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Some of the latest technological developments involving chemistry in water are discussed. Although each 

advance bears little-to-no relationship  to  the  others, in the  composite  they  highlight  the  seemingly 

unlimited  opportunities  for  discovering nature’s secrets using water as the reaction  medium.  Thus, in 

addition  to the environmental  aspects driving this research, the benefits to be realized in making this 

switch away from reactions run in organic solvents and into an aqueous medium are clearly indicative of 

the future of synthetic organic chemistry. 

 
 

Introduction: what’s in a title? 
 

The   title   for   this   contribution  focuses   on:   “…rethinking 

aqueous chemistry…”  The likely implication, on the one hand, 

is  that  a  major  change is  needed; that  organic   chemistry as 

currently  practiced  in  waste-generating,  petroleum-based 

organic  solvents  should be converted into  a sustainable  disci- 

pline  performed routinely in water.  That  notion implies quite 

a  challenge,  especially   since   modern organic   synthesis has 

been  remarkably successful doing  chemistry in organic  media. 

That’s  just  reality, and  we were certainly  a contributor to these 

advances for over a quarter of a century,  with the  12 Principles 

of Green Chemistry only first  appearing in the  late  1990s.1   But 

most  realize  that  the  world  of chemistry is in  a very different 

place  today;  that  “business as usual” is no  longer  appropriate 

nor acceptable with the future in mind. As climate change has 

become part  of our everyday lives, organic  chemists cannot 

continue to consume and  then  burn  (in  large  measure) non- 

chlorinated  solvents   and   related  downstream  products.  But 

there   is  no  longer   the  opportunity  to  ignore   the  fact  that 

organic  chemistry is a major  contributor to this  worldwide 

problem,  since   the   incineration  of  carbon-based  materials 

leads to the greenhouse gas, CO2. 

Alternatively,   “…rethinking aqueous  chemistry”  can   also 

lead  to recognition that  modern organic  chemistry in organic 

solvents  has  only ca. 200 years to its  credit,  while  Nature  has 

been  doing  chemistry in water  for billions of years. And while 

a  true  appreciation for  geological  time  is  tough   to  grasp,  it 

would  be  hard   to  argue,   ignoring all  the  negative   environ- 

mental issues  associated with  using  organic  solvents  for syn- 
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thetic  gain,  that  the  future favors  any other  reaction medium 

over water. 

At  issue   in  making  this   essential  transition  away  from 

organic  solvents  is the  traditional “thinking” that  prevails  to 

this  day:  water  is  the  “enemy”.2   Whether it’s  the  solubility 

issue  of organic  substrates in water,  its pKa  that  is too low for 

use  of reactive  and/or “water-sensitive” reagents, or  the  high 

boiling  point  for  its  supposedly essential removal  as  part  of 

any reaction workup: it has been  ingrained in organic  chemists 

independent of location to avoid  H2O  unless doing  reactions 

where it is beneficial or essential (e.g., hydrolyses).  How unfor- 

tunate that  such  claims  permeate the textbooks. But are the  text- 

books  “right”? Of course,  they  are  correct,  …but only in part!  If 

water  is  present in  an  organic   solvent,   or  what  is  commonly 

referred to as “adventitious” water, then  it can certainly  be proble- 

matic.  But in pure (100%) water, or even mainly water, the story is 

quite  different, and  in many  ways, counterintuitive. As examples, 

acylations  with   acid   chlorides,3   peptide  synthesis,4   and   even 

in situ formation and use of water-sensitive reagents such as orga- 

nozinc  halides5  required for Nobel  Prize-winning Negishi  coup- 

lings: all are doable  in water. But, what about  the solubility  issue; 

most  organics are not  soluble  in water! How can  this  “problem” 

be tackled?  What does Nature do about  this seemingly fundamen- 

tal inconsistency? One need  only look to the human body for 

unequivocal evidence  that  chemistry in water  involving  water-in- 

soluble  biomolecules was solved long, long ago. And so, how did 

evolution deal with lipophilic vitamins (e.g., K2, the menaqui- 

nones), essential coenzymes (e.g., CoQ10) and fatty acids (EPA and 

DHA), as well as the variety of polypeptides, etc. needed for life as 

we know  it? The answer  is that  these  lipophilic compounds are 

localized   in  our  membranes,  vesicles,  and   micellar  arrays.  In 

other  words, Nature  has been  showing  us, unequivocally and 

essentially, forever, how to do chemistry in water:  engineer “bio- 

molecule-like” nanoreactors in  which  modern organic  reactions 

take place. Yes, it really is that  simple. 

https://doi.org/10.1039/d3gc03875k
https://pubs.rsc.org/en/journals/journal/GC
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A quick background:  chemistry in 
water, and not… with water or on 
water 

 
Ever since Blackmond’s paper  questioning (in part) the various 

terminologies that  are being  used  rather “loosely” when  water 

is  present,6  it  has  become important  to  differentiate terms 

such  as “on water”, “with water”, and  “in water”. They are not 

the same,  and  need  be understood when rethinking “aqueous” 

chemistry. Chemistry on water dates  back to early observations 

by Breslow and co-workers,7 and is far from a forgotten techno- 

logy, as reviewed in 2020 by Kobayashi.8 The experimental 

approach here, and unlike  the variety of seemingly  complex 

explanations behind its use,9 is to add water-insoluble reaction 

participants (i.e., substrates, catalysts,  etc.) to  pure  water  and 

stir.  That’s   it;  nothing is  present to  assist   with  the  solubil- 

ization  of reactants (such  as co-solvents,  surfactants, etc.). The 

temperature of reaction might be varied  (e.g., by heating in  a 

microwave),  or the  time,  but  this  chemistry is clearly happen- 

ing  “on  water”. Interestingly, although outside the  scope  of 

this  opus,  what  about  the  related concepts of doing  chemistry 

in the future “on dirty water”, or “under water”. Are these  poss- 

ible,  and  if so, what  is to be gained, and  learned, from  these 

atypical situations? 

Chemistry “with water” is very well known  to organic  che- 

mists  at virtually  any level. Every hydrolysis  reaction involving 

solubilization  of   a   substrate  in   a   water-miscible  organic 

solvent  to which  is added a percentage of water, keeping every- 

thing  in solution, is a “with water” phenomenon. So, what  is 

meant by “in water”, the  remaining of these  three  terms, that 

differentiates it from “with water” and  is the basis  for all of the 

discussion surrounding “chemistry in  water”? The  difference 

is that  “in water” chemistry relies  on  water-soluble “bio-like” 

molecules,   most    notably    nonionic   surfactants   such    as 

TPGS-750-M, also  a  pegylated  amphiphile with  a  methylated 

terminus, and  Savie, a newly introduced and  biodegradable 

amphphile, where a polysarcosine has replaced the hydrophilic 

MPEG portion. Several  others have  appeared over  time  (see 

Fig. 1). Each forms  nanomicelles thereby  creating hydrophobic 

interiors in which  water-insoluble substrates, catalysts,  etc. are 

solubilized,   and    within    these    “nanoreactors”   chemistry 

happens. This  concept, known  for decades as micellar  cataly- 

sis,10  has  been  converted from  a  “hit or  miss” approach as 

used  in  the  past11  into  a better  defined, and  general  entry  to 

effective  modern  synthetic chemistry performed with  use  of 

either  none,  or at most  minimal organic  co-solvent.  Thus,  by 

engineering nano-sized micelles  ( from  nonionic surfactants) 

to  be  more  effective  than the  simpler biomolecules used  by 

Nature  throughout time  (e.g., phosphatidylcholine derivatives), 

seemingly  all types  of catalysis,  e.g., based  on  palladium, are 

amenable to reactions “in water”. 

Unlike enzymes  (which are also nano-sized catalysts), 

namomicelles are  not  discriminating; they  accept  most 

uncharged  lipophilic  educts,  catalysts,   and   additives, 

suggesting that  they are generally  applicable to many  types of 

unrelated chemistry. In  essence, therefore, “designer” surfac- 

tants represent a  modern-day  version  of  a  very old  concept. 

Why has  it  taken   so  long  to  develop  synthetic chemistry in 

water?   Whatever   the   explanation,  not   only  is  chemistry in 

water   essential  in   order   to   minimize  its   contribution  to 

climate change; not only is it crucial  for preserving and extend- 

ing  the   planet’s  limited  supplies  of  natural resources and 

minimizing our  investment in  energy,  but  it also  encourages 

alternative  ways  of  thinking about   doing   organic   synthesis. 

Judging  from  the  reviews  of late,12  it sure  seems  that  Nature 

remains  patiently waiting  for  chemists to  continuously  dis- 

cover, apply, and  profit  from  its “secrets”, just  by switching to 

water (Fig. 2). 

 

 
New chemistry in water 
Aminations 
 

Since Pd-catalyzed  aminations are so important to the fine 

chemicals  area,   and   the   pharma  industry,13   in   particular, 

detailed  studies  have   continued  that    address  C–N  bond 

forming reactions under both  batch14,15 and  flow conditions,16 

in or on  water  (Scheme  1). The former  effort  was designed to 

include aromatic/heteroaromatic halides in  combination with 

either  aliphatic or aromatic/heteroaromatic primary  and sec- 

ondary  amines. These  cross  couplings contain sufficient func- 

tionality  in  each  reaction partner such  that  the  resulting pro- 

ducts  represent the  potential of these  new technologies to be 

useful  at either  the  discovery  or process  research level.17,18 In 

terms  of substrates, the  work  focuses  on  examples  of conse- 

quence,   including   late-stage    functionalization   and    cases 

selected  from  the  Merck  Informer Library,19 with  each  amin- 

ation  done  under green chemistry conditions (vide infra). 

Initially,  a heterogeneous catalyst  was envisioned along  the 

lines  used  previously  for  several  C–C bond  formations using 

aqueous micellar  catalysis  conditions.20  In  developing nano- 

particles as catalysts  (i.e., NP rods; Scheme  1, left),15 the search 

focused   on  finding  the  ligand   (L in  LnPd)  to  be  localized 

within  both  the  nanomicelles in the  water and  on the  surface 

of the  Pd catalyst.  The one  that  “matched” the  aqueous nano- 

micellar  and  heterogeneous NP conditions for C–N couplings 

is the combination of precursor [Pd(crotyl)Cl]2  with tBuXPhos, 

each commercially accessible (Scheme 2). Noteworthy  is the 

amount of palladium required: only 0.125 mol%,  which  trans- 

lates into  2500 ppm  (0.25 mol%)  for this  dimeric cluster. Also, 

use of Savie as a biodegradable designer surfactant21  (in recycl- 

able water;  Fig. 2) plays a role,  being  far more  polar  than pre- 

viously  introduced TPGS-750-M22  (i.e., with  the  MPEG in  the 

latter   being   replaced  by  the   polypeptoid,  specifically   the 

15-mer, derived from sarcosine). Thus, under optimized 

(heterogeneous) conditions, a remarkably broad  array  of ami- 

nated products can be formed, including drug  derivatives  and 

targets   derived  from  educts labeled, e.g., X3 and  X6,18   thus 

equating  to  late-stage   derivatization.  Also  included  in  this 

study is the use of ocean water,23 which is a viable alternative 

medium  to  more   commonly  used   purified  water.   Lastly,  a 

https://doi.org/10.1039/d3gc03875k


This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 739–752  |  741 

View Article Online 

Green Chemistry Perspective 

 

 

P
u

b
li

sh
ed

 o
n

 1
1

 D
ec

em
b

er
 2

0
2

3
. 
D

o
w

n
lo

ad
ed

 o
n

 1
/2

2
/2

0
2

4
 4

:2
4

:4
3

 P
M

. 

 

 

 
 

Fig. 1   Representative nonionic  surfactants that form nanomicelles in water. 
 

 
 
 

5-step   sequence  run   in   1-pot   in   an   aqueous  medium  is 

described, representative of  the  opportunities that  now  exist 

for designing synthetic pathways  that  benefit from  both 

improved time24 and  pot economies.25
 

Lesson learned from Nature. Is it really that  surprising that 

important Pd-catalyzed  C–N bond  formations can  be  accom- 

plished under mild  conditions, and  with  only  ppm  levels  of 

(in  this  case)  precious metal  catalysts  akin  to nature’s use  of 

nanoreactors (e.g.,  enzymes,  although in  this  case,  micelles) 

in  which  to  do  chemistry? Or, is this  to  be  expected,  in  line 

with so many other types of both Pd and even Ni-catalyzed 

couplings26  performed in  water.  The  bottom line  seems   to 

be    that    while    aminations   require   different   conditions 

(mainly   involving   changes  in   catalysts   and   temperatures) 

than those  associated, e.g., with C–C couplings, they are 

amenable  to   chemistry  in   water.   Thus,   a  remaining  fair 

question  might  be:  is  there   still  sufficient  justification  for 

running aminations in organic  solvents  under more  harsh 

conditions that  require an investment in energy, and  with 

unsustainable amounts of Pd? 

https://doi.org/10.1039/d3gc03875k
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Fig. 2   Modern organic synthesis in water, using one of nature’s “reactors” for water-insoluble compounds:  a nanomicelle. 

 
 
 
 

 
 

Scheme 1   Aminations in water, catalyzed via new nanoparticles (NPs), or in flow, on water. 
 

 
 
 
 

 
 

Scheme 2   Representative examples of NP-containing ppm levels of Pd for aminations in water. 

https://doi.org/10.1039/d3gc03875k
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Do we really need commonly used peptide coupling reagents? 
 

When  the  Bill & Melinda  Gates  Foundation asked  us to make 

nirmatrelvir (the key ingredient in Pfizer’s  anti-COVID-19 poly- 

peptide drug  Paxlovid; Scheme  3)27  in a cost-effective manner 

that  does  not  rely on  traditional peptide coupling agents, the 

question we asked  was: “How would  Nature  do this”? Answer: 

thioester intermediates. This led to development of the dithio- 

carbonate, DPDTC,28  which forms the corresponding 2-thio- 

pyridine-derived ester  under a variety of green  conditions, 

including neat  with mild  heating (i.e., 60 °C). The 2-mercapto- 

pyridine  released as by-product is recoverable and  hence, 

recyclable.  Also of note,  although the  initially  formed thioe- 

sters  are perfectly stable  and  thus, isolable, these  can be made 

and  used  in situ and  readily converted to the targeted amide,29 

or in this case, peptide (Scheme 3).30
 

The same  2-pyridyl thioester intermediates can  be reduced 

to either  the  aldehyde, or perhaps more  noteworthy, the  alcohol, 

thereby  avoiding  use of potentially dangerous LAH, especially  on 

scale  (Scheme  4).31   In  addition to amides, aldehydes, and  alco- 

hols,   both   esters   and   thioesters  appeared  to  be   reasonable 

targets, and  indeed, after  some  additional  experimental work, 

both  functional groups  are  now  realizable using  the  same  thio- 

ester   precursors  (see  paper   dedicated  to  solely  this   subject, 

herein).32  Esters  are  formed under either  neat  conditions, or by 

adding the alcohol  (1.05 equiv.) to the in situ-formed 2-pyridyl 

thioester in highly concentrated and  recoverable EtOAc (2 M). 

Thioesters, not  surprisingly, are  even  easier  to  form,  including 

under micellar catalysis conditions in water.33
 

Lesson learned from Nature. Thioesters are used  in vivo for 

a variety of biosynthetic processes (e.g., formation and  degra- 

dation of fatty acids).34  From  the  synthetic perspective, analo- 

gous  2-thiopyridyl   esters   serve  as  precursors to  a  variety  of 

valued  functionality, including generation of important amide 

and   peptide  bonds.  This  approach  avoids   waste-generating 

and  potentially dangerous coupling reagents commonly used 

today in organic  solvents. 

 
Pd-catalyzed carbonylations of aryl halides (bromides and 

iodides) 

While  important bond   formations such  as  amides/peptides, 

esters,  etc. tend  to  start  with  a carboxylic  acid  in  place  (vide 

supra), insertion of CO onto an aryl halide  or pseudohalide is a 

well-known alternative.35 Such processes, regardless of their 

history,  have all been  developed in organic  solvents.  Thus,  it is 

also appropriate for this  disconnection to be re-examined and 

potentially  “upgraded”   to    involve    environmentally   more 

forward-looking chemistry. Moreover,  from  just  the purely syn- 

thetic   perspective  (i.e.,  putting  environmental issues   aside), 

there  are several improvements that  can also be envisioned, 

including (1) development of a technology that  is applicable to 

both  bromides  and   iodides;  (2)  multi-step syntheses taking 

place  in  a 1-pot  process;  (3) use  of milder reaction tempera- 

tures;  and (4) the option to avoid dangerous CO gas and associ- 

ated  equipment. New procedures featuring these  aspects are 

now available  (e.g., to make  amides; Scheme  5), all being  used 

under aqueous micellar  conditions. 

To  ensure  limited exposure   to  CO,  W(CO)6   (1  equiv.  by 

weight)  was  found to  be  an  effective  surrogate that  releases 

CO,  while  loadings  of  the   Pd  catalyst   were  mostly   in  the 

0.5 mol%  range.36  Using  2 wt%  of the  workhorse surfactant 
 
 

 

 
 

Scheme 3   Use of DPDTC-derived thioesters in place of traditional  peptide coupling agents. 

 
 
 

 
 

Scheme 4   Conversion from a carboxylic acid to multiple  functionalities using a 2-thiopyridyl ester intermediate. 

https://doi.org/10.1039/d3gc03875k
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Scheme 5   Generation ( from W(CO)6) and localization  of CO for carbo- 

nylations in aqueous micellar media. 

 

 
TPGS-750-M in water at 70 °C provided, overall,  finalized con- 

ditions  for   carbonylation  of   both   bromides  and   iodides, 

although the  nature of the  catalyst  required for each  showed 

some  variation. Importantly, the aqueous medium is fully 

recyclable,  and  the  investment of  precious palladium is  ten 

times  lower than that  typically used  in  carbonylations of this 

type…and  that’s before  recycling.  Net usage  of ligated  (L) Pd/ 

carbonylation averages out to 0.25 mol%/reaction, which trans- 

lates  into  a new  standard for such  processes. Mainly  amides 

were prepared, although examples  of both  acid  and  thioester 

are  included in  this  study  (Scheme  6). Applications to highly 

functionalized products are  included, as is a synthesis of the 

antitumor agent   sonidegib  involving   amide   formation  that 

relies on carbonylation. 

Lesson learned from  Nature. Carboxylic  acid-derived func- 

tional  groups, perhaps most  notably  amides/peptides, can now 

be made  in water  via insertion of CO into  an  intermediate C– 

Pd bond, starting with an aryl halide  (Ar–X). Conceptually, the 

 
micellar  environment, used  throughout evolution, localizes the 

CO released from  W(CO)6  in  high  concentrations within   its 

inner cores relative to the surrounding water, leading to results 

that  are as good or better  than those  expected  in pure  organic 

solvents. 

 
Especially challenging Pd-catalyzed cross couplings of aryl 

bromides… made easier 

Consider a situation where  molecular modeling indicates that 

a blockbuster drug  might result  from a single  step using  a see- 

mingly   straightforward  Pd-catalyzed   reaction  of  an  in-hand 

aryl- or hetero-aryl bromide. In other  words,  a highly  functio- 

nalized, available  compound need  only  be  converted to  this 

new, highly active drug  in a single  step.  However, all efforts to 

find conditions to negotiate this  coupling lead to failure.  What 

are the  options? Clearly, ignoring the  potential for huge  econ- 

omic and  medicinal gains  is not one of them! 

Faced  with  the  prospect of having  to  re-design the  entire 

route,  a more  palatable alternative is needed, and  indeed, has 

been developed.37 That is, the inactive or poorly participating 

bromide is converted, in situ, into  the  corresponding far more 

reactive   iodide    using   copper   catalysis   (Scheme   7).  Then, 

without isolation/purification, this  newly formed iodide  has  a 

dramatically increased chance of participating in  the  desired 

coupling, in water. The bromide-to-iodide conversion is best 

achieved   in  the   green   and   inexpensive  solvent   95%  EtOH, 

while the dien  ligand  used  is a re-purposed waste material. 

For example,  consider the case involving an anticipated 

straightforward Sonogashira coupling, but  where  an ortho-bro- 

moaniline is experimentally found to  be  totally  unresponsive 

towards  reaction with an activated arylalkyne (i.e., 0% yield; 

Scheme  8). However,  by initially  converting it  to  the  corres- 

ponding  iodide,  and   without  isolation,  it   then    smoothly 

couples to  afford the  desired  unsymmetrical  diarylalkyne in 

73%  overall yield.  Perhaps more  convincing is the  attempted 

Suzuki–Miyaura  coupling between a complex  3-bromopyridine 

and  a  boronate under mild  conditions in  aqueous  micellar 

 
 
 

 
 

Scheme 6   Representative examples of products from carbonylations  of precursor aryl bromides/iodides. 

https://doi.org/10.1039/d3gc03875k
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Scheme 7   Conversion of unreactive aryl/heteroaryl bromides to reactive iodides in situ, followed by cross couplings. 

 

 
 

 
 

Scheme 8   Example illustrating  a reaction that fails to one that goes via 

initial in situ conversion to the iodide. 

media, which  does not form any heterobiaryl (i.e., 0% yield; 

Scheme  9). However, upon  preliminary conversion of the same 

bromide to ( predominantly) its corresponding iodide, this new 

intermediate can then  be used  directly (i.e., under the same 

coupling  conditions,  and   without  isolation)  to   afford  the 

N-Boc-protected  precursor to the antitumor agent  crizotinib in 

69% isolated yield. 

Lesson learned from Nature. Highly derivatized educts con- 

taining normally reactive  aryl/heteroaryl bromides  (e.g.,  such 

as those  found  in the Merck Informer Library) oftentimes contain 

functionality that may compete with a ligand  initially on a Pd-con- 

taining catalyst,  thereby  decreasing or even eliminating catalyst 

activity. One option is to convert  the  bromide in situ  to a more 

reactive   iodide,  which   (without  isolation  or  purification)  ulti- 

mately  may  significantly improve  the  yield  of  desired product. 

The  chances for  a successful transition  metal-catalyzed conver- 

sion,  or any reaction being  run  in nature’s “solvent”, go up  dra- 

matically   using   aqueous  micellar catalysis   where   the   concen- 
 

 
 
 

 
 

Scheme 9   Application of the in situ bromide-to-iodide conversion en route to the antitumor agent crizotinib. 
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trations inside the  nanoreactors (≥2 M) in water  are  usually  ten 

times  those  typically used  in organic  solvents  (which  are limited 

due  to practical considerations, such  as stirring). This  phenom- 

enon,  in general  characteristic of aqueous micellar catalysis,  has 

not  yet been  fully appreciated presumably because chemistry  in 

water   is   not   commonly  utilized.   Nonetheless,   these    likely 

increases in chemical kinetics especially  important in industrial 

circles, remain for further “discovery”. 

 
Chemoenzymatic catalysis: is this the future of organic 

synthesis? 

The  reviews  routinely point  to  the  same  problems associated 

with  “mixing” chemocatalysis, done  in  organic  solvents,  with 

enzymatic catalysis,  typically run  in an aqueous buffered 

medium.38  That  is,  the  “oil and  water  don’t  mix” mentality 

which has been  the guiding principle overshadowing the many 

benefits to be realized  by merging both  approaches.39 Up until 

recently,  this  notion, that  these  two  approaches to  synthesis 

occupy  “two distinct worlds”40  prevailed…but  no  longer.  The 

very idea of changing enzymatic catalysis  for use in organic 

solvents  goes against evolution and  nature’s use of enzymes  in 

water  throughout time.  That’s  clearly  a losing  proposition in 

both  the  short  and  long  term,  especially  with  all the  environ- 

mental issues  now before  us, as well as the promise of enhan- 

cing  an  enzyme’s reactivity  and  selectivity  and  the  “new-to- 

nature”   modifications   that     directed    evolution   offers.41
 

Acknowledgement of these  fundamental aspects of biocatalysis 

provides  yet another reason to encourage chemocatalysis away 

from its use in organic  solvents and towards water. And once 

compatible, chemoenzymatic catalysis  (which  implies use  of 

both   sequentially  and   in   1-pot)   becomes  a  very  attractive 

option for doing  synthesis, today and tomorrow. 

From   the   recently   disclosed  examples   discussed  herein, 

which  further add  to the growing  toolbox of technologies, 

chemistry “in water” is a viable  option. But  there’s far  more 

here  for the taking:  it also provides  an exciting  basis  for unco- 

 
 

 
 

Scheme 10   The “reservoir” effect on biocatalysis due to nanomicelles in the water. 

 
 
 

 
 

Scheme 11   IRED-catalyzed conversions of ketones to nonracemic secondary amines. 
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vering nature’s secrets  that  have accumulated over the  millen- 

nia.  In hindsight, having  micelles  in water  that  enhance both 

chemo-  and  bio-catalysis now makes  sense:  they function both 

as nanoreactors in whch chemocatalysis can take place, also 

benefitting biocatalysis simply  from  their  presence as  a tem- 

porary  “reservoir” in which  water-insoluble products resulting 

from   enzymatic  processes  are  stored  that   might  otherwise 

accumulate and   block  substrate  entry.42  This  phenomenon, 

typically falling  under the  blanket of enzymatic product inhi- 
 
 
 

 
 

Scheme 12   Chemoenzymatic 4-step sequence including  an illustration 

of “metal economy”. 

bition,43  can  be a major  obstacle to subsequent chemocataly- 

sis, or even biocatalysis, especially  with considerable amounts 

of starting materials remaining. Just  having  nanomicelles in 

the water can be a very simple  “fix” (Scheme 10). 

That   several   nonionic   surfactants  (other   types,   such   as 

anionic and  cationic surfactants  have  not  been  evaluated in 

this context) act in this “reservoir” manner can been  seen from 

studies  using   numerous  kit-based  enzymes,   including 

KREDs,42  EREDs,44  ATAs,45  and  selected  lipases  that  make 

esters…in  water.46  Here,  just  the  presence of nanomicelles in 

the water provides  an alternative location for the (especially) 

lipophilic products from  enzymatic catalysis  to be stored, away 

from   the   entryway   thereby   allowing   more   substrate  partici- 

pation. Yet another type of important enzyme,  imine  reductases 

(IREDs), has  only recently  been  evaluated and,  likewise,  found 

to enhance the extent  of conversion associated with several car- 

bonyl/amine combinations.47  Thus,  as shown  in Scheme  11, 

secondary nonracemic amines are readily  formed in somewhat 

variable  overall  ee’s  using  the  benefits derived  from  the  pres- 

ence  of TPGS-750-M (2 wt%).  In  general, the  amphiphile can 

impact the  extent  of conversion, and  hence,  yield, either  quite 

substantially  (e.g.,  >40%  relative   to  that   obtained  using   the 

aqueous buffer alone), or be of little-to-no effect,  indicating that 

screening of  the  surfactant can  be  an  important parameter. 

Here   again,    an   IRED-catalyzed   ketone-to-amine  conversion 

allows for a chemoenzymatic catalysis sequence, in this case 

involving   4-steps,   outlined  in   Scheme   12.  Aside   from   the 

initially  formed N-allylated,  thiophene-containing adduct that 

can be used  “crude”, the concept of “metal economy”20e is also 

highlighted. Thus,  after  conversion to the  amide, a Mizoroki– 

Heck reaction is followed directly by a Suzuki–Miyaura  coupling 

using  the  Pd present in the  aqueous reaction mixture  for both 

steps.   Hence,   this   process   is  another  example   featuring,  in 

addition to metal  economy,  time24 and pot economy.25
 

Lesson learned from Nature. Both chemocatalysis and  bioca- 

talysis  are  now  usable for  synthetic gain  in  nature’s chosen 

 
 

 

 
 

Scheme 13   Variations in levels of Pd as an “impurity”  in FeCl3. 
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reaction medium,  water.  So,  why  maintain a  distinction in 

terms  of the  type of reagent involved;  doesn’t nature see  this 

chemistry as just “catalysis”? 

alter  the  natural  balance associated with  product formation 

was unexpected. Nonetheless, in hindsight, it seems  quite 

reasonable to  consider surfactants, or  surfactant-like species 

and  related biomolecules (such  as  simple  vesicles  and  mem- 
48

 

More of nature’s secrets…just waiting to be “discovered” branes)  as   likely  contaminants  (or   “dirt”) in   the   water 

 

The   finding  that    by  simply   having   nanomicelles  in   the 

aqueous medium associated with  an  enzymatic process  may 
 

 
 

 
 

Scheme 14   Use of  micelle-forming  Kolliphor   EL in  a  Pd-catalyzed 

cross coupling, in air. 

throughout    evolution.   Their    presence   can    dramatically 

enhance the  extent  of  enzymatic conversion to  product and 

thereby,  provide  options for multi-step processes in the  same 

pot (see Scheme  12). 

Another  “gift from  Nature” focuses  on the origin  of the 

nanoparticles (NPs) used  for ppm  Pd-catalyzed  aminations in 

recyclable  water  (vide supra).  These  NPs derive from  treatment 

of inexpensive FeCl3 in THF with MeMgCl (Scheme 13). The 

message  from   Nature,   however,   was  the  finding  that   since 

FeCl3  originates with  mined iron  ore  from  different locations 

in  the  world,  the  iron  is  mixed  naturally with  other   metals 

(mainly   base   metals,  such   as  Cu,  Ni,  Co,  etc.)  to  varying 

extents.  But since  these  sources of iron  are not  the  same  (why 

should they be?), one “impurity” in the iron happens to be pal- 

ladium, which  is processed into  the targeted ferrous  and  ferric 

salts.  ICP-MS analysis   reveals  the  relative  amounts involved, 

and   as  in  the   case   reported,20a   sufficient  Pd  was  present 

(>350 ppm)  in the resulting NPs to catalyze Suzuki–Miyaura 

couplings.  In  other   words,   Nature   is  providing  Pd,  hidden 

within  iron  salts,  at no  cost.  Where  else  might such  precious 

metals be found, without formally  mining for them, that  can 

be parlayed  into  catalysts  for organic  synthesis under green 

chemistry conditions? Such opportunities might be all around 

us; are we really paying attention?49
 

Secrets associated with chemistry in water have been  found 

by others as well. As noted herein, nonionic surfactants enable 

 
 
 
 

 
 

Scheme 15   Very rapid reactions, such as amide/peptide bond constructions, in aqueous solutions of HPMC. 
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chemocatalysis in water, and  in addition, can play a beneficial 

role  in biocatalysis. Although  most  nonionic surfactants used 

in synthesis contain PEG, with perhaps the  exception of Savie 

(Fig. 1),21   the  individual properties of each  PEGylated  surfac- 

tant  need  not  be the  same.  Such is the  case regarding cremo- 

phor,  now  referred to  as  Kolliphor  EL (Fig. 1), a well-known 

polypegylated product derived  from  ricinoleic acid  (the  main 

ingredient in castor  oil), available  in quantity from the BASF.50
 

Data on this  amphiphile does  not  include an unexpected, see- 

mingly  to date  unique property, first  discovered  and  reported 

by the  Beverina  group.51  That  is, notwithstanding the  charac- 

teristically  highly   preferred  dissolution  of  gases,   such   as 

oxygen, in hydrocarbon media  relative to water,52 nanomicelles 

derived  from  Kolliphor  EL can  be used  to great  advantage in 

cases where the presence of oxygen can be tough  to remove,  or 

is particularly disadvantageous in terms  of the  chemistry 

involved.  Or maybe,  reactions (e.g., Suzuki–Miyaura  couplings) 

involving  oxygen-sensitive   groups, such  as  most  phosphines 

can now be run  under aerobic  conditions (Scheme  14).53  What 

is Nature  telling  us about  surfactants? 

Another  spectacular discovery developed by the joint  indus- 

trial/academic team  of Braje (AbbVie) and  Handa (now at 

Missouri)   concerns the  use  of  an  inexpensive, biodegradable 

sugar  (and  very little  of it per  reaction), hydroxypropyl  methyl 

cellulose   (HPMC;  Scheme   15).  When   dissolved  in  water   it 

enables remarkably rapid  reactions to occur. Several types (e.g., 

aminations,53a  amide  formations,53a,b   click,54 SNAr,55  etc.) are 

amenable to  the  purely  aqueous  conditions  involved.56  The 

results are attributed to formation of “hydrophobic pockets” in 

which  reactions happen,  usually   within   seconds-to-minutes. 

What  is known  about  these  pockets  themselves, and  why do 

they  form  using  this  particular cellulose  derivative?  What  are 

the  concentrations of substrates and  how  do  they  find  their 

way so  quickly  into  these  pockets?  Should  this  phenomenon 

be thought of involving  porous liquids that  are  best  known57
 

for  accommodating  gases  but   potentially  in  modified  form 

may  offer   extensive   additional  applications to  organic   syn- 

thesis? In brief,  is this  yet another example  of nature’s secrets 

at a very early stage of development? 

 

 
Summary & conclusions 

 
While  the  theme for this  focused  contribution may be 

“Rethinking  aqueous  chemistry…”,   in   reality,   “re-thinking” 

began  well over 15 years ago leading to the first publications in 

back-to-back-to-back fashion in Organic Letters in 2008.58 Since 

the technologies available  today include many of the most 

commonly  used   processes  in  organic   synthesis,  the   impli- 

cation  is that  there  are no technical hurdles preventing chem- 

istry  from   being   done   in  nature’s  “solvent”, water,  thereby 

replacing waste-generating and  in many  cases,  toxic and  flam- 

mable  organic  solvents.  In this  regard,  “re-thinking aqueous 

chemistry” seems  long  overdue,  as the  world  is beginning to 

recognize   the   essential  transition  away  from   petroleum,  a 

move mandated by existential factors  such  as climate change. 

In this brief review some examples  of more recently added 

processes to  the  growing  toolbox  are  discussed. These  might 

bear  no  obvious  relationship to  each  other,   other  than that 

they  share  the  commonality of their  reaction medium. 

Hopefully,  together they  provide  an  enticing case  for making 

additional discoveries that  lie in wait, having accumulated over 

the  millennia. After all,  with  most  of modern organic  chem- 

istry  having   been   developed  in  organic   solvents,   one  could 

argue  that  much of this  fundamental science  needs  to be re- 

evaluated, and  perhaps, re-done  en route towards  a more  sus- 

tainable discipline.59  To help  make  these  needed transitions 

all the  more  apparent, also  available  and  used  frequently are 

the  metrics associated with green  chemistry. These  all started 

with environmental, or E Factors  from  Sheldon years ago. And 

while   there   are   today   numerous  versions   (e.g.,  cE  Factor, 

etc.),60   the  pharma industry has  adopted, in  general, use  of 

process  mass  intensity (PMI).61  Neither  of these  is indicative of 

the  entire   picture, which  is  why a  full  life  cycle assessment 

(LCA) is actually  the  preferred approach.62  Unfortunately, this 

method of analysis  is quite  labor and  time intensive, and  takes 

a definitive level of “know-how” and  insight not commonly 

available  to industrial labs,  let alone  academic groups. Ideally, 

therefore,  a  collaborative  approach   is   one   attractive  path 

forward.  After all, we may not have a choice. 

The  good  news,  in  part,   is  that   as  the  field  “re-invents” 

itself,  the  “two worlds” of chemocatalysis and  biocatalysis are 

now  merging (i.e., into  “chemoenzymatic  catalysis”) with  the 

help,  to varying degrees, of nonionic surfactants that  enable 

utilization of both  in water.39,42 Thus, on the one hand, the 

oftentimes exquisite selectivities offered by enzymes,  used  in 

water,  should increase in appeal  and  eventually,  applications. 

On   the   other    hand,  nanomicelles  in   the   same   aqueous 

medium, as nanoreactors, are indiscriminate,  welcoming all 

types of substrates and  catalysts,  thereby  enabling an  array of 

chemical reactions. Thus,  the hope  is that  the community sees 

the  unlimited  possibilities for  chemistry in  water,  which  is 

exactly how Nature  planned it long ago. 
 

 
 
 

Conflicts of interest 
 
There are no conflicts to declare. 
 

 
 
 

Acknowledgements 
 
Financial support for the  studies discussed herein, performed 

in the labs of B. H. L. has  been  provided by several companies 

PHT International, Anthem  Biosciences, Takeda  Pharma, insti- 

tutions (the Bill & Melinda  Gates Foundation), and  US govern- 

ment   agencies  (NSF CHE2152566)  is  warmly  acknowledged 

with thanks. Comments on this  review provided by Dr Joseph 

Kincaid,   Mr  Juan   Caravez,   and   Mr  Karthik   Iyer  are   most 

appreciated. 

https://doi.org/10.1039/d3gc03875k


750  | Green Chem., 2024, 26, 739–752 This journal is © The Royal Society of Chemistry 2024 

View Article Online 

Perspective Green Chemistry 

 

 

P
u

b
li

sh
ed

 o
n

 1
1

 D
ec

em
b

er
 2

0
2

3
. 
D

o
w

n
lo

ad
ed

 o
n

 1
/2

2
/2

0
2

4
 4

:2
4

:4
3

 P
M

. 

 

References 
 

1  P. T. Anastas  and  J. C. Warner,  Green Chemistry: Theory and 

Practice, Oxford Press, 2000. 

2  M.   Cortes-Clerget,  J.  Yu,  J.  R.  A.  Kincaid,   P.   Walde, 

F.  Gallou   and   B.  H.   Lipshutz,  Water   as   the   reaction 

medium in  organic   chemistry: from  our  worst  enemy  to 

our best friend, Chem. Sci., 2021, 12, 4237–4266. 

3  For example,  see the acylation  in water en route  to boscalid: 

B. S. Takale,  R. R. Thakore, R. Mallarapu, F. Gallou  and 

B. H. Lipshutz, A Sustainable 1-pot, 3-Step Synthesis of 

Boscaliod   Using  Part   per   Million   Level  Pd  Catalysis   in 

Water, Org. Process Res. Dev., 2020, 24, 101–105. 

4  M.  Cortes-Clerget,  J.-Y. Berthon,  I.  Krolikiewicz-Renimel, 

L. Chaisemartin and  B. H. Lipshutz, Tandem deprotection/ 

coupling for  peptide synthesis in  water  at  room  tempera- 

ture,  Green Chem., 2017, 19, 4263–4267. 

5  (a)  A.  Krasovskiy,   C.  Duplais   and   B.  H.  Lipshutz,  Zn- 

Mediated, Pd-Catalyzed  Cross-Couplings in Water  at Room 

Temperature Without Prior Formation of Organozinc 

Reagents,  J.  Am.  Chem.  Soc.,  2009,   131,  15592–15593; 

(b)  C.  Duplais, A. Krasovskiy  and  B. H.  Lipshutz, 

Organozinc Chemistry Enabled by Micellar Catalysis. 

Palladium-Catalyzed Cross-Couplings between Alkyl and 

Aryl Bromides     in     Water     at     Room     Temperature, 

Organometallics,  2011, 30, 6090–6097.. See also: J. Garca- 

Alvarez, E. Hevia and V. Capriati, The Future  of Polar 

Organometallic Chemistry Written  in  Bio-Based  Solvents 

and  Water, Chem. – Eur. J., 2018, 24, 14854–14863. 

6  D. G. Blackmond, A. Armstrong, V. Coombe  and  A. Wells, 

Water  in Organocatalytic Processes:  Debunking the  Myths, 

Angew. Chem., Int. Ed., 2007, 46, 3798–3800. 

7  (a) D. C. Rideout  and  R. Breslow, Hydrophobic acceleration 

of Diels-Alder reactions, J. Am. Chem. Soc., 1980, 102, 7816– 

7817.  See  also:  (b) S. Narayan,   J. Muldoon, M.  G.  Finn, 

V. V. Fokin,  H.  C. Kolb and  K. B. Sharpless, “On Water”: 

Unique Reactivity of Organic Compounds in Aqueous 

Suspension, Angew. Chem.,  Int.  Ed., 2005,  44, 3275–3279; 

(c) R. N. Butler  and  A. G. Coyne,  Organic  synthesis reac- 

tions  on-water  at the organic–liquid water interface, Org. 

Biomol. Chem., 2016, 14, 9945–9960. 

8  T.   Kitanosono  and   S.  Kobayashi,    Reactions  in   Water 

through “On-Water” Mechanism, Chem. – Eur. J., 2020, 26, 

9408–9429. 

9 L. Lin, Y. Ge, H. Zhang,  M. Wang, D. Xiao and  D. Ma, 

Heterogeneous Catalysis  in Water,  JACS Au, 2021, 1, 1834– 

1848. 

10 D.  Myers,  Surfactant   Science  and   Technology,  Wiley- 

Interscience, New Jersey, 3rd edn,  2006. 

11  T.   Dwars,   E.   Paetzold    and    G.   Oehme,    Reactions   in 

Micellar  Systems,  Angew. Chem.,  Int.  Ed., 2005,  44, 7174– 

7199. 

12  See, for example:  (a) T. N. Ansari,  F. Gallou  and  S. Handa, 

Palladium-catalyzed micellar  cross-couplings: An outlook, 

Coord.  Chem.  Rev.,  2023,   488,  215158;   (b)  E.  Borrego, 

A. Caballero and  P. J. Perez, Micellar  Catalysis  as a Tool for 

C−H Bond Functionalization toward  C−C Bond Formation, 

Organometallics, 2022, 41, 3084–3098. 

13  P. A. Forero-Cortes and  A. M. Haydi,  The 25th  Anniversary 

of  the     Buchwald–Hartwig     Amination:    Development, 

Applications, and  Outlook,  Org. Process Res. Dev., 2019, 23, 

1478–1483. 

14  Y.    Zhang,    B.   S.   Takale,    F.   Gallou,    J.   Reilly   and 

B. H. Lipshutz, Sustainable ppm  level palladium-catalyzed 

aminations in nanoreactors under mild,  aqueous con- 

ditions, Chem. Sci., 2019, 10, 10556–10561. 

15  R. R. Thakore, K. S. Iyer and  B. H.  Lipshutz, Sustainable 

routes to amines in recyclable  water  using  ppm  Pd cataly- 

sis, Curr. Opin. Green Sustainable  Chem., 2021, 31, 100493. 

16  M. J. Wong,  J. M. Saunders, E. Oftadeh, A. B. Wood  and 

B.  H.   Lipshutz,  Pd-catalyzed   Aminations  in   Flow…  on 

Water, in revision. 

17  K.  S.  Iyer,  R.  D.  Kavthe,   Y.   Hu   and   B.  H.   Lipshutz, 

Nanoparticles as heterogeneous catalysts  for ppm  Pd–cata- 

lyzed aminations in water, in revision. 

18  K. S. Iyer,  R. D. Kavthe,  R. M. Lammert, J. R. Yirak and 

B. H. Lipshutz, under review. 

19  P.  S.  Kutchukian,  J.  F.  Dropinski,  K.  D.  Dykstra,   B.  Li, 

D. A. DiRocco, E. C. Streckfuss, L.-C. Campeau, T. Cernak, 

P. Vachal, I. W. Davies, S. W. Krska and  S. D. Dreher,  Chem. 

Sci., 2016, 7, 2604–2613. 

20  (a)  S.  Handa,  Y.  Wang,   F.  Gallou   and   B.  H.  Lipshutz, 

Sustainable Fe-ppm  Pd nanoparticle catalysis  of Suzuki- 

Miyaura cross-couplings in water,  Science, 2015, 349, 1087– 

1091; (b) S. Handa, B. Jin,  P. P. Bora, Y. Wang,  X. Zhang, 

F.   Gallou,   J.  Reilly  and   B.  H.   Lipshutz,  Sonogashira 

Couplings Catalyzed  by Fe Nanoparticles Containing ppm 

Levels of Reusable Pd, under Mild Aqueous Micellar 

Conditions, ACS Catal.,  2019, 9, 12423–12431; (c) H. Pang, 

Y. Hu, J. Yu, F. Gallou and  B. H. Lipshutz, Water-Sculpting 

of a Heterogeneous Nanoparticle Precatalyst for Mizoroki– 

Heck   Couplings  under  Aqueous   Micellar   Catalysis 

Conditions,  J.  Am.  Chem.   Soc.,  2021,   143,  3373–3382; 

(d)  Y.  Hu,   M.  J.  Wong   and   B.  H.  Lipshutz,  ppm   Pd- 

Containing Nanoparticles as Catalysts  for Negishi 

Couplings… in  Water,  Angew. Chem.,  Int.  Ed., 2022,  61, 

e202209784;  (e) Y. Hu,  X. Li, G. Jin and  B. H. Lipshutz, 

Simplified   Preparation   of   ppm    Pd-Containing 

Nanoparticles  as  Catalysts   for  Chemistry  in  Water,   ACS 

Catal., 2023, 13, 3179–3186. 

21  J.  R.  A.  Kincaid,   M.  J.  Wong,   N.  Akporji,   F.  Gallou, 

D. M. Fialho  and  B. H. Lipshutz, Introducing Savie: A 

Biodegradable  Surfactant  Enabling  Chemo-   and 

Biocatalysis   and   Related   Reactions  in  Recyclable   Water, 

J. Am. Chem. Soc., 2023, 145, 4266–4278. 

22  B.   H.   Lipshutz,   S.   Ghorai,    A.  R.   Abela,   R.   Moser, 

T. Nishikata, C. Duplais, A. Krasovskiy,  R. D. Gaston  and 

R. C. Gadwood,  TPGS-750-M: A  Second-Generation 

Amphiphile for Metal-Catalyzed Cross-Couplings  in  Water 

at Room Temperature, J. Org. Chem., 2011, 76, 4379–4391. 

23  B. H. Lipshutz, S. Ghorai,  W. W. Y. Leong,  B. R. Taft and 

D.  V.  Krogstad,   Manipulating  micellar   environments  for 

https://doi.org/10.1039/d3gc03875k


This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 739–752  |  751 

View Article Online 

Green Chemistry Perspective 

 

 

P
u

b
li

sh
ed

 o
n

 1
1

 D
ec

em
b

er
 2

0
2

3
. 
D

o
w

n
lo

ad
ed

 o
n

 1
/2

2
/2

0
2

4
 4

:2
4

:4
3

 P
M

. 

 
enhancing  transition  metal–catalyzed  cross–couplings  in 

water  at room  temperature, J. Org. Chem., 2011, 76, 5061– 

5073. 

24  Y. Hayashi,  Time economy  in total  synthesis, J. Org. Chem., 

2021, 86, 1–23. 

25  Y. Hayashi,  Pot economy  and  one-pot  synthesis, Chem. Sci., 

2016,  7,  866–880.  See  also:   Y.  Hayashi,   Time   and   Pot 

Economy   in  Total  Synthesis,  Acc. Chem.  Res.,  2021,  54, 

1385–1398. 

26  See, for example:  S. Handa, E. D. Slack and  B. H. Lipshutz, 

Nanonickel-Catalyzed Suzuki Miyaura Cross-Couplings in 

Water, Angew. Chem., Int. Ed., 2015, 54, 11994–119998. 

27  D.   R.   Owen,    C.   M.   N.   Allerton,    A.   S.   Anderson, 

L.   Aschenbrenner,   M.    Avery,    S.    Berritt,     B.    Boras, 

R. D. Cardin, A. Carlo,  K. J. Coffman, A. Dantonio, L. Di, 

H. Eng, R. Ferre, K. S. Gajiwala, S. A. Gibson,  S. E. Greasley, 

B. L. Hurst, E. P. Kadar,  A. S. Kalgutkar,  J. C. Lee, J. Lee, 

W. Liu,  S. W. Mason,  S. Noell,  J. J. Novak,  R. S. Obach, 

K. Ogilvie, C. Patel,  M. Pettersson, D. K. Rai, M. R. Reese, 

M. F. Sammons, J. G. Sathish, R. S. P. Singh, C. M. Steppan, 

A. E. Stewart, J. B. Tuttle,  L. Updyke, P. R. Verhoest, L. Wei, 

Q. Yang, Y. Zhu and  Y. An, oral SARS-CoV-2 Mpro inhibitor 

clinical  candidate for the  treatment of COVID-19, Science, 

2021, 374, 1586–1593. 

28  (a) J. I. Lee, Synthesis and  Versatile Utilization of 2-Pyridyl 

and  Pyrimidyl-Related Reagents,  Bull. Korean  Chem.  Soc., 

2020,  41, 735–747 see  also:  (b) J. I. Lee and  H. J. Park,  A 

New Synthesis of N-Methoxy-N-Methyl-amides from S-2- 

Pyridyl Thiocarbamate and  Grignard Reagents, Bull. Korean 

Chem. Soc., 2001, 22, 421–423. 

29  K.  M.  Freiberg,   R.  D.  Kavthe,   R.  M.  Thomas,  P.  Dee, 

M. Scurria  and  B. H. Lipshutz, Direct  formation of amide/ 

peptide bonds from  carboxylic  acids:  no  traditional  coup- 

ling reagents, 1-pot, and  green,  Chem. Sci., 2023, 14, 3462– 

3469. 

30  J. R.  A. Kincaid,   J. C.  Caravez,  K. S. Iyer,  R.  D.  Kavthe, 

N. Fleck, D. H. Aue and  B. H. Lipshutz, A sustainable syn- 

thesis  of the  SARS-CoV-2 Mpro  inhibitor nirmatrelvir, the 

active ingredient in Paxlovid, Commun. Chem., 2022, 5, 156. 

31 K. Iyer, C. Nelson  and  B. H. Lipshutz, Facile, green,  and 

functional group-tolerant reductions of carboxylic  acids… 

in, or with, water, Green Chem., 2023, 25, 2663–2671. 

32  K. M. Freiberg,  E. Ghiglietti, M. Scurria  and  B. H. Lipshutz, 

Green Chem., 2023, 25, 9941–9947. 

33  For a report  claiming that  thioesters cannot be made  under 

aqueous micellar     conditions,    see:    A.    Jordan     and 

H. F. Sneddon, Development of a solvent-reagent selection 

guide  for  the  formation of thioesters, Green Chem., 2019, 

21, 1900–1906. 

34  See, for example:  Q. Qu,  F. Zeng,  X. Liu, Q. J. Wang  and 

F. Deng,  Fatty acid  oxidation and  carnitine palmitoyltrans- 

ferase  I: emerging therapeutic targets  in cancer,  Cell Death 

Dis., 2016, 7, e2226. 

35  A. Schoenberg and  R. F. Heck,  Palladium-catalyzed amida- 

tion  of aryl, heterocyclic, and  vinylic halides, J. Org. Chem., 

1974, 39, 3327–3331. 

36  J. C. Caravez,  M. J. Wong,  R. D. Kavthe,  B. S. Takale  and 

B. H. Lipshutz, Pd-Catalyzed  Carbonylations of Aryl/ 

Heteroaryl Halides in Aqueous  Micellar  Media,  ACS Catal., 

2023, 13, 12383–12390. 

37  R.   M.   Thomas,  D.   B.   Obbard  and    B.   H.   Lipshutz, 

Challenging cross couplings, in water, aided  by in-situ iodi- 

nation of (hetero)aromatic bromides, Chem. Sci., 2023, 14, 

13503–13507. 

38 (a) Y. Wang and  H. Zhao, Tandem Reactions Combining 

Biocatalysts   and   Chemical  Catalysts   for  Asymmetric 

Synthesis, Catalysts,  2016,  6, 194–215; (b) R. Kourist  and 

J. Gonzalez-Sabin, Non-Conventional Media as Strategy to 

Overcome    the    Solvent    Dilemma   in    Chemoenzymatic 

Tandem  Catalysis,   ChemCatChem,   2020,   12,  1903–1912; 

(c) F. Rudroff, M. D. Mihovilovic,  H. Gröger,  R. Snajdrova, 

H.  Iding  and  U. T. Bornscheuer, Opportunities and  chal- 

lenges  for combining chemo-  and  biocatalysis, Nat. Catal., 

2018, 1, 12–22; (d) H. Gröger,  Chemoenzymatic Sequential 

One-Pot  Protocols.  In  Biocatalysis  for  Practitioners- 

Techniques,  Reactions  and  Applications, ed.  G. de  Gonzalo 

and  I. Lavandera, Wiley-VCH, Weinheim, 2021,  ch  14, pp 

403–425; (e) Y. Yamashita and  H. Gröger, Organocatalyst/ 

Biocatalyst  Dual Catalysis.  In Science of Synthesis: Dual 

Catalysis in Organic Synthesis, ed. G. A. Molander, Thieme, 

Stuttgart, 2019, vol. 2, ch 2.5, pp. S.339–S.364. 

39  H.    Gröger,    F.   Gallou    and    B.   H.    Lipshutz,   Where 

Chemocatalysis Meets  Biocatalysis:  In  Water,  Chem.  Rev., 

2023, 123, 5262–5296. 

40  H. Gröger and  W. Hummel, Combining the  “Two Worlds” 

of   Chemocatalysis  and   Biocatalysis   towards    Multi-Step 

One-Pot  Processes  in  Aqueous  Media,  Curr.  Opin.  Chem. 

Biol., 2014, 19, 171–179. 

41  F. H. Arnold, Directed  evolution: bringing new chemistry to 

life, Angew. Chem., Int. Ed., 2018, 57, 4143–4148. 

42  M.  Cortes-Clerget,  N.  Akporji,  J.  Zhou,   F.  Gao,  P.  Guo, 

M. Parmentier, F. Gallou,  J.-Y. Berthon and  B. H. Lipshutz, 

Bridging  the  gap between transition metal-  and  bio-cataly- 

sis via aqueous micellar  catalysis,  Nat. Commun., 2019, 10, 

2169–2178. 

43  Y. Liu, F. Zhang,  L. Jiang, J. J. P. Perry, Z. Zhao and  J. Liao, 

Product inhibition kinetics determinations - Substrate 

interaction affinity and  enzymatic kinetics using  one quan- 

titative  FRET assay, Int. J. Biol. Macromol., 2021, 193, 1481– 

1487. 

44  N.  Akporji,  V.  Singhania, J. Dussart-Gautheret, F.  Gallou 

and  B. H. Lipshutz, Nanomicelle-enhanced, asymmetric 

ERED-catalyzed  reductions  of  activated  olefins. 

Applications to 1-pot chemo-  and  biocatalysis sequences in 

water, Chem. Commun., 2021, 57, 11847–11850. 

45  J.  Dussart-Gautheret,  J.  Yu,   K.  Ganesh,  G.   Rajendra, 

F. Gallou  and  B. H. Lipshutz, Impact of aqueous micellar 

media  on biocatalytic transformations involving transamin- 

ase (ATA); applications to chemoenzymatic catalysis,  Green 

Chem., 2022, 24, 6172–6178. 

46  V.   Singhania,  M.   Cortes-Clerget,   J.   Dussart-Gautheret, 

B.   Akkachairin,   J.   Yu,   N.   Akporji,    F.   Gallou    and 

https://doi.org/10.1039/d3gc03875k


752  | Green Chem., 2024, 26, 739–752 This journal is © The Royal Society of Chemistry 2024 

View Article Online 

Perspective Green Chemistry 

 

 

P
u

b
li

sh
ed

 o
n

 1
1

 D
ec

em
b

er
 2

0
2

3
. 
D

o
w

n
lo

ad
ed

 o
n

 1
/2

2
/2

0
2

4
 4

:2
4

:4
3

 P
M

. 

 
B. H.  Lipshutz, Lipase-catalyzed esterification  in  water 

enabled by nanomicelles.  Applications to  1-pot  multi-step 

sequences, Chem. Sci., 2022, 13, 1440–1445. 

47  X. Li, Y.  Hu,  J. D. Bailey and  B. H.  Lipshutz, Impact  of 

Nonionic Surfactants on  Reactions of IREDs. Applications 

to  One-Pot   Chemoenzymatic  Sequences  in   Water,   DOI: 

10.1021/acs.orglett.3c02790. 

48  B. H. Lipshutz, Nanomicelle-enabled chemoenzymatic cata- 

lysis: Clean  chemistry in  “dirty” water,  Chem Catal.,  2022, 

3, 1–8. 

49  According to a recent  issue  of Chemical & Engineering News, 

(2022, 100 (6), 20–26), the  front  cover entitled “Doomed to 

repeat”, the  story  includes cases  where  low  levels  of  Pd 

present in various  reaction components were unknowingly 

enough to  catalyze  Suzuki-Miyaura couplings that  were 

believed  to be metal-free. But there  was no  curiosity  what- 

soever about  the  source  of precious metal  (i.e., how did  Pd 

end  up  in  the  sodium carbonate used  as  base?).  Perhaps 

Nature  was  providing a hint  to  a discovery  regarding not 

only  another source  of Pd  ( for  free?)  but  also  the  begin- 

nings  of general  methodology requiring very low levels of 

catalyst  (50 ppb)?  Instead, the  reporter, along  with each  of 

the  chemists interviewed, opted  solely to find  fault:  retrac- 

tions  of papers and  how this  type of event happens all too 

frequently (as one  interviewee put  it: “Here we go again”.). 

In   a  broader  sense,   we  may   have   missed  discovering 

another of Nature’s secrets. 

50  See: https://pharma.basf.com/products/kolliphor-el 

(accessed October  10, 2023). 

51  S. Mattiello,   A. Monguzzi,   J.  Pedrini, M.  Sassi,  C.  Villa, 

Y. Torrente, R. Marotta, F. Meinardi and  L. Beverina,  Self- 

Assembled Dual  Dye-Doped  Nanosized Micelles  for  High- 

Contrast  Up-Conversion  Bioimaging,  Adv. Funct.  Mater., 

2016,  26,  8447–8454.  See  also:  S.  Mattiello,   M.  Rooney, 

A. Sanzone,  P. Brazzo, M. Sassi and  L. Beverina, 

Suzuki−Miyaura   Micellar    Cross-Coupling   in   Water,    at 

Room Temperature, and  under Aerobic Atmosphere, Org. 

Lett., 2017, 19, 654–657. 

52  (a) R. Battino,  T. R. Rettich  and  T. Tominaga, J. Phys. Chem. 

Ref.  Data,   1983,  12,  163–178;  (b)  I.  B.  Golovanov   and 

S. M.  Zhenodarova, Russ. J. Gen. Chem.,  2005,  75, 1795– 

1797. and references therein. 

53  (a)  D.  Petkova,   N.  Borlinghaus,  S.  Sharma,  J.  Kaschel, 

T. Lindner, J. Klee, A. Jolit,  V.  Haller,  S. Heitz,  K. Britze, 

J.  Dietrich,  W.  M.  Braje   and   S.  Handa,  Hydrophobic 

Pockets  of HPMC Enable  Extremely  Short  Reaction  Times 

in  Water,   ACS  Sustainable   Chem.  Eng.,  2020,  8,  12612– 

12617; (b) S. Sharma, N. W. Buchbinder, W. M. Braje and 

S.  Handa,  Fast   Amide   Couplings  in   Water:   Extraction, 

Column     Chromatography,     and      Crystallization     Not 

Required, Org. Lett., 2020, 22, 5737–5740. 

54  S.  Sharma,  J.  B.  Jasinski,  W.  M.  Braje  and   S.  Handa, 

Ultrasmall  CuI   Nanoparticles  Stabilized    on   Surface   of 

HPMC: An Efficient Catalyst  for Fast  and  Organic  Solvent- 

Free  Tandem  Click  Chemistry  in  Water,   ChemSusChem, 

2023, 16, e202201826. 

55  N. Borlinghaus, T. N. Ansari,  L. H.  von  Garrel,  D. Ogulu, 

S. Handa, V. Wittmann and  W. M. Braje, Nucleophilic aro- 

matic  substitution reactions under aqueous, mild  con- 

ditions  using   polymeric   additive   HPMC,   Green  Chem., 

2021, 23, 3955–3962. 

56  For  use  of  HPMC  reagent capsules, see:  N. Borlinghaus, 

J.   Kaschel,   J.   Klee,   V.   Haller,    J.   Schetterl,  S.   Heitz, 

T. Lindner, J. D. Dietrich, W. M. Braje and  A. Jolit, Reagent 

and Catalyst Capsules: A Chemical Delivery System for 

Reaction   Screening and  Parallel  Synthesis, J. Org. Chem., 

2021, 86, 1357–1370. 

57 See:      https://www.porousliquidtechnologies.com/#ourap- 

proach (accessed October  10, 2023). 

58  (a)   B.  H.   Lipshutz,  G.   T.   Aguinaldo,    S.  Ghorai    and 

K. Voigtritter, Olefin Cross-Metathesis Reactions at Room 

Temperature Using  the  Nonionic  Amphiphile  “PTS”: Just 

Add  Water,      Org.     Lett.,      2008,      10,     1325–1328; 

(b) B. H. Lipshutz and  B. R. Taft, Heck Couplings at Room 

Temperature in  Nanometer Aqueous  Micelles,  Org.  Lett., 

2008, 10, 1329–1332; (c) B. H. Lipshutz, T. B. Petersen and 

A. R. Abela, Room-Temperature Suzuki−Miyaura Couplings 

in  Water  Facilitated by Nonionic Amphiphiles, Org. Lett., 

2008, 10, 1333–1336. 

59  H. Flerlage  and  J. C. Slootweg, Modern chemistry is rubbish, 

DOI: 10.1038/s41570-023-00523-9 (accessed  December 2, 2023). 

60  (a) R. A.  Sheldon, The  E Factor:  Fifteen  Years  On,  Green 

Chem., 2007, 9, 1273–1283; (b) R. A. Sheldon, The E Factor 

25  years  on:   the   Rise  of  Green   Chemistry and 

Sustainability,      Green      Chem.,      2017,      19,      18–43; 

(c) R. A. Sheldon, The E factor at 30: a passion for pollution 

prevention, Green Chem., 2023, 25, 1704–1728. 

61  (a) L. P. Kowtharapu, N. K. Katari,  S. K. Muchakayala  and 

V. M. Marisetti, Green  metric  tools  for analytical methods 

assessment critical  review, case  studies and  crucify,  TrAC, 

Trends  Anal.  Chem.,  2023,  166, 117196;  (b)  Y.  Tamboli, 

J.   T.   Kilbile   and    A.  Y.   Merwade,    Large-Scale   Amide 

Coupling in Aqueous  Media:  Process  for the  Production of 

Diazabicyclooctane  β-Lactamase   Inhibitors,  Org.  Process 

Res. Dev., 2023, 27, 120–128. 

62  See: https://learning.acsgcipr.org/life-cycle-impacts-and- 

environmental-fate-of-pharmaceuticals/examining-the-life- 

cycle/ (accessed November  21, 2023). 

https://doi.org/10.1039/d3gc03875k
https://doi.org/10.1021/acs.orglett.3c02790
https://pharma.basf.com/products/kolliphor-el
https://www.porousliquidtechnologies.com/#ourapproach
https://www.porousliquidtechnologies.com/#ourapproach
https://www.porousliquidtechnologies.com/#ourapproach
https://doi.org/10.1038/s41570-023-00523-9
https://learning.acsgcipr.org/life-cycle-impacts-and-environmental-fate-of-pharmaceuticals/examining-the-life-cycle/
https://learning.acsgcipr.org/life-cycle-impacts-and-environmental-fate-of-pharmaceuticals/examining-the-life-cycle/
https://learning.acsgcipr.org/life-cycle-impacts-and-environmental-fate-of-pharmaceuticals/examining-the-life-cycle/
https://learning.acsgcipr.org/life-cycle-impacts-and-environmental-fate-of-pharmaceuticals/examining-the-life-cycle/

