12/ 40 8.(4.0) Nal - -
13 40 12 (2.5) none >98 25 (R)
14 40 12 (4.0) Nal - -
157/ 40 10 (2.5) none >95 42 (S)
16/ 40 10 (4.0) Nal - -
17 40 14 (2.5) none >98 29 (R)
18 40 14 (4.0) Nal - -
198 40 3a (2.5) none 95 8 (S)

“Runs without additive were carried out in CH,Clp, while runs with Nal were performed in THF. ® Yields based on
NMR analysis. “Enantiomeric excesses determined by chiral GC. “Taken by ref. 12. ‘Ref.16a,b. Taken by ref. 12.
gRef.16c.

Our attention was then focused on AROCM, that represents a powerful method for the construction

of enantioenriched dienes, employed as the key step in several total syntheses.?” Table 4 described
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the results for the AROCM of cis-5-norbornene-endo-2,3-dicarboxylic anhydride (43) with styrene
as the model reaction (Scheme 4).

The meso-norbornene 43 was reacted with 10 equivalents of styrene in the presence of
monophosphine catalysts 8 and 12 and of phosphine-free catalysts 10 and 14 at room temperature,
for 2 and 4 hours, respectively. The reactions promoted by the more encumbered catalysts 8 and 10
gave 44 in moderate enantioselectivity (29-32% ee, entries 1 and 3, Table 4). Employment of
catalysts 12 and 14, with reduced steric hindrance, resulted in lower enantiomeric excesses (10-
13%, entries 2 and 4, Table 4). Except stilbene arising from the cross-metathesis of styrene, no
polymer or homometathesis product was detected in the reaction mixture. All the products showed

trans stereochemistry, and no cis isomers were observed.

Ph Ph

H [¢] \ﬂ le)

3%mol [Ru]

0 e Ouut
CH,CI, RT

N O

43 44 Ph

Scheme 4. AROCM of 43 and side-products

As reported by Grubbs for the analogous AROCM transformation promoted by chiral N-aryl, N-
alkyl NHC ruthenium catalysts,?® the formation of AROCM side products 45 and 46 was observed.
Grubbs’ II- type catalysts and the corresponding Hoveyda-Grubbs’ II- type catalysts provided
slightly different ratios of products 44, 45 and 46.

Further investigations to elucidate the pathway to the formation of these two side products, in order
to better assess catalytic properties of this class of chiral unsymmetrical NHC ruthenium complexes,

are ongoing.
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Table 4. AROCM of 43 with styrene

entry” cat. 44 yield’ (%) 45 yield” (%) 46 yield® (%) ce (44)°
(%)
14 8 45 10 10 32
2¢ 10 46 15 10 13
34 12 20 5 11 29
4¢ 14 35 7 24 10

[43]: 0.07 M in CHyCly; 10 eq. styrene. “Isolated yield. “Enantiomeric excess determined by chiral HPLC. “Reaction

time: 2h. ‘Reaction time: 4h

Steric and electronic properties of uNHCs

The comparison among catalytic behaviors of ruthenium complexes, with different NHC backbone
configuration and different N-alkyl substituents, highlighted major reactivity differences mainly
between syn and anti complexes characterized by the more encumbered N-cyclohexyl group.
Intrigued by this experimental evidence, we decided to gain more insight into the steric and
electronic properties of these latter uNHCs using the corresponding rhodium complexes. New
rhodium cyclooctadiene complexes (47, 48) and bis(carbonyl)complexes (49, 50) were prepared
with previously described procedures.® (Scheme 5).

Deprotonation of dihydroimidazolium salts A and B with potassium hexamethyldisilazide
(KHMDS) in toluene at room temperature, and subsequent treatment with [RhCI(COD)], afforded,
after purification by column chromatography, 47 and 48 in 84% and 79% yield, respectively
(Scheme 5). The desired products were isolated as yellow microcrystalline solids.

'H and *C NMR spectroscopic analyses of complexes 47, characterized by a syn disposal of phenyl
groups on the NHC backbone, revealed the presence of two isomers (molar ratio 1:0.2), due to a

restricted rotation around the Rh-NHC bond or around the N-aryl bond.?’
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Scheme 5. Synthesis of Rh complexes 47-50

'H and '*C NMR spectroscopic analyses of complexes 47, characterized by a syn disposal of phenyl
groups on the NHC backbone, revealed the presence of two isomers (molar ratio 1:0.2), due to a
restricted rotation around the Rh-NHC bond or around the N-aryl bond. Only one rotamer was
indeed observed for complex 48, with anti phenyl groups on the backbone. The signals due to the
carbenic carbon coordinated to the metal were observed at 216.9 ppm (major isomer, d, Jra-c = 48.1
Hz) and 214.9 ppm (d, Jra-c = 47.2 Hz) for the complexes 47 and 48, respectively.

Single crystals suitable for X-ray structure analysis were obtained for both complexes by slow
evaporation of concentrated solutions in CH>Cl, . The crystal structures are shown in Figure 6, and
selected bond lengths and angles can be found in Table 5. In both compounds, the Rh center adopts
a square planar coordination geometry. The chlorine atoms and the CI(NHC) atoms are trans
oriented to the C=C z systems of the COD alkene molecule. Complex 47 crystallizes in the
centrosymmetric space group C2/c, accordingly, the crystal contains a racemic mixture of both the
enantiomers having opposite configurations of C2 and C3 carbon atoms (RS and SR) of NHC
ligand. Conversely, complex 48 crystallizes in the orthorhombic non-centrosymmetric space group
P2,2;2; where both the asymmetric C2 and C3 atoms exhibit R chirality. It was possible to
determine the absolute configuration from the crystallographic data by means of the calculated

Flack parameter of -0.02(5).%°
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Figure 6. ORTEP?!' view of complexes 47 (A) and 48 (B) with the thermal ellipsoids at 30%
probability.

In both complexes the distances of the Rh to the centroids of the COD alkene bonds are longer for
those trans to NHC [2.099(4) A for 47, 2.102(8) A for 48] than for those trans to chlorine atom
[1.974(4) A for 47, 1.975(8) A for 48]. This can be ascribed to the greater trans influence of the
NHC moiety.

All the other structural parameters are in good agreement with those observed for other similar
complexes.??3

The steric bulk, measured as the percentage of buried volume (%VBur) of the N-cyclohexyl/N-o-
isopropylphenyl NHC ligands with syn or anti phenyl groups on the backbone, was extracted using
the SambVca program developed by Cavallo,*® using the crystal data of the corresponding Rh
complexes 47 and 48. The %V gur values are 29.7 and 29.9 for syn uNHC and anti uNHC ligand,
respectively, thus within the same level of significance.’’

In order to study the electronic properties of these ligands, the cis-dicarbonyl complexes 49 and 50
were synthesized by replacing the COD ligand in 47 and 48 with carbon monoxide, as depicted in
Scheme 5. The '"H NMR spectra of 49 and 50 confirmed the disappearance of the signals due to the

COD ligand. Complexes 49 and 50 were obtained as a mixture of two isomers (molar ratio 1:0.1 for

49, 1: 0.3 for 50), as a consequence of a restricted rotation around the Rh-NHC bond or around the
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N-Ar bond.? The '*C NMR spectra showed the signals assigned to the carbene carbon at 206.3 ppm
(major isomer, d, Jrn-c=38.9Hz) for 49, and at 203.2 ppm (d, Jrn-c=40.4Hz) for 50. The '*C NMR
chemical shifts of the two carbonyl ligands were observed for the major isomer of 49 at 186.8 (d,
Jrnc=53.4Hz) and 183.5 ppm (d, Jrnc=75.5Hz), while for 50 at 186.7 (d, Jrn.c=54.3Hz) and 183.7

ppm(d, Jrn-c=73.9Hz).

Table 5. Selected bond distances and angles (A and degrees).

Distances 47 48
Rh1-C1 2.016(2) 1.999(6)
Rh1-Cl1 2.3825(8) 2.388(2)

Rh1-C(C4-C5)* 1.974(4) 1.975(8)
Rh1-C(C8-C9)* 2.099(4) 2.102(8)
C1-N1 1.344(4) 1.358(8)
CI-N2 1.337(4) 1.347(7)
Angles
C1-Rh1-CI1 86.18(7) 90.0(2)
C1-Rh1-C(C4-C5) 95.0(1) 92.0(2)
C1-Rh1-C(C8-C9) 174.6(1) 177.8(2)
CI1-Rh1-C(C4-C5) 176.8(1) 177.8(2)
CI1-Rh1-C(C8-C9) 90.9(1) 91.0(2)
C(C4-C5)-Rh1- C(C8-C9) 88.1(1) 87.0(2)

N1-C1-N2 109.0(2) 107.2(5)

C1-N1-C2 113.1(2) 112.9(5)

C1-N2-C3 113.6(2) 113.4(5)

* Centroids of the COD C4=C5 and C8=C9 double bonds.

The IR spectra of dicarbonyl complexes 49 and 50 were recorded in the solid-state (KBr) and
carbonyl stretching frequencies were found to be significantly dependent on the NHC backbone
configuration. More in detail, complex 49 with syn phenyl groups on the NHC backbone showed
signals due to the stretching of the two CO ligands at 2080 and 1999 cm!, whereas the anti isomer
50 exhibited the analogous signals at 2075 and 1992 cm™'. The Tolman electronic parameter (TEP)

of the uNHCs coordinated to 49 and 50 was then estimated from the average stretching vibration
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wavenumber (2039.5 cm™ for the uNHC from 49, and 2033.5 cm™ for the uNHC from 50), by using
the linear regression proposed by Droge and Glorius.* This led to a value of 2051.8 cm™ for uNHC
from 49 and of 2047.0 cm™! for uNHC from 50, suggesting a more electron-donating nature for the
uNHC bearing anti phenyl groups on the backbone than for the one bearing syn oriented phenyl
group.

Bond-dissociation energies (BDE) for uNHC ligand from Rh carbonyl complexes 49 and 50 were
evaluated by DFT calculations (see Supporting information for computational details) and were
found to be 55,86 kcal/mol for 49 and 56.44 kcal/mol for 50. Therefore, dissociation of NHC ligand
with anti phenyl groups on the backbone is more expensive of about 0.6 kcal/mol than dissociation
of NHC with syn phenyl groups, corroborating the hypothesis that lower CO stretching frequencies
are associated to higher NHC-Rh bond strength. This is also supported by the analysis of the NHC-
Rh bond distances in the corresponding rhodium-COD complexes 47 and 48, where the bond
distance between the NHC carbene carbon and the Rh center is shorter in 48 (1.999 A) than in 47
(2.016 A).

In the light of these results, it can be reasonably assumed that electronic factors outweigh steric
factors for uNHCs presenting different backbone configuration, and that this feature could be
related to the different efficiency shown by the corresponding ruthenium complexes 7-10 in the

examined olefin metathesis transformations.

Conclusion

In summary, we have presented herein the synthesis and characterization of four new Grubbs’ and
Hoveyda-Grubbs’ second generation catalysts (11-14) bearing unsymmetrical NHC ligands with N-
methyl/N-isopropylphenyl substituents and syn or anti phenyl groups on the backbone. The
catalytic behavior of these complexes was evaluated in standard RCM, ROMP and CM reactions

and compared to that of analogous complexes presenting a more encumbered N-cyclohexyl group
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(7-10). While anti substituted catalysts benefit of the steric hindrance offered by the N-cyclohexyl
group, achieving the best catalytic efficiencies in almost all the metathesis transformations, and
demonstrating to be particularly competent in the most challenging RCM reactions, for syn catalysts
the presence of the bulkier N-cyclohexyl group is detrimental. In particular, catalysts 7 and 9
showed low activities in the easier RCM reactions, and this peculiar behavior, rationalized by DFT
calculations, was ascribed to a major tendency of these catalysts to give nonproductive metathesis
events. This feature strongly suggest to exploit these catalysts for targeted reactions, such as
ethenolysis.

The enantiopure catalysts 8, 10, 12 and 14 were also compared in asymmetric metathesis
transformations, showing moderate enantioselectivity in both ARCM and AROCM. A clear
influence of the bulkiness of the N-alkyl groups on the enantiomeric excesses was observed,
encouraging further efforts towards the design of new chiral catalysts by varying the size of N-alkyl
substituents.

Finally, the steric and electronic properties of N-cyclohexyl/N-isopropylphenyl NHC ligands were
evaluated from the corresponding rhodium cyclooctadiene (47, 48), characterized by X-ray analysis,
and rhodium dicarbonyl (49, 50) derivatives. To the best of our knowledge, this represent the first
example of rhodium complexes bearing backbone-substituted unsymmetrical NHCs. While the
percentage of buried volume (%7VBur) indicate very similar steric properties for the uNHCs with
different backbone configuration, the Tolman electronic parameter revealed a more electron-
donating character for uNHC with anti configuration, suggesting a direct correlation with the
catalytic properties shown by the corresponding catalysts.

A deeper investigation on the impact of unsymmetrical NHC ligands differing for backbone

configuration and N-alkyl/N-aryl substituents on catalyst properties are in progress.
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