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Abstract

Herein, we describe a general and selective deprotonation functionalization reaction of
tetrahydroquinolines at the 4-position using organolithiums and phosphoramide ligands. In
addition to the development of a direct deprotonation alkylation reaction with primary and
secondary alkyl halides, a Negishi cross—coupling protocol was realized to afford products with a
range of aromatic halides. These methods were applied to the late-stage installation of
tetrahydroquinolines into a variety of substrates including pharmaceuticals as well as natural
product analogues. The use of thorough mechanistic investigations revealed the aggregation state
of the newly formed tetrahydroquinoline anion to be a separated ion pair, which proved critical to
optimizing the reaction conditions.
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1.0 INTRODUCTION

Tetrahydroquinolines (THQ) are privileged scaffolds that are commonly found in a variety of
natural products' and small molecule therapeutics® (Figure 1A).> Given their medicinal properties
numerous synthetic strategies have been established to construct and modify these heterocyclic
cores.*> While highly efficient ring building reactions may be accomplished to access THQ in
many ways, they are time consuming and costly for researchers because most of the molecular
complexity must be preinstalled prior to the cyclization event. On the other hand, the ability to
modify the heterocyclic core directly opens a pathway to quickly access large libraries of structural
derivatives.

Although the generality of C—H activation reactions has improved, many chemoselective bond
forming processes can be performed without modifying the target compound, the majority of
methods still rely on the presence of nearby reactive functional groups for high selectivities.® As a
result, the development of methods to selectively functionalize heteroatoms far from the periphery
of nitrogen remains a formidable synthetic challenge due to the difficulties in selecting a single C—
H bond. For example, functionalization at the 4—position of THQ is traditionally pre—installed and
the scaffold is cyclized through both electronic (Friedel-Crafts)’ and directing effects (Lewis acid
coordination)® (Figure 1B). In this regard, a straightforward approach to access 4—substituted
tetrahydroquinolines would be to develop an undirected deprotonation capture sequence to the
THQ framework.
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Figure 1. Overview of tetrahydroquinolines. A) Examples of natural products and pharmaceutical
agents containing tetrahydroquinoline subunits. B) Current synthetic strategies to access
tetrahydroquinolines bearing functionality at the 4—position. C) Traditional reactivity of contact
ion pairs to undergo directed metalation. D) This work: functionalization of tetrahydroquinolines
at the 4—position via an undirected deprotonation capture approach.
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Given their widespread availability and continued success in both academia and industry,
organolithium reagents are the ideal class of bases to effect such transformations. However, almost
invariably, for controlled deprotonations to occur, the substrate must bear a heteroatom to
coordinate the Li—atom which guides the deprotonation event to occur in proximity to the
heteroatom — an inescapable consequence of the ability for the carbon-lithium bond to
simultaneously serve as both a Lewis acid and Brensted base (Figure 1C).° Therefore, the main
challenges associated with such an undirected deprotonation strategy involves the design of
reaction conditions that prevent the Li—atom from interacting with the substrate during the
deprotonation event while maintaining high chemoselectivity for the desired C—H bond.

Last year, our laboratory demonstrated the feasibility of this approach, specifically by
generating separated ion pairs (R~ // L4Li") that bypass prototypical directed—ortho metalation
pathways by disrupting the interactions between oxygen heterocycles with organolithium bases.!°
In this report we describe our continued exploration of this concept by investigating the site
selective deprotonation of THQ incorporating various N—substitution patterns via highly basic
separated ion pair intermediates (Figure 1D). Because the Li—atom valences are saturated (LsLi")
within the separated ion pair, various N—substitution patterns, such as N-Ph, N-Me, and N-Boc,
could be bypassed allowing for a highly selective synthesis of 4—substituted tetrahydroquinolines.
In addition, the development of direct alkylation reactions with primary and secondary alkyl
halides, and a general Negishi cross—coupling protocol with various aromatic electrophiles were
realized. Importantly, we have demonstrated that our protocol exhibits substantial functional group
compatibilities through the preparation of natural product analogues and the late—stage
modification of FDA approved pharmaceuticals.

2.0 RESULTS AND DISCUSSION

2.1. Site Selectivity of Metalation with Tetrahydroquinolines: Effect of Lewis Basic
Additives. To determine a general method to functionalize the benzylic position within the THQ
framework, several derivatives incorporating diverse N—substitution patterns were selected and
examined in parallel. To ensure that our selectivity investigations were rigorous, common N—
directing groups, such as tert-butyloxycarbonyl (Boc) which are known to enable effective
directed—ortho deprotonation, were included in our site selectivity investigations. These substrates
were selected to elucidate a lithiation method that overrides common directing effects over a wide
range of THQ derivatives. A typical reaction sequence involved treating the THQ derivative in a
1:1 ratio with an organolithium reagent (n—butyl lithium (n—BuLi) or tert—butyl lithium (z~BuLi))
in the absence and presence of various Lewis basic ligands followed by trapping with methyl
iodide 1 (Mel).'""'2 Figure 2 presents a summarized overview of our site selectivity studies for the
benzyl (blue) vs ortho (yellow) positions of various THQ derivatives through the application of
several deprotonation strategies.

With THQ 2a we observed very little selectivity/product in the absence of ligands or in the
presence of the additive tetramethylethylenediamine (TMEDA)!3. Upon introduction of potassium
tert-butoxide (+~BuOK)', an increase in methylated products was observed (75%), but the
selectivity was very poor with a slight preference for the benzylic position. Selectivity for the
benzyl position was greatly increased with N, N'-dimethylpropyleneurea (DMPU)'5, but the yield
of the product was less than 40%. We found that hexamethylphosphoramide (HMPA)!¢ provided
high conversions; however, the site selectivity was less than ideal with a 3.8 to 1 ratio in favor of
the benzylic position. Of note, upon switching to trispyrrolidinephosphoramide (TPPA) both high
yields and exclusive site selectivity were observed for the benzylic position. In addition, the 6—

https://doi.org/10.26434/chemrxiv-2024-rbbcl ORCID: https://orcid.org/0000-0001-6336-5566 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-rbbcl
https://orcid.org/0000-0001-6336-5566
https://creativecommons.org/licenses/by-nc-nd/4.0/

methoxy THQ 2b substrate provided similar results with the TPPA additive providing both
excellent yields and selectivity. Other conditions for metalation of 2b resulted in either trace
amounts of a single product (no additive, TMEDA) or a mixture of constitutional isomers (¢
BuOK, DMPU, HMPA).

Next, we turned our focus to exploring the site selectivity of N—Aryl substituted THQs 2¢—d.
The lack of additives and the employment of TMEDA resulted in no product observation for both
2¢ and 2d. Although the employment of /~BuOK resulted in methylated products for 2¢ in
moderate yield, the selectivity was low with the observation of two constitutional isomers with a
preference for 1-(o—tolyl)-1,2,3,4—tetrahydroquinoline (2¢—pink).!” The employment of DMPU
resulted in low conversions for both 2¢ and 2d. Importantly, the employment of either HMPA or
TPPA resulted in high conversions and selectivity for the benzylic positions in both 2¢ and 2d.
Similar to the results observed for the N—Boc and N—Aryl substituted THQs the N—methyl
substrate 2e was successfully methylated in the presence of phosphoramides ligands.

To obtain a more thorough understanding of the selectivity observed with the phosphoramide
ligands, THQ isomer 2f was subject to the same screening conditions as described above and the
selectivity was similar in all cases for the benzylic site adjacent to the N—atom with no detectable
activation of the remote benzylic group. We concluded that the combined directing and inductive
effects of the N—atom within 2f were too strong to allow for remote positions to be activated within
this heterocyclic framework.

The ability to override embedded N—atoms within the THQ scaffold with this protocol and the
need for selective functionalization at remote positions inspired us to develop a general
deprotonation alkylation procedure.
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Figure 2. Metalation Site Selectivity Study of tetrahydroquinolines. A) N-Boc THQ 2a B) 6—
Methoxy N-Boc THQ 2b C) N-Ph THQ 2¢ D) N-PMP THQ 2d E) N-Me THQ 2e F) 5,6,7,8—
THQ 2f. ?Yields determined by NMR relative to a 1,3,5-trimethoxybenzene internal standard.
Conditions in order from left to right: THQ substrate (1.0 equiv) treated with z~BuLi (1.0 equiv)
at —78 °C for 10 min before adding Mel 1 (1.1 equiv). THQ substrate (1.0 equiv) treated with
TMEDA (1.0 equiv) and »—BuLi (1.0 equiv) at =78 °C for 1 h before adding Mel 1 (1.1 equiv).
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THQ substrate (1.0 equiv) treated with ~BuOK (1.0 equiv) and #~BuLi (1.0 equiv) at =78 °C for
10 min before adding Mel 1 (1.1 equiv). THQ substrate (1.0 equiv) treated with DMPU (6.0 equiv)
and ~BuLi (1.0 equiv) at =78 °C for 10 min before adding Mel 1 (1.1 equiv). THQ substrate (1.0
equiv) treated with HMPA (6.0 equiv) and t—BuLi (1.0 equiv) at =78 °C for 10 min before adding
Mel 1 (1.1 equiv). THQ substrate (1.0 equiv) treated with TPPA (6.0 equiv) and z~BuLi (1.0 equiv)
at —78 °C for 10 min before adding Mel 1 (1.1 equiv).

2.2. Development of Deprotonation Alkylation Reaction with Tetrahydroquinolines:
Substrate Scope. Encouraged by our initial site selectivity results outlined above, we sought to
examine the scope and generality of this process. After a brief optimization of the reaction
conditions, a variety of N—substituted THQ substrates 3a—d were successfully alkylated at the
benzylic position with n—octyl bromide in moderate to quantitative yields using +~BuLi and
TPPA!® (Figure 3). Given the successful alkylation of a variety of THQ substrates we next
investigated the scope of the alkyl halide coupling partner with the N-Boc substituted THQ 2a.
The primary electrophile 3e bearing a competing benzylic functional group resulted in near
quantitative yields. In addition, organic halides bearing aryl ethers 3f, tetrahydrofurans 3g, and
acetals 3h were all well-tolerated under the reaction conditions providing good yields (82 — 89%).
Importantly, secondary electrophiles bearing various heterocyclic functional groups such as
tetrahydrofurans 3i, tetrahydropyrans 3j, and morpholines 31, were successfully implemented as
well. Of note, 2-bromopropane 3K, an electrophile prone to E2 elimination under basic conditions,
was also found to provide moderate yields (59%) of the alkylation product.

The methoxy ether THQ 3m was found to provide the trapped product in high yield.
Interestingly, morpholine substituted THQ 3n provided the alkylation product in good yield. In
addition, both brominated and chlorinated THQs 30 and 3p provided the desired products in low
and moderate yields, respectively. These results fall in line with our site selectivity experimental
findings that embedded heteroatoms could be overridden within the THQ framework to achieve
high selective products.

The usefulness of the direct alkylation of THQ substrates was further demonstrated by
preparing analogues of natural products and through the late—stage derivatization of
pharmaceuticals (Figure 3). The benzylic analogues of the Hancock alkaloid’s Galipinine!® 3q and
Cuspareine'® 3r were synthesized in 79% and 62% yields, respectively. Of note, the
phenoxybenzamine?® 3s derived chloride was effectively coupled into the THQ framework
highlighting that the late derivatization of active pharmaceuticals is achievable. Our success in
developing a site selective deprotonation alkylation reaction prompted us to extend our studies to
include the development of a transition metal—catalyzed cross—coupling to afford Csp?*~Csp? bonds
with aromatic halide coupling partners.
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Figure 3. Tetrahydroquinoline Alkylation Scope. Starting with conditions, direct alkylation
reaction of N—directing group substrates, 2a with primary electrophiles, 2a with secondary
electrophiles, 2e with electrophiles to afford natural product derivatives, and 2e with
pharmaceutical electrophile.
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2.3. Development of Deprotonation Transition Metal-Catalyzed Cross—Coupling
Sequences with Tetrahydroquinolines. 2.3.1. Preliminary Empirical and Mechanistic
Experiments. Although organolithium reagents represent a class of commonly used synthetic
building blocks they are seldom harnessed in transition metal catalyzed cross-couplings
reactions.?! This is often attributed to their lower functional group compatibility as compared to
their organo—stannane or zinc counterparts as well as their unique ability to undergo rapid lithium
halogen exchange reactions with electrophilic halide coupling partners. After a thorough NMR
structure elucidation, we determined that our standard reaction conditions lead to separated ion
pairs with THQ substrates, such as 4, of which are underexplored coupling partners in transition
metal—catalyzed processes (Figure 4).
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Figure 4. NMR Characterization of THQ-SIP 4 and mechanistic investigation. Scheme of
tetrahydroquinoline Separated Ion Pair (THQ-SIP) 4 with 'H NMR spectra at —80 °C and 'Li NMR
spectra at —115 °C.

Therefore, our efforts became focused on investigating palladium-catalyzed cross-coupling
reactions using THQ—carbanion 4 as the nucleophilic coupling partner and bromobenzene 5a as
the electrophile. After an exhaustive screening campaign, only trace amounts of cross—coupling
products were observed; however, in most cases the THQ-carbanion 4 had dimerized to afford 5d

(Figure 5).
@ Br
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Figure 5. Mechanistic investigation with THQ-SIP 4. Employment of 4 in Cross-Couplings with
Br-Ph Sa. See Supporting Information (S34-S41) for further details.
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These results suggested that one of the added reagents was serving as an oxidant and leading
to undesired dimerization side reactions. After a series of control experiments it was determined
that the addition of bromobenzene Sa to THQ—carbanion 4 in the absence of transition metals
resulted in trace amounts THQ-dimer 5d, benzene 5b, and isobutylene via 'H and *C NMR
spectroscopy.?? Therefore, to circumvent the observed undesired processes our efforts switched to
developing a deprotonation Negishi cross—coupling sequence due to the more covalent nature of
C—Zn bond over the ionic separated ion pair 4.

2.3.2 Development of Negishi Cross—Coupling Sequences. Prior to undertaking a massive
screening campaign to develop a Negishi reaction it was critical to determine if the separated ion
pair 4 could undergo transmetalation to zinc(II) halides. In this regard, the comparison of 13C NMR
chemical shifts has often proved to be useful in determining changes in bonding especially
regarding electron density — thus our initial investigations began by undertaking an NMR study.?®
Upon addition of a THF solution of zinc chloride (ZnCl>) to the THQ—carbanion 4 an immediate
up field shift was observed for the benzylic carbon in the '*C NMR spectrum proving support for
the intact benzylic-zinc contact ion pair 7 (Figure 6).

H H H o/ Lali® H ZnCl
: N N b
Me Me Me
2e 4 7
3¢ 528.2 ppm 3¢ 5 58.6 ppm 3C 5 31.4 ppm

Figure 6. °C NMR chemical shifts of tetrahydroquinoline species. Left to right: N-Me THQ 2e,
N-Me THQ SIP 4, and N-Me THQ organozinc 7.

With the formation of the organozinc THQ 7, and after a brief optimization of the reaction
conditions, a palladium—catalyzed Negishi cross—coupling protocol for Csp>~Csp? bond formation
was realized. The finalized reaction conditions were optimized to employ the aromatic halide
electrophile (1.0 equiv) as the limiting reagent along with THQ-organozinc 7 (1.5 equiv), and
XPhos Pd—G4 (5.0 mol%) as the catalyst (see SI for optimizations). A range of aromatic halides
bearing different functional groups were successfully coupled in moderate to excellent yields
(Figure 7). For example, phenyl 6a, 2—toyl 6b, and 3,5-dimethyl 6¢, phenyl bromides resulted in
excellent yields (90 — 98%). In addition, the electron rich aromatic halides incorporating 4—
methoxy 6d, 3—benzodioxole 6e, and 4—dimethylamino 6f functional groups provided moderate to
high yields (83 — 92%). Moreover, the aromatic halides bearing electron withdrawing substituents
such as 3—fluoro 6g, 4—trifluoromethyl 6h, and 2—cyano 6i also provided efficient results (81 —
91%). Extended aromatic systems such as 4—phenyl-benzene 6j, 1-naphthyl 6k, and 2—naphthyl
6l also provided good yields (72 — 89%). The generation of a separated ion pair followed by
transmetalation is a viable method to access benzylic nucleophiles for Csp?>~Csp? cross—coupling
reactions.
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Figure 7. Tetrahydroquinoline Csp>~Csp® Negishi cross—coupling scope. *Aryl-chloride starting
material was used. "Isolated material contains minor amounts (<6%) of constitutional isomers.

3.0 CONCLUSION

In summary, a transition metal free and undirected deprotonation alkylation protocol was
established to selectively functionalize the 4—position of tetrahydroquinolines with primary and
secondary alkyl halide electrophiles. The key element of this approach is the generation of the
highly reactive separated ion pair (+-Bu~ // LsLi"), which allowed us to bypass the typical substrate
directing effects (directed metalation) within the THQ scaffold. Studies revealed that the lack of
productive reactivity observed between the freshly generated THQ separated ion pair and aromatic
halides under transition metal—catalyzed conditions may be due to unproductive electron transfer
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pathways. To circumvent this unproductive pathway, we pursued transmetalation of the freshly
generated THQ anions to zinc chloride, and a palladium—catalyzed Negishi cross—coupling
reaction was developed to afford 4—aryl substituted THQs with a variety of aromatic halides in
moderate to high yields. Not only is this a rare example of undirected metalation conditions for
organolithium reagents, but it also attests to the powerful influence of the organolithium aggregate
to achieve exclusive site selectivity within heterocyclic scaffolds. Further studies are currently
underway to expand the scope of this reaction with respect to both the heterocycle and electrophile
components.
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