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Silicon-Based Transfer Agent for Room-Temperature Pd-
Catalyzed Cross-Coupling Reactions of Aryl and Heteroaryl
Chlorides with Readily Available Aryl Lithium Reagents

Dionicio Martinez-Solorio®, Bruno MelilloT, Luis Sanchez™8, Yong Liang*, Erwin Lam¥, K.
N. Houk*", and Amos B. Smith IlI™"*

TDepartment of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104, United
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*Department of Chemistry and Biochemistry, University of California, Los Angeles, California
90095, United States

Abstract

A reusable silicon-based transfer agent (1) has been designed, synthesized, and validated for
effective room-temperature palladium-catalyzed cross-coupling reactions (CCRs) of aryl and
heteroaryl chlorides with readily accessible aryl lithium reagents. The crystalline, bench-stable
siloxane transfer agent (1) is easily prepared via a one-step protocol. Importantly, this “green”
CCR protocol circumvents prefunctionalization, isolation of organometallic cross-coupling
partners, and/or stoichiometric waste aside from LiCIl. DFT calculations support a o-bond
metathesis mechanism during transmetalation and lead to insights on the importance of the CF3
groups.

Transition-metal catalyzed cross-coupling reactions (CCRs) comprise indispensible tools in
the organic chemists’ arsenal of synthetic transformations.! However, drawbacks of all
traditional CCRs remain, including: (a) the synthesis, purification, and isolation of
prefunctionalized organometallic cross-coupling partners, frequently accessed via the
corresponding organolithium reagent (cf. Stille organotin, Suzuki organoboron, Negishi
organozinc, and Hiyama/Denmark organosilicon reagents, Scheme 1A); (b) the frequent
requirement of stoichiometric base/fluorides and elevated temperatures leading to functional
group incompatibility; and most importantly (c) stoichiometric waste products. Pleasingly,
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the Hiyama2-3/Denmark* CCRs of organosilane reagents provide an environmentally
friendly alternative; however, preconstruction of the organosilane is required.

The palladium-catalyzed CCRs of organolithium reagents pioneered by Murahashi,® and
recently extended by Feringa,® comprise a highly atom-efficient process.” Some limitations
to the Murahashi/Feringa chemistry however remain (Scheme 1B): (a) slow addition of the
organolithium nucleophile to limit formation of homocoupled products, a reaction avoided
by the Nobel winning Negishi ZnCl, protocol;8 (b) reduced substrate scope due to
competitive nucleophilic addition to reactive functionality on the electrophilic substrate; and
(c) modest reactivity in some cases of the aryl chlorides, ideal electrophiles due to low cost
and wide availability.®

Herein we report the design, synthesis, and validation of a reusable, bench-stable silicon-
based transfer agent (1) that permits room-temperature Pd-catalyzed CCRs of aryl and
heteroaryl chlorides with aryl lithium reagents (Scheme 1C).

In this regard, we recently reported Pd-catalyzed CCRs of organolithium reagents with aryl
and alkenyl iodides exploiting a new class of recoverable/reusable silicon transfer agents9
inspired by the work of Tamao.11 However, attempts to extend their use to aryl chlorides (5,
Scheme 2), led to incomplete conversions (~60%) and homocoupling. We therefore
redesigned the transfer agent reasoning that incorporation of geminal CF3 groups at the
benzylic position would have a two-fold effect: (a) enhanced electrophilicity at the silicon
center of 1, now leading upon nucleophilic attack to an alkoxide intermediate of possible
greater stability (3); and (b) facile regeneration of transfer agent 1 via the Thorpe—Ingold
effect, thereby accelerating the transmetalation step eventually leading to cross-coupled
products (6, Scheme 2).

Pleasingly, incorporation of isopropyl groups on silicon proved optimal in terms of physical
properties, reactivity, and recoverability. Inspired by the work of Akibal?2 and Britton, 120
the synthesis of 1 was readily achieved from commercially available 7 via a one-step
procedure (Scheme 3). Importantly, this reaction can be carried out with care (H, evolution)
on multigram scale [see Supporting Information (SI)].

With transfer agent 1 in hand, we examined the cross-coupling of PhLi with 4-chloroanisole,
which permits facile 1H NMR analysis of the reaction mixture given the diagnostic methyl
aryl ether resonance (Table 1). Our previous catalyst system (PdCl,, Cul, and dpca),
employed in conjunction with earlier silicon transfer agents that proved effective in the
reactions of aryl iodides, failed in the cross-coupling of 4-chloroanisole and PhL.i (entry 1).
Turning to the Penn/Merck High-Throughput Experimentation Center employing transfer
agent 1, this same reaction was carried out in the presence of a variety of dialkylphosphino
biaryl ligands and commercially available Pd(I1) sources, ultimately leading to the
identification of Pd(OAc), (5 mol %) and XPhos (10 mol %) as a viable catalyst system
(entries 2—4). Note: Cu is not required as employed with aryl iodides.10 By increasing the
catalyst loading to 10 mol % Pd(OAc), (20 mol% XPhos), complete conversion was
attained, employing only 1.3 equiv of PhLi (entry 5). Aiming to reduce catalyst loadings, we
next turned to Buchwald’s recently developed palladium precatalysts, which form
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monoligated Pd(0) species in situ when exposed to base.14 We reasoned that the alkoxide
intermediate 3 would readily activate the precatalyst, thereby avoiding the need for an
external base. Commercially available Buchwald G2 and G3 precatalysts led to incomplete
conversions (entries 6 and 7). Pleasingly, however, when employing 3 mol % precatalyst
G414 and 1.3 equiv of PhLi, the reaction now proceeded to full conversion in 24 h, at room
temperature, to furnish 6a in near quantitative yield (98%) with excellent recovery of 1
(84%, entry 8). Importantly, 1 can be recovered and reused repeatedly without sacrificing
reactivity. For example, recovered 1 from entry 8 was resubmitted to the same reaction to
yield 6a (97%). Notably, the catalyst loadings can be further decreased to 0.5 mol % when
employing only 1.1 equiv of PhLi by warming the reaction to 60 °C (entry 9). Of particular
note, the undesired homocoupled product (8) was not detected in CCRs of aryl chlorides
utilizing transfer agent 1. Consistent with Murahashi’s observations, a control experiment in
the absence of silicon transfer agent 1 resulted in the formation of homocoupling product 8
and incomplete consumption of 4-chloroanisole (entry 10). A second control experiment
carried out in the absence of catalyst did not furnish the desired product (6a), with the
benzyl alcohol arising from addition of phenyllithium to 1 as the only product (entry 11). In
addition, we attempted to employ 1 in catalytic amount, unsurprisingly without success.10

With the optimized conditions, we next explored the scope of room-temperature Pd-
catalyzed CCR of PhLi with various aryl-chloride coupling partners (Table 2). Both
electron-rich and -deficient substrates led to excellent yields of the cross-coupled products
(6b-n). Importantly, a variety of common functional groups were well tolerated on the
electrophilic partner (i.e., esters, nitriles, azaheterocycles, fluorinated aromatics as well as
quinolines); the reaction also proceeded in good yield with sterically encumbered aryl
chlorides (6n, Table 2, and 9f, Table 3), albeit requiring higher temperature to reach full
conversion. Also noteworthy, the reaction of all three regioisomers of chloropyridine (6k—
m) proceeded efficiently. A case of interest is that of 6e, which could not be separated
chromatographically from 1. We opted in this case for oxidative removal of the transfer
agent, employing the Fleming-Tamao protocol.1® Importantly, however, in all other cases
transfer agent 1 could be recovered in high yield via simple chromatography and reused
without loss of reactivity or cross-contamination.

We next focused on the nucleophile scope. Pleasingly, heteroaryl and hindered aryl
nucleophiles were all suitable to CCR, with the corresponding products (9a—f, Table 3)
obtained in good yields. Hindered ortho-substituted aryl lithium reagents (9¢) as well as
electron-deficient aryllithium reagents (9f) reacted smoothly in Et,O with moderate heating
(45 °C). We were particularly interested in the 2-pyridyl subunit given the prevalence of this
structural unit in pharmaceuticals!® and natural products.1” We note that CCRs of 2-pyridyl
moieties remain a challenging transformation. To this end, Burke et al. recently introduced
bench-stable 2-pyridyl N-methyl-iminodiacetic acid (MIDA) boronates as viable cross-
coupling partners to circumvent the unstable nature of 2-pyridyl boronic acids and esters.18
The synthesis of MIDA boronates, however, requires three steps. Pleasingly, use of siloxane
transfer agent 1 permits direct cross-coupling of 2-lithiopyridine, thus mitigating the need
for preconstruction of the 2-pyridyl MIDA boronates. The cross-coupling of 2-lithiopyridine
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with a variety or electron-rich and -deficient aryl chlorides is also illustrated in Table 3 (9a—
d).

Turning to the mechanism of this copper-free, Pd-catalyzed CCR, the question arises as to
the nature of the reactive nucleophilic partner; that is, the ate-complex 11 or the open
alkoxide 12 (Scheme 4). The former would imply direct transfer of R to the Pd-center with
displacement of chloride, thus simultaneously resulting in the formation of the desired
ligated diarylpalladium(I1) 13, regeneration of transfer agent 1 and LiCl, the latter the only
stoichiometric waste. In contrast, reaction via 12 would require first the formation of a
palladium(I1) alkoxide, which would then either undergo o-bond metathesis to give rise to
the desired products or necessitate further activation (e.g., by attack on silicon of a second
equivalent of alkoxide) in order to transfer the aryl group to the palladium center.1® The
formation of a bimolecular ate-complex in this case seems counterintuitive given the
considerable steric hindrance around the silicon center (cf. isopropyl groups) and the
unfavorable entropic effect.

To gain an understanding of the mechanism, especially the effects of the geminal CF3
groups at the benzylic position of the transfer agent, we employed a computational
approach. Scheme 5 summarizes our DFT (MO06 with solvation) calculations on the
processes involving the silicon-based transfer agents A-CF3, A-CHg, and A-H.20 In the case
of the new transfer agent A-CF3, the nucleophilic attack of PhL.i at the silicon center via
transition-state TSa-CF3 requires an activation free energy of 12.7 kcal/mol in THF, leading
to the open lithium alkoxide B-CF3. This step is exergonic by 6.1 kcal/mol. Computational
results show that the formation of the pentavalent siliconate B’-CF3 and lithium cation from
lithium alkoxide B-CF3 is endergonic by 10.3 kcal/mol in THF. This free energy is
approximately the same as the activation energy for the transmetalation process from B-CF3
(10.2 kcal/mol, see later discussion). Therefore, subsequent transfer of the phenyl group
from the ate-complex B’-CFj5 to the Pd(I1)-center is not likely. Alternatively, lithium
alkoxide B-CF3 can form a four-membered complex D-CF3 with a simplified monoligated
Pd(I1) species C.14:21 This step is slightly endergonic by 1.9 kcal/mol in THF. After the
dissociation of LiCl, the palladium(ll) alkoxide E-CF3 undergoes o-bond metathesis via
transition-state TSb-CF3, requiring an activation free energy of 9.3 kcal/mol. From the
resting state B-CF3 (—6.1 kcal/mol) to transition-state TSb-CF3 (4.1 kcal/mol), the overall
barrier for the transfer of the phenyl group to the Pd(ll)-center is 10.2 kcal/mol, with
generation of the diarylpalladium(l1) species F exergonic by 22.4 kcal/mol in THF.

Comparison of the computational results of our model siloxane-based transfer agents A-H
and A-CHj3 with those of A-CF3 (Scheme 5) clarifies the influence of the electronic and
steric properties of the latter in the efficiency of CCRs. Without electron-withdrawing CF3
groups, the stability of lithium alkoxide B-CHjs is significantly decreased (3.5 vs —6.1 kcal/
mol), thus resulting in a much lower barrier for the regeneration of PhLi from the resting
lithium alkoxide (7.7 vs 18.8 kcal/mol, from B to TSa). Experimentally, this process leads to
unreacted aryl chloride with no formation of the desired product. Absence of geminal CF3
groups at the a-position of oxygen in the four-membered complex D-H dramatically
increases the stability (—20.7 vs —4.2 kcal/mol), making D-H the resting state for the
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transmetalation step. This elevates the barrier for the transfer of phenyl group to the Pd(I1)-
center (16.4 kcal/mol from D-H to TSbh-H vs 10.2 kcal/mol from B-CF3 to TSh-CF3),
decelerating the transmetalation process and the overall conversion.

In conclusion, a reusable, bench stable silicon-based transfer agent (1) has been designed,
synthesized, and validated for effective room-temperature palladium-catalyzed CCRs of aryl
and heteroaryl chlorides with readily accessible aryl lithium reagents. Noteworthy, the only
stoichiometric waste product in this cross-coupling protocol is LiCl! Subsequent DFT
calculations demonstrated that the preferred transmetalation step involves the lithium
alkoxide,23 which leads to a palladium(l1) alkoxide undergoing o-bond metathesis. The
geminal CF3 groups at the benzylic position of new transfer agent have two beneficial
effects: (a) increased barrier for the regeneration of aryl lithium reagents, inhibiting the
formation of homocoupling products; and (b) decreased barrier for transferring aryl groups
to the Pd(l1)-center, facilitating the conversion. Experimental studies exploring vinyl and
other lithium reagents are ongoing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2

Substrate Scope: Aryl Chlorides?

i-l|°r
iPr—si—0 Q_L'
G4 precat. (1-5 mol%)

CF;
1.3 equiv XPhos (1-5 mol%
THE THF,rt, 3-24 h 83000,
-78°Ctort,2h Ar—ClI —IU07%
1 0.5 mmol scale 6b-n recovery
1.4 equiv (1.0 equiv)
~
OO O

S

6b: 99% /N— 6¢c: 97% 6d: 82%

6e: 88%° 6f: 87% 6g: 78%°

O~

6h: 82% 6i: 63%°

N COzMe

6j: 81%°
MeO

A -
O O O
_ K =
6k: 91%°P 6l: 95% 6m: 92% 6n: 98%4

Bisolated yields.

de(OAc)le mol %, XPhos 20 mol %.

CAfter Fleming—-Tamao oxidation.

d70 °C.
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Table 3
Substrate Scope: Organolithium Reagents®
i-Pr
G4 precat.
I-PI'—SI"‘O R—Li (1-5 mol%)
XPhos (1-5 mol%
1.3 equiv - ( i R-Ar .+ 1
Et,0 THF, rt, 8-24 h 9a—f 81-89%
"‘78 °C tO rt 2 h Ar—CI recovery
0.5 mmol
1.4 equw (1.0 equiv)
O 20
\ N \ N N
9a: 72% 82% 9¢c: 52%
Me Me
N
9d: 73% N— 9e: 87%" of: 81%P

aIsolated yields.

bCross-coupIing step performed in Et20 at 45 °C.
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