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Abstract

An oxidative strategy is reported to access a-oxo BMIDA gold carbenes directly from BMIDA-
terminated alkynes. Besides offering expedient access to seldom studied boryl metal carbenes,
these BMIDA gold carbene species undergo facile insertions into methylene, methine, and
benzylic C-H bonds in the absence of the Thorpe-Ingold effect. They also undergo efficient

OH insertion, cyclopropanation, and F-C alkylations. This chemistry provides rapid access to
structurally diverse a-BMIDA ketones, which are scarcely documented. In combination with DFT
studies, the role of BMIDA is established to be an electron-donating group that attenuates the high
electrophilicity of the gold carbene center.
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a-Oxo BMIDA gold carbenes are oxidatively generated from BMIDA-terminated alkynes. With
the electrophilicity modulated by BMIDA, these carbene species undergo C-H insertion in the
absence of the Thorpe-Ingold effect. This chemistry provides expedient access to structurally
diverse a-boryl ketones, which are scarcely documented.
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Gold-catalyzed oxidation of alkyne by an external nucleophilic oxidant[!] has offered a
versatile strategy for methodology development since the original report in 2010.[2] In
comparison to the dediazotization approach,[3] it constitutes safe and expedient access to

a variety of a-oxo gold carbene intermediates or their reactivity equivalents of exceptional
reactivities from a range of functionalized precursors (Scheme 1A). To date, various types of
a-oxo gold carbene species including a-oxo terminal gold carbene,[? 41 1,3-dicarbonyl gold
carbenes,[®] donor/acyl-substituted gold carbenes, ] amido gold carbenes,[”] and silyl/acyl
gold carbenes (A)[8] have been generated or proposed as key reaction intermediates by using
benign and readily available alkynes instead of diazo carbonyl compounds as substrates. The
substitutions at the gold carbene center play essential roles in modulating its reactivities and
facilitating versatile transformations. For example, the silyl substitution in the gold carbene
A dictates the Wolff rearrangement as the predominant reaction pathway.

a-Boryl diazo compounds including those possessing an a.-acyl moiety are known, and
examples are shown in the left column of Scheme 1B.[°! No organic transformations

of these compounds have been documented, let alone their metal-promoted/catalyzed
formation of boryl metal carbene intermediates. An exception was not reported until

2021. In this work by Liu and co-workers,[10] stable 1-TBS-2-diazomethyl-1,2-azaborine
(TBS: tbutyldimethylsilyl) engages in a range of reactions including Ru-catalyzed carbonyl
olefination and Rhy(OAc),-catalyzed intramolecular insertion into unactivated C-H bonds
(Scheme 1b, right column). In the Ru catalysis, a boryl Ru carbene intermediate was isolated
and shown to be catalytically competent.

To push the frontier of oxidative gold catalysis and introduce new entries to the much-
underexplored boryl metal carbene chemistry, we envisioned that an a.-oxo boryl gold
carbene of type B could be oxidatively generated from a BMIDA-terminated alkyne in the
presence of a suitable nucleophilic oxidant (Scheme 1C). Herein, we report a successful
implementation of the strategy and disclose the reactivities of the a-oxo BMIDA gold
carbenes and in particular their extraordinary C-H insertion chemistry[!1l vjaa combination
of experimental studies and DFT calculations.

At the outset, we employed 1-BMIDA-oct-1-yne (1a) as the model substrate for reaction
discovery and conditions optimization. To our delight, in the presence of IPrAuNTf, (5.0
mol %) as the catalyst and 8-isopropylquinoline Atoxide (2a) as the oxidant,[2] the desired
C-H insertion product 3a was obtained in 80% yield when the reaction was performed in
PhCF3 at 60 °C for 10 h (entry 1, Table 1). The diastereomeric ratio of 3a is >20:1, and

the trans configuration of the major product isomer is corroborated by the XRD structure of
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5 (vide infra). What is remarkable is that in this reaction the C-H insertion by the putative a-
oxo BMIDA gold carbene occurred with high efficiency in the absence of the Thorpe-Ingold
effect, which is indispensable in our previous gold carbene C-H insertion chemistry.[3f. 131
Additional catalysts including IMesAuNTf,, IPrMEAUCI/AgNTS,, MorDalPhosAuNTf,
Me4tBuXPhosAuCIl/AgSbFg, IPrAUCI/AgSbFg and AgNTf, were also investigated but did
not lead to improved results (entries 2-7). While the use of 8-methylquinoline A-oxide (2b)
resulted in a lower yield of 3a (entry 8), those oxidants derived from pyridines, however,
were completely ineffective (entries 9 and 10). Other solvents including DCE, PhF, toluene,
and THF were less effective or not suitable (entries 11-14).

With the optimal reaction conditions in hand, we first explored the scope of insertion into
methylene C-H bonds. As shown in Table 2, substrates containing nonfunctionalized alkyl
chains (entries 1-2) or functionalized ones (entries 3—4) reacted smoothly to deliver the
a-BMIDA cyclopentanone products 3a-3d in good yields. The insertion into cyclohexane
C-H bonds also worked, affording trans-fused 3e as the major isomer (entry 5). The

relative configuration of 3e is confirmed in the studies shown in Scheme 2 (vide infra).

In addition, a cyclopropyl group a to the carbonyl group of the product 3f was tolerated
(entry 6). Next, we investigated the insertions into more reactive C(sp3)-H bonds, including
primary and secondary benzyl C(sp3)-H bonds, and a tertiary C(sp3)—H bond. Remarkably,
these reactions proceeded without incident to generate the desired C-H insertion products
efficiently (entries 7-9). Even more so is the smooth insertion into an unactivated methyl
group, affording the parent a-BMIDA cyclopentanone 3j in 67% yield (entry 10). To
explore the synthetic utility of this C-H insertion chemistry, the substrate 1k derived

from (S)-citronellol was subjected to the C-H insertion chemistry, which was followed by
protodeboronation upon the treatment with NaOH in a mixed solvent of tetrahydrofuran and
water (entry 10). The cyclopentanone product 3k’ featuring an all-carbon quaternary chiral
center was isolated in 70% overall yield with excellent enantiomeric excess (96%). This
two-step protocol permits BMIDA to behave as a traceless facilitating group and formally
realizes a concerted C-H insertion by a terminal a-oxo gold carbene, which owing to its high
reactivity does not undergo selective C-H insertion.

DFT calculations were performed to elucidate the mechanism of this unusually effective
C-H insertion. The reaction free energy profile is illustrated in Figure 1. The gold-alkyne
complex RC is attacked by the A-oxide 2a to form an intermediate IM1 (5.8 kcal/mol) via
the transition state TS1 with a calculated free energy of 13.7 kcal/mol. Subsequently, an
N-O bond cleavage leads to the dissociation of 8-isopropylquinoline from IM1 v/atransition
state TS2 (19.3 kcal/mol), generating the a-oxo BMIDA gold carbene IM2 (-18.6 kcal/
mol). A conformation change of IM2 to IM2’ (-18.1 kcal/mol) leads to the formation of
the agostic intermediate IM3 (-20.9 kcal/mol) viathe transition state TS3 (-18.1 kcal/mol).
IM3 then undergoes a surprisingly facile C-H insertion viathe transition state TS4, with

an activation free energy of only 1.9 kcal/mol. In comparison, the transition states leading
to a cyclobutanonel®f: 131 and ketene/1-butenel>T are calculated to be 1.8 and 4.7 kcal/mol
higher in free energy than TS4, respectively (Figure S1), consistent with the lack of these
side reactions.
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To understand the essential role of the BMIDA moiety in facilitating efficient C-H insertion,
we investigated computationally the C-H insertion step with it replaced by a methyl group
or a benzoy! group. The former is known to lead to 1,2-C-H insertion to form enones,[12],
and the latter results in C-H insertions with the assistance of the Thorpe-Ingold effect.[5. 131
As shown in Figure 2, electronic structure analysis shows that the BMIDA substituted
carbene IM2 has a lower LUMO energy (-6.34 eV) than that of the Me substituted

carbene IM2-Me (-6.28 eV) or the Bz substituted carbene IM2-Bz (-6.06 eV). As these
LUMOs have large coefficients on the carbene centers, their energy levels reflect the relative
electrophilicity and hence reactivities of the carbene centers, with that of IM2 being the least
electrophilic and that of IM2-Bz the most electrophilic of the three. This consideration is
consistent with Bz being electron-withdrawing and methyl electron-donating, and suggests
that BMIDA is slightly more electron-donating than Me. Moreover, Fukui Functions also
suggest a decreased electrophilicity of the a-oxo BMIDA gold carbene center (0.210)
(Table S1), which is in line with BMIDA being more electron-donating than a methyl
group. These results are consistent with that the BMIDA gold carbenes generated in this
work exhibit attenuated and hence more chemoselective C-H insertion reactivities. As

such, the Thorpe-Ingold effect is not required to avoid competing side reactions. Although
BMIDA behaves as an electron-withdrawing group in the Wacker oxidation,[14] its electron-
donating characteristics in this chemistry are attributed to its tetra-coordination and the

high electrophilicity of the carbene center. In contrast, tri-coordinated boryl moieties such
as those shown in Scheme 1B exhibit electron-withdrawing characteristics. In addition, it

is notable that BMIDA is readily removable, can serve as a valuable functional handle,

and unlike alkyl groups that engage in facile 1,2-C-H insertion,[12] does not react with the
carbene center.

The Gibbs free energies of the subsequent C-H insertion of IM2-Me and IM2-Bz were
calculated (Figure S2). The barriers leading to cyclopentanone products are 7.6 kcal/mol

for IM2-Me and 6.5 kcal/mol for IM2-Bz. Both are substantially higher than that of the
IM2 (1.9 kcal/mol). Due to the hyperconjugation between its a-methyl C-H bonds, IM2-Me
does not form the agostic counterpart of IM3, which can be seen from the structure and

the LUMOs of IM2’-Me in Figure S3. In the reaction of IM2-Bz, due to the electron-
withdrawing Bz group, it has to overcome a barrier of hydride transfer (AG* = 6.5 kcal/mol)
before the C-H insertion (Figure S2).
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We further explored additional reactivities of the in-situ formed a.-oxo BMIDA gold
carbene intermediate. For example, its intramolecular Friedel-Crafts cyclizations exhibited
excellent efficiencies, affording 1-BMIDA-dihydronaphthalen-2-one (31, Eq. 1) and the
4-BMIDA-chroman-3-ones 3m-3o (Eg. 2) in good to excellent yields. It undergoes facile
intramolecular cyclopropanation to afford the tricyclic a-BMIDA indanone 3p in 76% yield
(Eq. 3). Its intramolecular insertion into an O-H bond!®al is demonstrated in Eq. 4, in which
the strained borylated oxetan-3-ones 3p is formed in 81% yield (dr = 1.9:1). Finally, it was
trapped by benzoic acid to afford the functionalized acetophenone product 3r in a moderate
yield (Eq. 5).

While a-BMIDA aldehydes[!5] were known as versatile building blocks in organic
synthesis, the synthesis of a-BMIDA ketones was only reported once,[14] and their further
transformations were not documented. This oxidative gold catalysis provides expedient
access to various a-BMIDA ketones of different structural types. To study their synthetic
transformations, 3e was prepared in a gram scale under the optimized reaction conditions,
and the scale-up yield remains to be good (Scheme 2A). As in the case of 1k, the

BMIDA group of 3e was readily removed, albeit under acidic conditions, to afford the
volatile bicyclic ketone 4 in 95% NMR yield (Scheme 2B). The transring fusion of 4

is assigned based on literature reports(16] and confirmed by the following reaction. As
shown in Scheme 2C, we subjected 3e to the Wittig reaction by using pre-generated
methylene triphenylphosphorane. Instead of the anticipated methylenation of its ketone
group, surprisingly one of the BMIDA ester carbonyl groups undergoes the Wittig reaction
and a subsequent double bond isomerization to afford the compound 5 in 70% isolated
yield. The structure of 5 is unambiguously established by X-ray diffraction studies and

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 April 17.
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further confirms the 5,6- frans ring fusion in 3e.[17] Notably, we could not find any literature
precedent of this transformation. In addition, 3| was converted regioselectively to the non-
conjugated silyl enol ether 6 under kinetic control in 92% yield (Scheme 2D).

In summary, we developed an oxidative strategy to access a-oxo BMIDA gold carbenes
directly from BMIDA-terminated alkynes. Boryl metal carbenes are seldom studied or
invoked in synthetic chemistry, and this BMIDA gold variant undergoes versatile and
efficient insertions into methylene, methine, and benzylic C-H bonds in the absence of
the Thorpe-Ingold effect, which is indispensable in previously gold carbene C-H insertion
reactions.[5" 131 The ready removal of BMIDA under either basic or acidic conditions
formally realizes C-H insertions by terminal a-oxo gold carbenes, which is not attainable
due to their high reactivities. In combination with DFT studies, the role of BMIDA is
established to be an electron-donating group that attenuates the high electrophilicity of
the gold carbene center. The boryl carbene species also undergo efficient OH insertion,
cyclopropanation, and F-C alkylation. This oxidative gold catalysis provides expedient
access to structurally diverse a-BMIDA ketones, which are scarcely documented.
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The free energy profile of the Au-catalyzed oxidation of BMIDA alkyne 1b.
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A. Oxidative generation of a-oxo gold carbenes
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1e (5.0 mmol) 3e, 75% yield, 1.10 g
HCI (3M ag., 6equiv) C Ph3PPCH3Br (2.0 equiv)

tBuOK (1.5 equiv)
THF, rt.t060°C,6 h

T\
N~
O~/ ! =
Hen H B\O
o @)

4, 95% NMR yield F 5,70% yield CCDC: 2219760

MeCN rt., 10 h

D

@) BMIDA TBSOTF (1.1 eq) TBSO BMIDA

EtsN (2 eq)

>
DCM, 0°C - rt, 1 h ‘O

3l 6, 92% yield

Scheme 2.
Gram-scale reaction and synthetic transformations.
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Reaction optimization.[]

IPrAUNTY; (S mol %)
N-oxide 2a (2 equiv)

Table 1.

BMIDA

,.2 T A T 10 ”
3 . t,’;Me

1a 3a
N-oxide 2 /= Ligand - Me -
B 1 RS ‘,.NYN\‘I
g R'I»?la ®r: Ar = DIPP PAG, M @ PBu;

R O o IMes: Ar = mesityl N Pr. el
22(R=Pr) 2R=PRLR=H) ,»m“f?:\w on @
DR Sl W‘NYN‘D“’ Mor-DaiPhos IIQ.'BH‘;M

Entry  Deviation from the optimal reaction conditions Yield[bl
1 none 85% (80%L)
2 IMesAuNTf, instead of IPrAuNTf, 73%
3 IPrMeAUCI/AgNTT, instead of IPrAUNTf, 65%
4 Me,BuXPhosAUuCI/AgSbFg instead of IPrAUNTT, trace[ui
5 MorDalPhosAuNTf, instead of IPrAUNTf, 354
6 IPrAuCIl/AgSbFg instead of IPrAUNTf, 2%
7 AgNTf; instead of IPrAUNTf, -
8 2b instead of 2a 67%
9 2c instead of 2a oaﬁ
10 2d instead of 2a o[aﬁ
11 DCE instead of PhCF3 7
12 PhF instead of PhCF; 79
13 toluene instead of PhCF3 63
14 THF instead of PhCF4 <aol¥
1 itial [12] = 0.033 M.
[b]NMR yields determined by using 1,3,5-trimethoxybenzene as internal reference. dr >20:1.
[c]IsoIated yield.
i/ Most of the starting material 1a was recovered. DCE: 1,2-dichloroethane; THF: tetrahydrofuran.
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Table 2.

The scope of insertion into C(sp3)-H bonds. ]

BMIDA = IPrAUNTf, (5 mol %)
F
'\% NZ PhCF3, 60 °C, 10 h SVRA
-"' l Me-—-
BMIDA =
2a, 2 0 equiv —g-B"o
1 2 3
o
R o
BMIDA BMIDA
'4,-___..\ - ’(I}.z-—cl
Me
3a, 80%, dr > 20:1 3b, 78%, dr >20:1 3¢, 82%, dr = 13:1
. 5 o 6 o
&BM]DA BMIDA %—-BMIDA
A Hovs H -
t;0TBS ty;Me
3e, 84% "
o, u ’ P
3d, 79%, dr > 20:1 (trans/cis = 10 :1) 3f, 85%, dr > 20:1
9 10
o O o
BMIDA &’BMIDA BMIDA é _BMIDA
~, Me
Ph Me
39, 75% 3h, 74%®], dr > 20:1 3i, 90% 3j. 67%
117 BMIDA 1) Standard o

‘// conditions
= 2) NaOH, HoO/THF ,,"/\?l\
rt, 10 h
Me

from (S)-citronellol

i 70% yield 3k’, 96% ee

[a]Reaction conditions: 1 (0.15 mmol), 2a (0.30 mmol), IPrAuNTf2 (5 mol %) in PhCF3 (2 mL) at 60 °C for 10 h. The d.r. value was determined
by 1H NMR.

[b]At 40 °C for 24 h.
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