Ruthenium-catalyzed deformylative C—C activation and carbene inser-

tion towards diversity-oriented synthesis of unsymmetrical biaryldiols

and heterobiaryl amino alcohols

Chandan Kumar Giri?, Tejender Singh®’, Sudeshna Mondal2, Soumya Ghosh*» and Mahiuddin

Baidya*a

aDepartment of Chemistry, Indian Institute of Technology Madras, Chennai 600036, India.
bTata Institute of Fundamental Research (TIFR), Hyderabad, Telangana 500046, India.

fThese authors contributed equally to this work.

Keywords: Ruthenium Catalysis, C—C Activation, Deformylation, Diazocarbenes, Unsymmetrical Biaryldiols, DFT study.

Abstract:

While 1,1’-biaryl diols and amino alcohols are
privileged scaffolds, their streamlined cata-
lytic synthesis with unsymmetrical substitu-
tion patterns remains a daunting challenge.
Herein, we describe the first ruthenium(II)-
catalyzed synthesis of unsymmetrical 1,1'-
biaryl-2,2'-diols via a deformylative coupling

of ortho-hydroxy aromatic aldehydes with di- v > 50 Examples,
upto 97% yield

verse cyclic diazo compounds. The protocol is

Deformylation
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regioselectivity functionalization activation study

operationally simple, scalable, and involves intriguing C-C bond activation and carbene insertion cascade to produce a range
of diversely functionalized biaryl diols in very high to excellent yields and regioselectivity. The methodology is also suitable
to access heterobiaryl amino alcohols bearing indole motif, applicable in challenging two-fold C-C activation leading to valu-
able tetrahydroxy bis-biaryls, and retains efficacy in the site-selective modification of pharmaceutical agents. DFT studies
have also been conducted to illustrate the intricacy of this catalytic cycle.

INTRODUCTION

Biaryl molecules, particularly biaryldiols, are prevalent in
diverse natural products and bioactive compounds, and
serve as pivotal backbones in designing valuable ligands
and catalysts (Scheme 1a).}? They are also high-value
synthons for the production of sophisticated functional
materials.l-d Consequently, catalytic synthesis and facile
diversification of biaryldiols have perennially intrigued
the synthetic community. In this context, biaryldiols with
symmetrical substitution patterns are within reach
through a number of synthetic procedures; however, har-
nessing unsymmetrical biaryldiol frameworks poses an
increasingly challenging task.? The transition-metal cata-
lyzed cross-coupling reactions that have revolutionized
the synthesis of biaryl scaffolds cannot be directly adopted
for this purpose as they necessitate the utilization of suit-
ably adorned prefunctionalized substrates and also, the
presence of a phenolic hydroxyl group introduces intrica-
cies that impede catalytic efficiency in a complex setting.
Thus, engineering catalytic modular strategies to stream-
line the diversity-oriented construction of unsymmetrical
biaryldiol molecular architectures from readily available

starting materials would greatly enrich the synthetic
chemist’s repertoire.

Transition-metal-catalyzed C-C bond activation involv-
ing common organic functional groups is fundamental to
access functionalized arenes.3* In this vein, engaging na-
tive aldehyde functionality is intriguing as it involves suc-
cessive C(sp?)-H and C(sp?)-C(sp?) bond activation and
materializes reactive organometallic species via CO extru-
sion for organic synthesis (Scheme 1b).* However, this
strategy has primarily been documented with expensive
Pd- and Rh-catalysts, and the efficacy of relatively cheap
Ru(II)-catalysts has proven insufficient in many instances.
Nonetheless, in 2009, Li et al. showcased [Ru(COD)Clz]x
catalyzed decarbonylative addition of aromatic aldehyde
to terminal alkynes to prepare olefins (scheme 1c).5

We envisaged that Ru(Il)-catalyzed deformylative cou-
pling of ortho-hydroxy aromatic aldehydes with readily
prepared cyclic diazo compounds® could be a succinct
strategy to access biaryldiol frameworks (Scheme 1d). We
planned to explore bench-stable [Ru(p-cymene)Cl:]2 cata-
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lyst and anticipated a dual role for the hydroxyl group, fa-
cilitating the deformylation reaction through chelation to
the Ru(II)-catalyst and serving as an integral component
of the resulting biaryldiol frameworks. Initially, ortho-hy-
droxy aromatic aldehyde 1 will coordinate to Ru(II)-cata-
lyst and then transform into the key ruthenacycle A via a
formal deformylation event. Subsequent reaction with

Scheme 1. Biaryldiol Scaffolds and Deformylative
Transition Metal Catalysis
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diazo compound 2 could lead to spirocyclic intermediate
C through the intermediacy of metal-carbene species B,
which upon protonation, would furnish unsymmetrical
biaryldiol 3. However, materialization of this blueprint
must overcome several synthetic challenges. The se-
quence of bond-breaking and bond-forming steps should
be in right order. Any alteration or premature termination
would result in undesired byproducts. Also, direct inser-
tion reaction of the free-hydroxyl group in starting mate-
rial 1 as well as in product 3 with diazocompound 2 in the
presence of metal-catalyst must be mitigated to preserve
the efficacy of the reaction. Further, mild reaction condi-
tions and the absence of external oxidant are significant to

avoid the decomposition of substrates as well as biaryldiol
product, albeit decarbonylative functionalization gener-
ally requires elevated reaction temperature due to the
strong coordinating affinity of CO to metal catalyst.+2

Herein, we demonstrated the development of this reac-
tion modality and reported the first example of Ru(II)-cat-
alyzed deformylative biaryldiol synthesis. The reaction
features a broader substrate’s generality, excellent yields,
regioselectivity, and efficacy in the presence of pharmaco-
phore scaffolds. Synthesis of indole-containing biaryl
amino alcohols was also accomplished through substrate
design.” DFT studies were performed to comprehend the
reaction mechanism.

RESULTS AND DISCUSSION
We commenced our investigation following the model
reaction between 2-hydroxy-5-methylbenzaldehyde 1a

and diazonaphthoquinone 2a in the presence of [Ru(p-cy-
mene)Cl:]2 catalyst and NaOAc base (Table 1).

Table 1. Reaction Optimization?®

Me
o N, [Ru(p-cymene)Cl,], O

5 mol %)
Me 0o ( . OH
H NaOAc (0.5 equiv
OH HFIP, 100 °C OO

1a 2a Ny, 24 h

3a
entry  deviation from standard conditions yield (%)?

1 MeOH / TFE instead of HFIP 38/75
2 none 96
3 TFT / DCE / THF instead of HFIP NR
4 CsOAc / KOAc instead of NaOAc 56 /42
5 K2C03 / NazCOs instead of NaOAc NR
6 K3PO4 instead of NaOAc NR
7 at80°C /110 °C 61/82
8 NaOAc (1.0 equiv) 87
9 without NaOAc NR
10 without [Ru(p-cymene)Clz]2 NR
11 Pd(OAC):z or [Cp*IrClz]: instead <5%

of Ru(II)-catalyst

aReaction conditions: 1a (0.3 mmol), 2a (0.45 mmol), and
HFIP (1.2 mL) under nitrogen atmosphere. bIsolated yields
were provided.

To our delight, the desired deformylative coupling took
place at 100 °C in methanol, albeit biaryldiol product 3a
was obtained in poor yield of 38% (Table 1, entry 1). When
the reaction was tested in trifluoroethanol (TFE), a com-
paratively more acidic but less nucleophilic solvent, the
yield was improved up to 75% (Table 1, entry 1). Further
screening resulted in a clean reaction in hexafluoroisopro-
panol (HFIP) medium and the biaryldiol 3a was isolated in
96% yield (entry 2), whereas aprotic solvents such as tri-
fluorotoluene (TFT), 1,2-dichloroethane (DCE), and THF
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proved unsuitable (entry 3). The reaction was sluggish for
other acetate bases, for example, CsOAc and KOAc (entry
4) and completely inhibited in the presence of carbonates
and phosphate bases (entries 5-6). Performing the reac-
tion at lower (80 °C) or higher (110 °C) temperature gave
inferior outcomes (entry 7). The loading of base was criti-

(1 equiv); on the other hand, the reaction completely shut
down without it (entries 8-9). Control experiments
showed that the Ru(II)-catalyst is highly significant for
this deformylative coupling (entry 10). In contrast, re-
nowned Pd(0Ac): and [Cp*IrClz]2 catalysts were ineffec-
tive in promoting the reaction (entry 11).

cal as yield reduced with the increased amount of NaOAc

Scheme 2. Exploration of Substrate Scope
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Reaction conditions: 1 (0.3 mmol), 2 (0.45 mmol), HFIP (1.2 mL) for 24 h under N2 atmosphere. [solated yields were provided.

With the optimization conditions in hand (Table 1, entry
2), the scope of this ruthenium catalyzed C-C activation re-
action was explored (Scheme 2). The reaction was fertile
across various structurally diverse ortho-hydroxy aromatic
aldehydes. The parent salicylaldehyde (3b) along with alkyl
(3c), alkoxy (3d), phenyl (3e), and chloro (3f) substitutions
atthe C3-position furnished the desired biaryldiols in excel-
lent yields (88—96%). Similarly, aldehydes bearing a range
of electron-donating as well as electron-withdrawing halo-
gen functionalities at the C4- and C5-position effectively
participated in this process to dispense 3g-3p in uniformly
very high yields. The sterically demanding ortho-hydroxy
aromatic aldehydes having disubstitution at the C3- and Cé6-
positions were also suitable, offering 3q and 3r in 88% and
82% yields, respectively. Other dihalogen-containing and
1,3-dioxolane-fused salicylaldehydes gave products 3s-3u
in excellent yields. Reactions of aldehyde substrates encom-
passing functionally enriched aryl motifs, endorsing ex-
tended conjugation, were also fruitful in producing 3v—3z
and 3aa in 82%-95% yields. Notably, the formation of 3aa
took place via site-selective functionalization at the salic-
ylaldehyde unit, suggesting the presence of both formyl and
hydroxyl groups in the same aryl ring is important.

Next, we evaluated the reaction efficacy with substituted
diazonaphthoquinones 2b-f (Scheme 2). The synthetically
modifiable bromo-containing diazonaphthoquinone pro-
duced 3ab in 91% yield. Aryl (3ac-3ae) and heteroaryl
(3af) substitutions in 2a were also tolerable. Interestingly,
the C-C activation-guided coupling with 2-hydroxy-1-naph-
thaldehyde was amenable, resulting in valuable symmet-
rical and unsymmetrical BINOL analogs (3ag—3al) in excel-
lent yields.

To extend the scaffold diversity, we set out further explo-
ration with various structurally distinct diazo compounds
(Scheme 2). Under standard reaction conditions, examina-
tion of diazonaphthoquinone 2g, a regioisomer of the diazo
compound 2a, was rewarding to afford 3am and 3an in
87% and 76% yields, respectively. The reaction with 9-di-
azo-10-oxophenanthrene 2h also proceeded smoothly, and
unsymmetrical biaryldiols 3ao—3as were isolated in excel-
lent yields (82%-95%). Gratifyingly, coupling was equally
effective with indole-embedded diazo-imine 2i to offer chal-
lenging heterobiaryl amino alcohols 3at—3av in very high to
excellent yields. The compound 3av was crystallized, and

the single-crystal X-ray analysis unequivocally confirmed
the product structure and regioselectivity (Scheme 2).

Pleasingly, two-fold C-C activation was feasible when 4,4'-
dihydroxy-3,3'-diformylbiphenyl 4 substrate was consid-
ered (Scheme 3). Coupling with diazoquinones 2a, 2c, 2g,
and 2h offered valuable tetrahydroxy biaryl scaffolds 5a-
5d in 72%-90% yields. Two-fold C-C activation was also
successful with indole-embedded diazo-imine 2i and the
desired heterobiaryl amino alcohol 5e was isolated in good
yield (Scheme 3).

Scheme 3. Demonstration of Two-fold C-C Activation.

To expand the synthetic value further, we applied this
Ru(Il)-catalyzed deformylative C-C activation reaction for
the late-stage functionalization of pharmaceuticals (Scheme
4). Under the standard reaction conditions, estrone-derived
aldehyde 6a was smoothly coupled with diazo compounds
2a, 2h, and 2i to furnish biologically relevant diols 7aa-7ab
and amino alcohol 7ac in high yields. Similarly, reactions
with L-tyrosine derived aldehyde 6b were fruitful and the
desired tyrosine-embedded biaryl frameworks 7ba-7bc
were isolated in 69%-83% yields (Scheme 4).
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Scheme 4. Late-stage Functionalization of Pharmaco-
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Of note, the efficiency of the small-scale reaction was com-
parable upon scale-up. From 3 mmol scale reactions, biar-
yldiols 3ag and 3ai were isolated in 93% and 91% yields,
respectively (Scheme 5a). The biaryldiols were also readily
converted to valuable 7-conjugated polycyclic benzofurans
8ah-8ak in high yields, showcasing synthetic utility
(Scheme 5b).8

Scheme 5. Scale-up Reactions and Post-synthetic Ma-
nipulations
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To shed light on the reaction modality, various control ex-
periments were conducted (Scheme 6). The presence of an
ortho-hydroxyl group in aromatic aldehyde substrate is
very critical for the success of this protocol, and the reaction
was unproductive in the absence of it or when it was re-
placed with methoxy or amine functionality (Scheme 6a).
Execution of this strategy with salicylic acid 1a’ was also un-
fruitful, indicating this reaction proceeds exclusively
through the involvement of the formyl group (Scheme 6b).
A competition experiment between electronically different
substrates revealed that the reaction with electron-rich
methoxy-substituted aldehyde 1h proceeds 1.3 times faster
than the electron-deficient fluoro-substituted aldehyde 1j
(Scheme 6¢). Also, we obtained the Hammett correlation
with a negative p value (p = -0.68), implying the decrease of
the electron density in the aromatic ring during the course
of the reaction (Scheme 6d).

To gain deeper mechanistic insights, we conducted elec-
tronic structure calculations using density functional theory
(DFT) (Scheme 7a). Initially, intermediate INT2 forms
through a formal ligand exchange reaction between the
[Ru(p-cymene)(OAc)z] complex INT1 and the 2-hy-
droxybenzaldehyde substrate 1b.
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Scheme 7. DFT Calculation®
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aAll calculations were performed using MO6L functional along with 6-31G(d,p) and SDD(ECP) as basis set for main group

atoms and ruthenium, respectively. Implicit HFIP solvent conditions were mimicked employing self-consistent reaction field
(SCRF) method SMD. Relative free energies are given in kcal/mol.

Investigation of a similar ligand exchange reaction with 2-
methoxybenzaldehyde (1b'), where deprotonation of the
phenolic hydroxyl group is not feasible, resulted in interme-
diate INT2', which is disfavored by ~24 kcal/mol. This re-
sult is in line with our control experiment depicted in
Scheme 6a. Next, the activation of the C-H bond of the
formyl group generates the five-membered ruthenacycle
INT3 via TS1, with a barrier of approximately 23 kcal/mol.

The diazo compound 2a then coordinates to the ruthenium
center, displacing AcOH to form INT4, which promptly
transforms to INT5 by extruding molecular nitrogen. Sub-
sequent C-C(O) cleavage results in the formation of the
four-membered ruthenacycle INT6 via TS2 with an activa-
tion barrier of 22.5 kcal/mol that is similar to the preceding
C-H activation step (INT2—INT3). The migratory insertion
step is highly exergonic, releasing 27.01 kcal/mol energy to

6
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give INT7 via TS3, with an activation barrier of 20.2
kcal/mol. Finally, upon protodemetalation, the 1,1-biar-
yldiol product 3b is formed and active ruthenium catalyst is
regenerated to continue the cycle. Overall, deformylation,
rather than insertion, appears to be the likely rate-limiting
process for this transformation.

Additionally, DFT studies suggest that direct C-C bond for-
mation from INTS5, prior to carbonyl expulsion, has a higher
activation energy (Scheme 7b, TS2, 22.6 kcal/mol vs. TS2',
26.6 kcal/mol). This provides a possible explanation for
why decarbonylation is exclusively observed in our experi-
ments, despite product 3b" being ~ 17.6 kcal/mol more sta-
ble than the 1,1-biaryldiol product 3b (Scheme 7b).

CONCLUSIONS

In conclusion, we have developed a cogent and diversified
synthesis of challenging unsymmetrical 1,1'-biaryl-2,2'-di-
ols by harnessing inexpensive Ru(II)-catalyzed regioselec-
tive coupling of ortho-hydroxy aromatic aldehydes with a
variety of cyclic diazo compounds under mild conditions.
The reaction capitalizes on the formal deformylative C-C ac-
tivation and carbene insertion manifold and leverages a
dual-role of the ortho-hydroxy aromatic aldehyde sub-
strates to produce a wide spectrum of diversely functional-
ized biaryl diols in very high to excellent yields. Further sub-
strate design allowed facile access to valuable heterobiaryl
amino alcohols and enables challenging two-fold C-C acti-
vation en route to valuable tetrahydroxy bis-biaryls. The
protocol is operationally simple, scalable, and also suitable
for the site-selective modification of pharmaceutical agents.
Comprehensive investigations, including DFT studies and
control experiments, have provided insights into the under-
lying mechanism of the reaction, highlighting the energeti-
cally significant deformylation event over the carbene in-
sertion step. Notably, our methodology represents a rare in-
stance of C-C activation-guided Ru(II)-catalysis for produc-
ing high-value 1,1'-biaryl-2,2'-diol frameworks.
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