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ABSTRACT: A protocol has been developed that not only simplifies the preparation of nanoparticles (NPs) containing ppm levels
of ligated palladium that affect heterogeneous catalysis but also ensures that they afford products of cross-couplings reproducibly due
to the freshly prepared nature of each reagent. Four different types of couplings are studied: Suzuki−Miyaura, Sonogashira,
Mizoroki−Heck, and Negishi reactions, all performed under mild aqueous micellar conditions. The simplified process relies on the
initial formation of stable, storable Pd- and ligand-free NPs, to which is then added the appropriate amount of Pd(OAc)2 and ligand-
matched to the desired type of coupling, in water.
KEYWORDS: nanoparticles, cross-couplings, micellar catalysis, chemistry in water, Pd catalysis

■ INTRODUCTION
Back in 2015, a report from these laboratories disclosed a
relatively simple preparation of Fe/ppm Pd spherical nano-
particles (NPs) from FeCl3 and MeMgCl mixed in tetrahy-
drofuran (THF) with a controlled amount of Pd(OAc)2 and
ligand SPhos.1 The resulting powdery mustard-colored material
could then be used as what is now known to be a precatalyst,2

whereupon addition of an aqueous solution containing the
designer surfactant TPGS-750-M3 (only 2 wt %) led to a
reconfigured, rod-shaped catalyst. This resulting heterogeneous
reaction mixture is very effective at mediating complex Suzuki−
Miyaura couplings in water, where only 320 ppm palladium (i.e.,
0.032 mol %) is enough to form sp2−sp2 bonds under mild
conditions, all in water.
Since this initial report,1 we have shown that by simply

altering the amount of Pd and the corresponding ligand added to
the FeCl3 in THF, followed by addition of a Grignard reagent,
NPs can be fashioned such that C−C bonds can be realized
characteristic of Sonogashira,4 Mizoroki−Heck,2 and, most
recently, Negishi couplings.5,6 Each reaction type is also run at
ppm levels of Pd embedded within each catalyst (i.e.,
Sonogashira: 500 ppm or 0.05 mol %; Mizoroki−Heck:
1000−2500 ppm or 0.10−0.25 mol %; and Negishi: 2500
ppm or 0.25 mol %; Scheme 1). These NPs were engineered to
be both synthetically effective and environmentally responsible,
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Scheme 1. Preparation of Four Individual Types of
Nanoparticles for Various Pd-Catalyzed Couplings
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made all the more so given the opportunities for recycling of the
aqueous reaction mixtures as well as the seemingly unlimited
tandem one-pot sequences involving multiple reaction types,
including biocatalytic processes.7 Notwithstanding these virtues
that include the important observation that low levels of residual
metal are to be anticipated in the products, the perspective,
especially from industry, remains that NPs on the market are
expensive and affected by batch-to-batch variability, thus
limiting their widespread use.
This viewpoint is quite reasonable since their storage “on the

shelf” (i.e., their handling) can be variable. Moreover, the
presence of a phosphine ligand in each is enough to trigger
concerns about eventual reactivity given their penchant toward
autoxidation. Hence, while in all cases one has the option of
preparing NPs and then immediately using them in situ, the
industry (and the field, in general) is rightly concerned about
reproducibility. To fully address these issues, we have developed
an alternative protocol, applicable to all four NPs that catalyze
C−C bond constructions that eliminates these important
potential limitations; this is the subject of the report herein.

■ RESULTS AND DISCUSSION
The revised protocol involves preparing NPs via treatment of
FeCl3 with the same Grignard reagent in THF, but in the
complete absence of both the Pd(OAc)2 and ligand (Scheme 2).

This leads to the precipitation of NPs that can either be used
directly or, more to the point, be collected (after removal of the
solvent in vacuo) and stored over time.8 Optimization studies
(see the Supporting Information, SI) led to this new preparation
of NPs for each reaction type.
Regardless of the particular cross-coupling of interest (vide

inf ra), these generic NPs are then added to an aqueous micellar
medium containing 2 wt % TPGS-750-M (Table 1) at rt, to
which is then introduced Pd(OAc)2 and the appropriate ligand.
By allowing this aqueous mixture to stir at rt under an inert
atmosphere, the initially formed NPs undergo “sculpting” (from
ca. 5 nm spheres to >100 nm rods) along with equilibration (of
the ligand, distributing between theNPs and nanomicelles in the
water), arriving at the active catalyst within the reaction
mixture.2 At this point, the coupling partners need only be
added and the mixture stirred vigorously. Control experiments
between heteroaryl bromide 1 and boronic acid 2 leading to
biaryl product 3 document the essential roles played by all of the
ingredients: the Pd, the ligand, and the newly fashioned NPs.9

Using this novel procedure for NP catalyst formation, each of
the four types of Pd-catalyzed processes was tested for
generality, using the same initially prepared NPs. Hence, as

illustrated in Table 2, several reactions involving Suzuki−
Miyaura, Sonogashira, Mizoroki−Heck, and Negishi couplings
were studied. Both aromatic and/or heteroaromatic reaction
partners readily participate, leading to products in good-to-high
yields, including late-stage functionalization that reveals the
effectiveness of this approach. All cases involve sustainable
catalyst loadings of only 500−2500 ppm (0.05−0.25 mol %) Pd,
while each avoids reaction in waste-generating and environ-
mentally impactful organic solvents.10 Instead, water is the main,
or exclusive, reaction medium leading to an overall combination
used under very mild conditions.11 From the perspective of
TON, use of only 500 ppm (0.05 mol %) of Pd translates into a
value of 2000.
Scanning transmission electron microscopy-energy-dispersive

X-ray spectroscopy (STEM-EDS) analysis was carried out to
further investigate the nature of these NPs. Comparisons
between theNPs formed following the original recipe1 and those
prepared via the new procedure have been made. Hence, after
stirring with Pd(OAc)2 and SPhos in 2 wt % TPGS-750-M/H2O
solution, the new Fe NPs (Figure 1A) show the same shape (i.e.,
nanorods) and size (ca. 100 nm) as those formed using the
original protocol (Figure 1B). Moreover, the elementary
compositions for the NPs prepared via this alternative route
and those resulting from the original procedure both show Fe, P,
and Cl (see the SI), suggesting that the same catalytic mixture is
being formed using either protocol. This is an especially
important finding since the combination of the nanomicelles
(containing the reaction partners) together with the NPs
(serving as catalysts) leads to the previously established “nano-
to-nano” effect.12 That is, the MPEG portion of the amphiphile
serves as ligands for the palladium on the surface of the NPs, in
effect “delivering” the reaction partners to the catalyst. This
explains the mild conditions involved in this heterogeneous
catalysis, a phenomenon that can only exist in aqueous micellar
media.
By selecting one case from each of these four types of

couplings that affords products involving newly fashioned sp2−
sp2 or sp2−sp3 bonds, direct comparisons with reactions run

Scheme 2. New Procedure Leading to “Generic” Fe NPs: No
Pd, No Ligand

Table 1. Control Experiments for NP-Catalyzed Suzuki−
Miyaura Couplings

entrya variation from above yield

1 none 98b

2 without Fe NPs <5%c

3 without Pd(OAc)2 <5%c

4 without SPhos <5%c

a5-Bromopyrimidine (0.2 mmol), naphthalen-1-ylboronic acid (0.3
mmol), Fe NPs (8 mg, 5% Fe NPs), Pd(OAc)2 (500 ppm) in pot,
K3PO4·H2O (0.3 mmol), 2 wt % TPGS-750-M/H2O (0.4 mL), 45
°C, 24 h. bIsolated yield. cYield by 1H NMR, ethylene carbonate as
the internal standard.
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Table 2. Representative Cases of Coupling Reactions Using the New Preparation of NPs
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with previously formed NPs have also been carried out. The
results shown in Table 3 confirm that in all cases better couplings
(within experimental error) are to be expected using the newly
prepared NPs made as described herein. This improvement is
attributed to the “freshness” of the in situ-formed NPs, where
palladium is positioned onto the surface of the NPs just prior to
use. Moreover, minimization of oxidation of the phosphine
ligand is likely a major factor since it plays a crucial role in each
coupling (e.g., see Table 1).
A gram-scale reaction was carried out, as illustrated in Scheme

3 (A) between 28 and 1.5 equiv of 2, leading to 1.4 grams of
biaryl 29, formed in quantitative yield. The E factors13 (B)
associated with these reactions, determined both with and
without the water as part of the calculation from the reaction

between aryl bromide 30 and boronic acid 31 leading to biaryl 6,
were only 0.39 and 10, respectively, suggestive of the greenness
associated with this process.14

Another major benefit associated with this new approach to
ppm Pd NP catalysis is the availability to change the ligand
without making new NPs. Some ligands may have certain
limitations, such as air sensitivity or impart poor reactivity to the
resulting NPs for specific substrates. As shown in Table 4, the
facility with which ligands can be varied offered the opportunity
to evaluate alternative, air-stable ferrocene-based ligands
recently introduced by Colacot and co-workers,15 and are now
items of commerce from Sigma-Aldrich.16 These completely
avoid the issues noted above. Using ligand L1 as an alternative to
SPhos provided far better results for the two Suzuki−Miyaura

Table 2. continued
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reactions tested, leading to biaryls 32 and 33. Likewise, using
ligand L2 instead of Fu’s ligand removes the air-sensitivity issue
associated with t-Bu3P

17 while significantly improving the NP
catalyst reactivity, affording enhanced isolated yields of
unsaturated amide 34 and enoate 35. Other ligands tested, in
particular QPhos, which has recently become available in
quantity,18 were not competitive in any of these four reaction
types.
While the toolbox now available for running reactions in water

has grown,19 so has the number of processes in the biocatalysis
area that, likewise, benefit just from the presence of a surfactant
in the aqueous medium.21 Independent of the use of micellar
catalysis applied to chemocatalysis, simply having, e.g., TPGS-
750-M (2 wt %, or 20mg/mL) present can dramatically enhance
both the rate of an enzymatic step and the extent of conversion,

thereby enabling chemoenzymatic catalysis that is “green” in
each component (i.e., both the chemo- and biocatalysis steps).
This phenomenon has now been documented for reactions
involving KREDs,20 EREDs,21 ATAs,22 IREDs,23 and ester-
forming lipases,24 all in water. As illustrated in Scheme 4, the
field has also advanced to include tandem processes that go well
beyond the more commonly used chemocatalysis/biocatalysis
(i.e., two steps in either order).7 In the sequence shown, five
steps are carried out, all in one pot, and all in water. An initial
Mizoroki−Heck coupling between aryl dihalide 36 and styrene
37 takes place exclusively at the iodide, giving chalcone 38. A
Suzuki−Miyaura coupling then occurs on the aryl bromide
portion of 38 upon addition of an indoleboronic acid 39,
together with SPhos, leading to the coupled product 40. It is
especially worthy of note here that only the ligand associated

Figure 1. STEM image for the NPs formed via the new route vs those following the original recipe. (A) High-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) image of Fe NPs with Pd(OAc)2 and SPhos in 2 wt % TPGS-750-M/H2O following the new
approach. (B) Fe/ppm Pd nanocatalyst with SPhos in 2 wt % TPGS-750-M/H2O following the original procedure.

Table 3. Comparisons between Premade and In Situ-Prepared NPs as Catalysts for Coupling Reactions
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Scheme 3. (A) Representative Gram-Scale Coupling; (B) E-Factor Calculations

Table 4. Comparisons between Ligands Used in Suzuki−Miyaura and Mizoroki−Heck Couplings
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with mediating these couplings (i.e., SPhos) was added; no
additional Pd was needed, as the originally used NPs for the
Mizoroki−Heck coupling could be reused by providing the
ligand and simply allowing for the re-equilibration, in the
aqueous medium, of the in situ-derived catalyst needed. Thus,
with proper sequencing of reactions, the palladium present
already at the ppm level in water can be used further to great
advantage, leading to “metal economy.” Without isolation,
reduction of the aryl nitro group in 40 using carbonyl iron
powder (CIP)25 leads to the corresponding aniline 41, which
then readily participates in a mono-SNAr addition

26 to cyanuric
chloride (42) to form the intermediate 43. Lastly, addition of
excess NH4OH provides the ammonia that then undergoes a
second SNAr addition to 43, ultimately arriving at polycyclic 44,
representing a five-step, one-pot sequence, with the final product
being isolated in 54% overall yield. To the best of our
knowledge, no other NP catalyst can be used in such a fashion
(in the same reaction vessel, in the samemedium, and withmetal
economy).

■ CONCLUSIONS
In summary, a new protocol for preparing nanoparticles (NPs)
has been developed that enables their use for several Pd-
catalyzed coupling reactions performed in water at the ppm level
of precious metal. This is an especially important advance in that
this protocol:

(1) generalizes and standardizes the route to NPs that can be
tailored to the intended coupling without concerns over
reproducibility;

(2) minimizes opportunities for both the palladium and the
associated phosphine to undergo unwanted oxidation,
clearly resulting in improved overall reaction efficiencies;

(3) allows for use of the Pd present in the aqueous reaction
mixture, in ppm amounts, to be reused for other types of
couplings, thereby maximizing “palladium economy;” and

(4) suggests that newly fashioned ligands may be even better
matched to these newly prepared and standardized NPs
than those previously used, further enhancing and
broadening their effectiveness as catalysts.

Based on this new preparation of ligated NP precursors to
catalysts that function very effectively under aqueous micellar
catalysis conditions, several additional transition metals (e.g.,
Rh, Ir, etc.) can easily replace Pd, thereby forming new NPs for
evaluation at the ppm level of usage in a variety of reactions of
synthetic value. Such studies are now underway in these
laboratories, the results from which will be reported in due
course.
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Scheme 4. Sequential Reactions, Including Two ppm Pd NP-Catalyzed Couplings, All in Water

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c00007
ACS Catal. 2023, 13, 3179−3186

3185

https://pubs.acs.org/doi/10.1021/acscatal.3c00007?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acscatal.3c00007?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00007?fig=sch4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Procedures for optimizations and couplings, analyses,
recycling, and E Factor determination (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Bruce H. Lipshutz − Department of Chemistry & Biochemistry,
University of California, Santa Barbara, California 93106,
United States; orcid.org/0000-0001-9116-7049;
Email: lipshutz@chem.ucsb.edu

Authors
Yuting Hu − Department of Chemistry & Biochemistry,

University of California, Santa Barbara, California 93106,
United States

Xiaohan Li − Department of Chemistry & Biochemistry,
University of California, Santa Barbara, California 93106,
United States

Gongzhen Jin − Department of Chemistry & Biochemistry,
University of California, Santa Barbara, California 93106,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.3c00007

Funding
Financial support provided by the NSF (CHE-2152566) is
warmly acknowledged.
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Handa, S.; Wang, Y.; Gallou, F.; Lipshutz, B. H. Sustainable Fe−
ppm Pd nanoparticle catalysis of Suzuki-Miyaura cross-couplings in
water. Science 2015, 349, 1087−1091.
(2) Pang, H.; Hu, Y.; Yu, J.; Gallou, F.; Lipshutz, B. H. Water-
Sculpting of a Heterogeneous Nanoparticle Precatalyst for Mizoroki−
Heck Couplings under Aqueous Micellar Catalysis Conditions. J. Am.
Chem. Soc. 2021, 143, 3373−3382.
(3) Lipshutz, B. H.; Ghorai, S.; Abela, A. R.; Moser, R.; Nishikata, T.;
Duplais, C.; Krasovskiy, A.; Gaston, R. D.; Gadwood, R. C. TPGS-750-
M: A Second Generation Amphiphile for Metal-Catalyzed Cross-
Couplings in Water at Room Temperature. J. Org. Chem. 2011, 76,
4379−4391.
(4) Handa, S.; Jin, B.; Bora, P. P.; Wang, Y.; Zhang, X.; Gallou, F.;
Reilly, J.; Lipshutz, B. H. Sonogashira Couplings Catalyzed by Fe
Nanoparticles Containing ppm Levels of Reusable Pd, under Mild
Aqueous Micellar Conditions. ACS Catal. 2019, 9, 2423−2431.
(5) Hu, Y.; Wong, M. J.; Lipshutz, B. H. ppm Pd-Containing
Nanoparticles as Catalysts for Negishi Couplings...in Water. Angew.
Chem., Int. Ed. 2022, 61, No. e202209784.
(6) Nickel-containing NPs are also known to catalyze Suzuki-Miyaura
couplings in water, although these NPs have not yet been made and
tested using this new protocol; see: Handa, S.; Slack, E. D.; Lipshutz, B.
H. Nanonickel-Catalyzed Suzuki−Miyaura Cross-Couplings in Water.
Angew. Chem., Int. Ed. 2015, 54, 11994−11998.
(7) Gröger, H.; Gallou, F.; Lipshutz, B. H. Where Chemocatalysis
Meets Biocatalysis: In Water. Chem. Rev. 2022, No. 00416.
(8) Storage of these NPs under an inert atmosphere (e.g., in a glove
box) allows for their usage over time (3-4 months) without loss of
activity. However, if kept “on the shelf” such that over time, air can
penetrate the storage vessel, then couplings involving more highly
functionalized reaction partners can be compromised (i.e., the
couplings become highly variable).
(9) It is also observed that the Fe present within these NPs appears to
not be involved in the catalysis by the Pd present. This claim is based on
the observation that the presence of added Ni salts (1.6 mol %) to the

Pd (0.08 mol %) is an even more effective reducing agent than the Pd
alone for nitro group reductions run under otherwise identical
conditions, suggesting that the Fe present does not influence the
overall process. See Pang, H.; Gallou, F.; Sohn, H.; Camacho-Bunquib,
J.; Delferro, M.; Lipshutz, B. H. Synergistic effects in Fe nanoparticles
doped with ppm levels of (Pd +Ni). A new catalyst for sustainable nitro
group reductions. Green Chem. 2018, 20, 130−135.
(10) Dunn, P.; Henderson, R.; Mergelsberg, I.; Wells, A. ACS GCI
Pharmaceutical Roundtable; ACS Green Chemistry Institute Pharma-
ceutical: College Park, MD, 2009. http://acs.confex.com/acs/
green09/recordingredirect.cgi/id/510 (accessed Dec 21, 2022).
(11) For use of Ni in DMA at 80 °C in recent work from AbbVie, see:
Rago, A. J.; Vasilopoulos, A.; Dombrowski, A. W.; Wang, Y. Di(2-
picolyl)amines as Modular and Robust Ligands for Nickel-Catalyzed
C(sp2)−C(sp3) Cross-Electrophile Coupling. Org. Lett. 2022, 24,
8487−8492.
(12) Lipshutz, B. H. The ‘Nano-to-Nano’ Effect Applied to Organic
Synthesis in Water. Johnson Matthey Technol. Rev. 2017, 61, 196−202.
(13) Sheldon, R. A. The E factor 25 years on: the rise of green
chemistry and sustainability. Green Chem. 2017, 19, 18−43.
(14) Sheldon, R. A.; Bode, M. L.; Akakios, S. G. Metrics of green
chemistry: Waste minimization. Curr. Opin. Green Sustainable Chem.
2022, 33, No. 100569.
(15) Xu, G.; Gao, P.; Colacot, T. J. Tunable Unsymmetrical Ferrocene
Ligands Bearing a Bulky Di-1-adamantylphosphino Motif for Many
Kinds of Csp2−Csp3 Couplings. ACS Catal. 2022, 12, 5123−5135.
(16) MPhos Ligands & Catalysts�Introduction, Advantages, and
Applications. sigmaaldrich.com (accessed Dec 21, 2022).
(17) Netherton, M. R.; Fu, G. C. Air-Stable Trialkylphosphonium
Salts: Simple, Practical, and Versatile Replacements for Air-Sensitive
Trialkylphosphines. Applications in Stoichiometric and Catalytic
Processes. Org. Lett. 2001, 3, 4295−4298.
(18) SelectScience. Sinocompound Announces Commercial-Scale
Production of QPhos Ligand; SelectScience, 2022.
(19) (a) Lipshutz, B. H. Illuminating a Path for Organic Synthesis
Towards Sustainability. No One Said It Would Be Easy.. Synlett 2021,
32, 1588−1605. (b) Lipshutz, B. H.; Caravez, J. C.; Iyer, K. S.
Nanoparticle-catalyzed green synthetic chemistry...in water. Curr. Opin.
Green Sustainable Chem. 2022, 38, No. 100686.
(20) Cortes-Clerget, M.; Akporji, N.; Zhou, J.; Gao, F.; Guo, P.;
Parmentier, M.; Gallou, F.; Berthon, J.-Y.; Lipshutz, B. H. Bridging the
gap between transition metal- and bio-catalysis via aqueous micellar
catalysis. Nat. Commun. 2019, 10, No. 2169.
(21) Akporji, N.; Singhania, V.; Dussart-Gautheret, J.; Gallou, F.;
Lipshutz, B. H. Nanomicelle-enhanced, asymmetric ERED-catalyzed
reductions of activated olefins. Applications to 1-pot chemo- and bio-
catalysis sequences in water. Chem. Commun. 2021, 57, 11847−11850.
(22) Dussart-Gautheret, J.; Yu, J.; Ganesh, K.; Rajendra, G.; Gallou,
F.; Lipshutz, B. H. Impact of aqueous micellar media on biocatalytic
transformations involving transaminase (ATA); applications to chemo-
enzymatic catalysis. Green Chem. 2022, 24, 6172−6178.
(23) Li, X.; Ganesh, K.; Lipshutz, B. H. unpublished observations.
(24) Singhania, V.; Cortes-Clerget, M.; Dussart-Gautheret, J.;
Akkachairin, B.; Yu, J.; Akporji, N.; Gallou, F.; Lipshutz, B. H.
Lipase-catalyzed esterification in water enabled by nanomicelles.
Applications to 1-pot multi-step sequences. Chem. Sci. 2022, 13,
1440−1445.
(25) Lee, N. R.; Bikovtseva, A. A.; Cortes-Clerget, M.; Gallou, F.;
Lipshutz, B. H. Carbonyl Iron Powder: A Reagent for Nitro Group
Reductions under Aqueous Micellar Catalysis Conditions. Org. Lett.
2017, 19, 6518−6521.
(26) Lee, N. R.; Gallou, F.; Lipshutz, B. H. SNAr Reactions in Aqueous
Nanomicelles: From Milligrams to Grams with No Dipolar Aprotic
Solvents Needed. Org. Process Res. Dev. 2017, 21, 218−221.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c00007
ACS Catal. 2023, 13, 3179−3186

3186

https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c00007/suppl_file/cs3c00007_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bruce+H.+Lipshutz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9116-7049
mailto:lipshutz@chem.ucsb.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuting+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gongzhen+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00007?ref=pdf
https://doi.org/10.1126/science.aac6936
https://doi.org/10.1126/science.aac6936
https://doi.org/10.1126/science.aac6936
https://doi.org/10.1021/jacs.0c11484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101974u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101974u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101974u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202209784
https://doi.org/10.1002/anie.202209784
https://doi.org/10.1002/anie.201505136
https://doi.org/10.1021/acs.chemrev.2c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7GC02991H
https://doi.org/10.1039/C7GC02991H
https://doi.org/10.1039/C7GC02991H
http://acs.confex.com/acs/green09/recordingredirect.cgi/id/510
http://acs.confex.com/acs/green09/recordingredirect.cgi/id/510
https://doi.org/10.1021/acs.orglett.2c03346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c03346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c03346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1595/205651317X695785
https://doi.org/10.1595/205651317X695785
https://doi.org/10.1039/C6GC02157C
https://doi.org/10.1039/C6GC02157C
https://doi.org/10.1016/j.cogsc.2021.100569
https://doi.org/10.1016/j.cogsc.2021.100569
https://doi.org/10.1021/acscatal.2c00352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c00352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c00352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://sigmaaldrich.com
https://doi.org/10.1021/ol016971g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol016971g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol016971g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol016971g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0040-1706027
https://doi.org/10.1055/s-0040-1706027
https://doi.org/10.1016/j.cogsc.2022.100686
https://doi.org/10.1038/s41467-019-09751-4
https://doi.org/10.1038/s41467-019-09751-4
https://doi.org/10.1038/s41467-019-09751-4
https://doi.org/10.1039/D1CC04774D
https://doi.org/10.1039/D1CC04774D
https://doi.org/10.1039/D1CC04774D
https://doi.org/10.1039/D2GC02002E
https://doi.org/10.1039/D2GC02002E
https://doi.org/10.1039/D2GC02002E
https://doi.org/10.1039/D1SC05660C
https://doi.org/10.1039/D1SC05660C
https://doi.org/10.1021/acs.orglett.7b03216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b03216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.6b00388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.6b00388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.6b00388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



