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fAbstract: Presented herein is a set of bimetallic and trime-
tallic “coordination booster-catalyst” assemblies in which the
coordination complexes [Ru'(terpy),] and [Os'(terpy),] acted
as boosters for enhancement of the catalytic activity of
[Ru"(NHC)(para-cymene)]-based catalytic site. The boosters
accelerated the oxidative loss of para-cymene from the cata-
lytic site to generate the active catalyst during the oxidation

of alkenes and alkynes into corresponding aldehydes, ke-
tones and diketones. It was found that the boosting efficien-
cy of the [Os'"(terpy),] units was considerably higher than its
congener [Ru'(terpy),] unit in these assemblies. Mechanistic
studies were conducted to understand this unique improve-
ment.

/

Introduction

Chemists draw inspiration from Nature’s supramolecularly as-
sembled metalloenzyme architectures to manipulate activity
and selectivity of synthetic catalysts. For instance, in line with
“allosteric effect”, the tactic of incorporating a controlling unit
(Con) near or remote to the catalytic center (Cat) of the same
molecular catalyst has been realized to be effective in modu-
lating many catalytic reactions." In synthetic designer catalyst
systems, Cons have not only been used as structural change-
induced effectors but also as electronic change-based effectors
to the Cats. Important examples of Cons acting as effectors to
the Cats via stereo-electronic perturbations include a) chromo-
phores for light-induced control,”” b) redox-responsive center
for electrochemical control,® c) Lewis acidic moieties for elec-

“Pd(NHC)" catalytic (Cat) sites in oxidative catalysis. In case of
“Ru'(terpy),-Ru"(NHC)(p-cymene)” assembly (Figure 1B),*® the
likely role of this unprecedented remote coordination booster,
Ru'(terpy),, was to act as an electronic-trigger toward acceler-
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Figure 1. [A] General design of “Con-Cat” assembly. [B] Our previous work
on “coordination booster-catalyst” assembly. [C] Key findings of the present
work.
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ating the dissociation of the attached labile ligand (p-cymene)
at the catalytic Ru center and facilitating the generation of the
active catalyst (high-valent Ru-oxo species), in the olefin/alkyne
oxidation catalysis. Notably, in several catalytic reactions in-
cluding oxidative catalysis, labilization or dissociation or loss of
attached ligands such as n>-Cp* and n°-arene from pre-cata-
lysts, was found to be crucial for the generation of active cata-
lysts.®

In this work, we demonstrate that the replacement of the
remote “coordination booster’ Ru'(terpy), with its congener
Os'(terpy), unit in such Con-Cat assemblies led to considerable
enhancement of the boosting effect in oxidative catalysis. Two
sets of assemblies of the type “M"(terpy),-Ru"(NHC)(p-cymene)”
(Con-Cat) and “Ru’(NHC)(p-cymene)-M'(terpy),-Ru’(NHC)(p-
cymene)” (Cat-Con-Cat) (where M=Ru and Os) were tested to
validate this enhanced boosting effect in the oxidation of al-
kenes and alkynes to carbonyl compounds (Figure 1C). It is
needless to mention that oxidative cleavage of alkenes and al-
kynes, which leads to form small functional oxygenated deriva-
tives, is utilized in many processes like biomass degradation,
synthesis of fine and bulk chemicals etc., thus contributing to
both industrial and academic research.”

Results and Discussion

The present study demanded a systematic design of the Con-
Cat assemblies to probe the boosting effect of “Os'(terpy),” in
comparison to “Ru'(terpy),” in the selected oxidative catalysis.
Therefore, with this idea, the (Con-Cat) assemblies—
[Ru"(terpy),-Ru"(NHC)(p-cymene)ClI(PFs);  (Rug,-Rug,)  and
[Os"(terpy),-Ru"(NHC)(p-cymene)ClI(PFy); (Oscon-Rucay), and the
(Cat-Con-Cat) assemblies—[Ru"(NHC)(p-cymene)CI-Ru'(terpy),-
Ru"(NHC)(p-cymene)Cl](PF), (Rug-Ruco,-Rucar) and
[Ru"(NHC)(p-cymene)Cl-Os'(terpy),-Ru"(NHC)(p-cymene)CI1(PF),
(RUc,-OScon-Ruc,) were employed in this study, in line with our
preliminary report on boosting effect of (Ruc,,-Ruc,) in com-
parison to the activity of the model catalyst ™Ru,, (Fig-
ure 2).54 The new systems (Oscyn-RUca), (RUp-Rugon-RUc,,), and
(RUc,-OScon-Ruc,) were synthesized in accordance with the
procedure used for (Ruc,,-Ruc,) and characterized fully by 'H,
BC{'H}, and 2D NMR spectroscopic, and high-resolution elec-
tron-spray ionization mass spectrometric (HR-ESIMS) tech-
niques (for details, see Supporting Information). In 'H NMR
spectra, the absence of the imidazolium NCHN proton, and at
the same time, the presence of the characteristic four doublet
peaks with the integration of one proton each in the range of
4.5-6.5 ppm, one septet peak at 2.38 ppm with the integration
of one proton, and two doublet peaks with the integration of
three protons each in the range of 0.86-0.90 ppm suggested
the NHC-bound ruthenium-coordinated para-cymene back-
bone in all the complexes. Moreover, the characteristic Ru-Cyyc
peak appeared at ~184.5 ppm in "*C{'"H} NMR spectra of the
complexes.” The HR-ESIMS analyses supported with the ex-
pected isotopic patterns confirmed the corresponding bimetal-
lic or trimetallic cations present as the major species in solu-
tion. In the UV-vis spectra of Ruc,,-Ruc, and Ru ,-Ruco,-Ruc,e,
the [Ru'(terpy),] chromophoric moiety displayed the spin-al-
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M = Ru; Rucat'RuCon'RuCal
M = 0s; Rucat-OScon-Rucat

M = Ru; Rucon-Rucat
M = Os; Oscon-Rucat

Figure 2. “Con-Cat” and “Cat-Con-Cat” assemblies used in this work. Inset
shows the model catalyst ™“Ru,,, without having a coordination booster.

lowed "MILCT band at ~491 nm (Figure 3A,B).”) On the other
hand, for Osc,,-Ruc,y and Rug-Oscon-Ruc,, the [Os'(terpy),]
moiety exhibited not only the '"MLCT band at ~484 nm and
~492 nm, but also the spin-forbidden *MLCT band at
~667 nm and ~675 nm, respectively, due to large spin-orbit
coupling caused by the heavy Os atom (Figure 3A,B).” The
electrochemical properties of the redox-active Ru and Os cen-
ters in all the complexes were evaluated by differential pulse
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Figure 3. [A], [B] UV-vis absorption spectra (concentration=0.05 mm in
CH,CN), and [C], [D] DPV plots (concentration =0.3 mm in CH,CN, support-
ing electrolyte=0.1 m solution of nBu,NPF, in CH,CN, working electrode =Pt
disk (1 mm diameter), counter electrode =a Pt wire, reference electrode = sa-
turated calomel electrode) of the assemblies. Ferrocene (E,,, Fc/Fc* =0.37 V
vs. SCE) was used as an external calibration standard for the DPV experi-
ments.
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voltammetric (DPV) measurements. The reversible Ruc,,
couple of the Ru'(terpy), unit in Rug,,-Ruc, and the Osc,,
couple of the Os'(terpy), unit in Osc,,-Ruc, Were characterized
at E,,, values of 1.239 V and 0.950 V versus SCE (saturated calo-
mel electrode) respectively (Figure 3C).”’ In these two systems,
the E,,, values of the Ruc,"" couple were found to be 1.438 V
and 1.490 V versus SCE respectively (Figure 3C).%¥ Similar E,,,
values for the Rug,,"", Osc,", and Rug,"™" redox couples
were observed in case of the Ru-Ruc,,-Ruc,; and Ru ,:-Oscon-
Ruc,, assemblies, as well (Figure 3D). It was significant to note
that the E,/, values of the catalytic Ruc,,"" redox center assem-
bled with remote Rug,, in both Ruc,,-Ruc, and Ru.-Rucg,-
Ruc,, systems were shifted to more positive potential by
~100 mV as compared to that in the model catalyst ™“Ruc,.
On the other hand, in case of Os¢,,-Ruc,; and Ru,Osc,,-Ruc,
assemblies having remote Osc,,, the E,,(Ruc,,") values were
shifted to more positive potential by ~ 150 mV as compared to
that in the model catalyst ™“Ruc,. These data clearly suggest-
ed that in the assemblies containing remote Os¢,, unit, the
catalytic Rug, center is more electron-deficient than those
with the remote Ruc,, center.

This disparity had significant influence in the catalytic effi-
ciency of the assemblies. Thus, in a model catalytic oxidation
of 4-methylstyrene to 4-methylbenzaldehyde, under identical
catalyst loading and reaction conditions, both the Osc,,-con-
taining assemblies, Osc,,-Ruc,e and Ru-Osco-Ruc,, were
found to be relative much more active than the corresponding
Ruc,,-containing assemblies, Rucy,-Ruc,, and Ru ¢Ruco,-Ruc,,,
as shown in Figure 4. An additional activity order of Ruc,,-Ruc,
> Rug-Rucon-Ruc,: and Oscon-Rucye > Ru,-OScon-Ruc, Was also
evident from the kinetic profile of the catalytic reactions. This
might be related to the proportionate magnitude of boosting
effect of the Rug,, and Osc,, units imparted to per catalytic
Ruc, center.

The observed enhanced boosting effect of the Osc,,-con-
taining precatalysts in comparison to the Ruc,,-containing

li/m
li/m

100+
—o— Ruc,-Ruc,,

v OsCon'RuCa(

8od ™ Ruc,~Ruc,,-Ruc,
4= Ruc,OScoRuca

40+

20+
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Figure 4. Comparison of catalytic activity of all the precatalysts for oxidation
of 4-methylstyrene to 4-methylbenzaldehyde. Reaction conditions: 4-methyl-
styrene, 0.4 mmol; NalO,, 1.0 mmol; precatalyst, 0.002 mmol for Ruc,,-Ruc,,
and Osc,,-Ruc,, 0.001 mmol for Ruc,-Rucon-RUcye and Ruc,-OScon-RUc,:; mesi-
tylene, 0.2 mmol as internal standard; acetone + water (1:1, 6 mL), room
temperature.
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counterparts could be associated to the relatively faster loss of
the attached para-cymene ligand from the Rug,, center in case
of the former species, to generate Ru-oxo active catalyst upon
oxidative activation during catalysis. Thus, '"H NMR spectro-
scopic monitoring showed that the addition of 10 equiv of
NalO, to the solutions of Osc,,-Ruc,; and Ru ,-OScon-Ruc,, pre-
catalysts resulted in the complete loss of para-cymene within
just 2 min (Figure 511,IV). On the other hand, under same con-
ditions, the least active precatalyst, Ru,¢-Ruco,-Ruc,, did not
show the complete loss of para-cymene even after 30 min (Fig-
ure 51II). Notably, the intermediate active precatalyst, Ruco,-
Ruc,, took 5 min for the same, as reported earlier (Figure 51).
The poor resolution of the spectral peaks in the '"H NMR spec-
tral traces upon addition of NalO, to the precatalysts could be
due to the formation of the paramagnetic Ru-oxo species at
the Rug, sites.

To further probe the effect of the addition of 10,” on the
Ruc,, as well as the Rug,, and Osc,, sites in the representative
Ru ,-Ruc,,-Ruc,: and Ru,-Osc,,-Ruc,, assemblies, DPV studies
were conducted. Accordingly, the DPV plots clearly showed
the gradual loss of the Rug,"" redox peak and appearance of
the expected catalytic current at the potential values corre-
sponding to the Rug, site of the precatalysts, whereas the
Ruc,,"" and Osg,,"" redox signals remained intact (Fig-
ure 6 A,B). The fact that the chromophoric Rug,, and Os,, sites
in Ru-Rucon-Ruc,, and Ru,-Osc,,-Ruc, precatalysts remained
unaffected by the action of the 10, oxidant, even during catal-
ysis, was reconfirmed by UV-vis spectroscopic studies as well
(Figure 7 A,B).

Next, the most active precatalyst, Osc,,-Ruc,, was subjected
to a sub-stoichiometric control reaction with 4-methylstyrene
in the presence of NalO, (precatalyst:4-methylstyrene:NalO,;
1:10:25) in CH;COCH,/H,0 (1:1, v/v) for 5 min at room temper-
ature to assess the species present during the catalysis.
The GC analysis of the reaction mixture confirmed the forma-
tion of the 4-methylbenzaldehyde product (substrate:product,
1:3). In addition, the ESIMS analysis showed a number of
cluster peaks related to different Os-Ru containing species, in-
cluding the parent complex signatured at m/z=646.5899
for  [CsHuisNgOSRUCIPF?™  and  m/z=382.7010  for
[CssHasNgOsRUCI?, as well as other species at m/z=2369.3636
for [CuuH3NgOs"RU"(CH;COCH;)(H,0),CI1* " and m/z=336.6543
for [CyhyH3,NsOs"RU-H + (0),1*" (for details, see Supporting In-
formation) The presence of the later fragments indicated that
the removal of para-cymene from the Ruc, center and the for-
mation of dioxo ruthenium(VI) species were necessary steps
during the catalysis. Notably, when a solution of the precata-
lyst OScon-RUc,e in CH;COCH,/H,O (4:1, v/v) in the absence of
NalO, was subjected to ESIMS analysis, no such peaks corre-
sponding to the removal of para-cymene and the formation of
dioxo ruthenium(VI) species were detected.

Lastly, to assess the rate-determining step of this oxidation
reaction, order dependencies on the precatalyst, oxidant and
substrate were determined via initial rate kinetics method. It
showed approximately first-order dependencies on the preca-
talyst and oxidant, and zero-order dependency on the sub-
strate (see Supporting Information). This study suggested that

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. 'H NMR studies of the assemblies in presence of 10 equiv of NalO,
([Dglacetone:D,0; 3:2). *=resonance peaks related to ruthenium coordinat-
ed para-cymene. # =resonance peaks related to free para-cymene. (I) For
Rucon-Ruc,: A=only complex, B=5 min (after addition of NalO,),

C=10 min; (Il) For Os¢y,-Ruc,: A=only complex, B=2 min (after addition of
NalO,), C=5 min; (lll) For Ruc,-Rucon-Ruc,: A=only complex, B=2 min
(after addition of NalO,), C=5 min, D=10 min, E=20 min, F=30 min;

(IV) For Ruc,-OScon-Ruc,:: A=only complex, B=2 min (after addition of
NalO,), C=5 min.
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Figure 6. DPV studies of (A) Ruc,-Rucen-Ruc,e and (B) Ruc,-OScon-RUc,: assem-
blies in presence of 20 equiv of nBu,NIO, in CH,CN.
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Figure 7. UV-vis absorption spectroscopic studies of (A) Ruc,-Ruco,-Ruc,; and
(B) Ruc,-Oscon-Ruc,, assemblies in presence of 100 equiv of aqueous NalO,
followed by 100 equiv of styrene in acetone.

the rate-determining step might involve a reaction of the pre-
catalyst and NalO, to generate the active dioxo-species, and
might not involve the substrate. The Hammett study on the
substrate resulted in near-zero (0.0057) p value, and thus
showed that the electronic effect of the substrate had no
effect on the rate of the reaction (see Supporting Information),
supporting the above proposition.

Based on all of the above studies, the most active precata-
lyst, Oscon-Ruc,, was utilized for oxidation of alkenes and al-
kynes to the corresponding carbonyl products as summarized
in Table 1. A similar activity of Osc,,-Ruc,, observed under both
normal and dark conditions suggested that the remote
0Os'(terpy), unit in the assembly did not act as a photo-trigger
during the catalysis. Moreover, the corresponding NHC precur-
sor of the precatalyst Oscy,-Ruc,, devoid of the catalytic unit
“Ru"(NHC)(p-cymene)”, did not show any catalytic activity
under similar conditions, as expected. Interestingly, this catalyst
was found to be inactive toward the oxidation of the CH;
group in 4-methylstyrene (or in 4-methylbenzaldehyde)
(entry 2, Table 1). In our earlier studies also,"” we found that
this kind of Ru-NHC-based catalysts could oxidize the methyl-
ene C—H bonds such as -CH,- (as in ethylbenzene), but not
methyl C—H bonds, such as -CH; (as in toluene). Osc,,-Ruc,:
was further applied for selective oxidation of styryl double
bond in the presence of several oxidation-sensitive functional
groups as present in some selected substrates (Figure 8). Inter-
estingly, only styryl double bond was converted to the corre-
sponding aldehyde functionality under the given reaction con-
ditions, without affecting the other oxidation-sensitive func-
tional groups such as aliphatic olefins—both internal and ter-
minal, benzylic C—H bonds and aromatic alkynes. The aldehyde
products were isolated in good yields, in all cases. Notably, the
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Table 1. Examples of alkene/alkyne oxidation catalysis with Osc,-Ruca.

R'" R? R R3
— Oscon-Rucat (0.5 mol%
2 4 ﬁ;lo ((:;ts(e uiv) K 2=O O=< 4
R R BEDEY R or R
or R? o
RI——R? acetone/water (6 mL,1:1, v/v) 2 (
_ room temperature g 2

# Substrate Product Yield [%]/ Time
[min]
1 Styrene (1a) Benzaldehyde (3a) 90/40
2 4-Methylstyrene (1b) 4-Methylbenzaldehyde 80/40
(3b)
3 4-Chlorostyrene (1c¢) 4-Chlorobenzaldehyde 85/40
B9
4 4-Fluorostyrene (1d) 4-Fluorobenzaldehyde 76/40
(3d)
5 a-Methyl styrene (1e) Acetophenone (3e) 50/200
6 4-Vinylanisole (1f) 4-Methoxybenzalde- 66/60
hyde (3 f)
7 4-Bromostyrene (1g) 4-Bromobenzaldehyde 86/40
(39
8 trans-Stilbene (1h) Benzaldehyde (3 h) 87/40
9 cis-Stilbene (11 Benzaldehyde (31) 90/40
10 Allylbenzene (1j) 2-Phenylacetaldehyde  72/40
(3j)
11 Diphenylacetylene (2a) Benzil (4a) 85/40
12 Bis(4-methoxyphenyl)acety- 4,4'-Dimethoxybenzil ~ 80/180
lene (2b) (4b)
13 1-Phenyl-1-butyne (2¢c) 1-phenylbutane-1,2- 73/180

dione (4¢)

[a] Reaction conditions: substrate, 0.4 mmol, NalO, (1.0 mmol), Os¢,n-Rucy
(0.5 mol%), acetone + water (1:1, v/v, 6 mL), room temperature. The
yields of the products were calculated by calibrated GC analysis. Separate
calibration curves were used for different classes of products to take care

of different GC response factors.

O/\/ (0} Z

3k, 79%, 1.5h 31, 71%, 5 h 3m, 73%, 5 h

©)
3n,57%,7h 30, 63%, 3/2\h©

O%\©/O\© o/ O = O
3p, 65%, 5.3 h 3q, 72%, 10 h

Figure 8. Selective oxidation of styryl bonds in presence of other oxidation-

sensitive functionalities (shown in red color) by Osc,,-Ruc,. Reaction condi-

tions: substrate, 0.4 mmol, NalO, (1.0 mmol), Osc,,-Ruc,, (0.5 mol%), acetone
+ water (1:1, v/v, 6 mL), room temperature. The yields of the products were
expressed as isolated yields after purification by column chromatography.

alkyne functionality in product 3q (Figure 8) remained intact
under the applied conditions; but it could be converted to the
corresponding diketone 4d upon further treating with addi-
tional 2.5 equiv of NalO, in the presence of the catalyst (see
Supporting Information).
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Conclusion

In summary, this work demonstrated that the boosting effect
of covalently attached remote coordination complex,
“M'(terpy),” in “coordination booster-catalyst” assemblies
toward activity of the [Ru"(NHC)(para-cymene)l-based catalytic
center could be enhanced by replacing Ru'(terpy), with
Os'(terpy), unit. Mechanistic studies with the help of NMR
spectroscopy, electrochemical analysis and UV/Vis absorption
spectroscopy suggested that the boosting effect was correlat-
ed to an accelerated para-cymene loss from the precatalyst
site to generate active catalyst in case of Os"(terpy),-containing
assemblies. The most effective catalyst was utilized in the se-
lective oxidation of several styrene-type substrates.

Experimental Section

General procedure for catalytic oxidation of alkenes and al-
kynes

Comparison of catalytic activity of all the catalysts as well as selec-
tive oxidation of styrene derivatives were performed in aqueous
acetone medium. Substrate (0.4 mmol), catalyst (0.5 mol% for bi-
metallic and 0.025 mol % for trimetallic systems), and mesitylene as
an internal standard (0.2 mmol) in acetone (1 mL) were taken in a
10 mL round bottom flask. Next, 2 mL of acetone and 2 mL of H,0O
were added to it. NalO, (1.0 mmol) was dissolved in 1 mL of H,0O
and was transferred to the reaction mixture. The reaction was con-
ducted at room temperature. The formation of product was moni-
tored by GC. After completion of the reaction, the mixture was ex-
tracted with ethyl acetate. Evaporation of the solvent furnished the
crude product, which was further purified by column chromatogra-

phy.
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Designer outfit: In the designer “coor-
dination booster-catalyst” assemblies,
the remote coordination complexes
[Ru"(terpy),] and [Os"(terpy),] act as
boosters for the enhancement of the
catalytic activity of [Ru"(NHC)(para-
cymene)]-based catalytic site.
[Os"(terpy),] unit boosts more efficiently
than its congener [Ru"(terpy),] unit in
these assemblies.
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