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Abstract

Transition-metal-catalyzed carbon—carbon and carbon-heteroatom bond formations are among the
most heavily used types of reactions in both academic and industrial settings. As important as
these are to the synthetic community, such cross-couplings come with a heavy price to our
environment, and sustainability. E Factors are one measure of waste created, and organic solvents,
by far, are the main contributors to the high values associated, in particular, with the
pharmaceutical and fine-chemical companies which utilize these reactions. An alternative to
organic solvents in which cross-couplings are run can be found in the form of micellar catalysis,
wherein nanoparticles composed of newly introduced designer surfactants enable the same cross-
couplings, albeit in water, with most taking place at room temperature. In the absence of an
organic solvent as the reaction medium, organic waste and hence, E Factors, drop dramatically.
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1. Introduction

The chemistry enterprise continues to pay increasing attention to the environmental impact
of its processes and products. While environmental issues have likely been under
consideration for some time, well over a decade ago BASF created a metric based on eco-
efficiency analyses, taking both economic and environmental measures into account.[al
These included energy, materials, emissions, toxicity, hazards, and even land use.[2-5] Such
an extensive analysis applies to individual processes, and while this approach is both cost-
and time-intensive, it is also among the most accurate and informative. An alternative
yardstick appearing at about the same time is the environmental waste or E Factor, which
focuses entirely on one aspect, organic waste, of chemical processes as the measure of
greenness.[8] Several related approaches to E Factors have since appeared, for example, the
effective mass yield (EMY),[”] in recognition of the need to include front-end items such as
starting materials and the investment associated with their production. Other considerations
such as energy consumption and water usage form part of the overall picture.

Very recently, arguments have been advanced for a mass-based analysis, such as PMI
(process mass intensity), as the metric of choice for the pharmaceutical arena.[8] PMI values
are preferred over E Factors, which focus strictly on waste,[?] and as an alternative to a
complete life cycle assessment (LCA)[1011] which, in general, is too costly and time-
consuming. Establishment of a tool for rapid calculation of PMIs, a tool which takes into
account both the huge up-front and process entries, is an important step towards routine
evaluation. Nonetheless, PMI calculations highlight the huge impact that both organic
solvents and water have in calculating mass units associated with a process. Whether
assessed up front in a PMI calculation, or at the back end as waste, organic solvents make up
approximately 85% of organic waste.[12] Thus, it seems perfectly reasonable to continue to
look towards E Factors as a guide to both the economics and extent of greenness of any
individual process.

E Factors are defined as the amount of waste produced relative to the desired material, in
kilograms [Eq. (1)].

E Factor = w (does not typically

r kg of desired product include water)

typically 5-100 for pharma and fine chemicals

@

According to calculations, fine-chemical companies and the pharmaceutical industry in
particular are viewed as the major offenders, with E Factors typically in the 5-100 range.[13]
These numbers can be misleading, however, as water used in the normal course of reaction
workup is not taken into account, and can add greatly to the calculation. That the majority of
organic waste produced is in the form of organic solvents% has led Sheldon and co-
workers, in their monograph Green Chemistry and Catalysis,[*3! to suggest that “...so many
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of the solvents that are favored by organic chemists have been blacklisted that the whole
question of solvent use requires rethinking.” While the environmental implications may be
clear, there are also economic incentives to get organic solvents out of organic reactions.
Up-front costs associated with their purchase, and back-end expenses earmarked for their
proper disposal, are just two of the major fiscal impacts. Others include measures that must
be taken to deal with solvent toxicity and flammability, as well as worker safety issues
which add to production costs.[®] Surely for synthetic organic chemists and those involved in
catalysis in particular, there must be alternatives available which completely avoid organic
solvents as reaction media. One approach focuses on modern micellar catalysis, which
involves small amounts of environmentally benign designer surfactants,[24] dissolved in
water only. This significantly reduces dependence on organic solvents and thereby,
dramatically lowers associated E Factors.

To illustrate the potential offered by suitably engineered nanomicelles as nanoreactors,
several palladium-catalyzed “name” reactions utilized by large pharmaceutical companies,
as described in the literature,[*°] have been selected and their E Factors calculated based on
the total volume of organic solvent(s) employed divided by the amount of desired product
isolated. To illustrate the impact of water on the calculation, E Factors were also calculated
to include the associated aqueous workup, likewise leading to a waste stream, which may
include organic materials (e.g., dissolved organic solvent). These same reactions were then
run in an organic-solvent-free medium of water, which contained a mere 2-5 weight percent
of a commercially available designer amphiphile, such as PTS[!6] or TPGS-750-M[17.18]
(Figure 1). E Factors for each run in water could then be calculated and compared directly
with those based on couplings done in traditional organic media.

2. Comparisons: Micellar Catalysis in Water versus Organic Solvents

Among the array of well-known palladium-catalyzed cross-coupling reactions, the most
commonly cited and patented in the previous decade, according to a review by Snieckus and
Collacot,[1% are the Suzuki-Miyaura, Heck, and Sonogashira reactions. As the examples in
Scheme 1 illustrate, E Factors for reactions associated with each type can be reduced
dramatically, in some cases by greater than an order of magnitude. Since these were run in
water on a far smaller, academic scale relative to those in the published studies, the
corresponding drop in E Factor would likely be even more pronounced at larger scales
where small losses are of little consequence. Moreover, in most cases, the hydrophobic
effectl20] characteristic of aqueous micellar catalysis allows cross-coupling to take place at
room temperature,[2X] while in traditional organic media heating might well be needed to
initiate and/or drive reactions to completion. With heating, especially in solvents such as
DMF, usually comes the unavoidable appearance of varying amounts of side products along
with potential complications associated with product purification and the resulting
diminution in yields of the desired products. Reactions run in water at room temperature, by
contrast, are typically very clean and the yields in comparison can be higher, as seen in each
of these cases.

Running reactions that are water-based has the potential to greatly simplify set up,
execution, and especially workup. A supply of an aqueous solution of the surfactant is
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degassed and stored on the shelf. At the time of use, the required volume can be transferred
to the reaction vessel in air. Once the educts and catalyst have been added, high levels of
conversion are achieved by efficient stirring, which is crucial. When the reaction is
complete, no additional water need be added; that is, product extraction is a matter of adding
a limited amount of a single organic solvent (e.g., EtOAc) to the reaction vessel with
subsequent in-flask extraction and product removal. No additional waste-water streamis
created and the reaction medium need not |eave the reaction flask.

Representative procedure for a Heck coupling in water as shown in Scheme 1:

T
(92%)

B .0 cat [PA[P(tBuy)l], Et;N oy N COE
E\/.i |
- N

=
OEL 5% PTS/H;0 (1 m)
3 NaCl, 4 h, 60°C

[Pd{P(tBu3)},] (77 mg, 0.15 mmol) was added to an oven dried 5 mL microwave
vial equipped with a PTFE stir bar (1x5 mm) and purged with Ar in a glove box.
The vial was capped with a septum and removed from the box. 3-Bromoquinoline
(416 mg, 271 pL, 2.00 mmol) was added through the septum by syringe followed
by a 5wt % PTS/H,0 (3 M NaCl) solution (2.00 mL) and triethylamine (607 mg,
840 L, 6.00 mmol). After stirring the solution for 1 min, ethyl acrylate (400 mg,
426 pL, 4.00 mmol) was added by syringe through the septum. The vial was placed
in an oil bath at 60°C and vigorously stirred for 4 h and then cooled to room
temperature. After extraction with EtOAc (4%250 pL) the resulting organic layers
were combined and washed with brine (1x250 uL), passed over anhydrous MgSQg,
and the solvent was removed by rotary evaporation to afford pure product as a
white crystalline solid (417 mg, 92 %).

These reactions in water are expected to be heterogeneous, as illustrated in Figure 2. Over
time, and with good stirring, they may remain heterogeneous, although the contents tend to
become more flocculent, powdery, or granular in nature. Color changes are typical, although
these can vary widely depending upon the catalyst present in the medium. TLC analysis is
easily performed either in the usual manner, or by an aliquot which has been treated in a vial
with sub-milliliter quantities of non-chlorinated organic solvent. Once a reaction is judged to
be complete, minimal amounts of an organic solvent are added to the flask, and after
stirring, the layers separate for product isolation.

2.1. Recycling of Aqueous Micellar Solutions

Yet another major advantage of modern micellar catalysis, which leads to further reductions
in E Factors, is the facility with which these aqueous reaction mixtures can be recycled. As
noted above, once a reaction is complete, in-flask extraction with a minimum amount of an
organic solvent (e.g., EtOAc, ether, or any hydrocarbon) allows facile product isolation.
Remaining in the aqueous phase, in the reaction vessel, is the surfactant which is ready for
reuse. While the water invested remains at constant levels, it is likely to be eventually
discarded as it becomes contaminated with water-soluble byproducts (e.g., salts) resulting
from the couplings therein. Even here the aqueous waste is minimal, as many reactions in
PTS or TPGS-750-M can be run at global concentrations in the 0.75 to 1.5 M range, which
is uncommon in traditional palladium-catalyzed cross-couplings.[?2] In addition, both

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2014 October 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lipshutz et al.

Page 5

surfactants, as diesters, are readily broken down into their component parts, each of which
(i.e., vitamin E, a dicarboxylic acid, and PEG; PEG = polyethyleneglycol) is
environmentally benign. Done at scale, it is likely that the organic solvent devoted to an in-
flask extraction can be recovered to some extent, given that it is not contaminated by other
solvents usually associated with both the reaction medium and extraction process which are
oftentimes not the same. As shown in Scheme 2, even a single recycle of the medium can
result in the further reduction in E Factors by well over 50% (10.2 — 2.8, and 7.6 —
1.9).[23]

In several of these cross-couplings in water, which have been already reviewed,[4]
recycling has been shown to be viable, and in one case (so far), as many as ten cycles have
been documented.[24] Therefore, it is not unreasonable to anticipate that E Factors derived
from both organic solvents and water usage can be reduced to less than unity.

2.2. Sequential Reactions in Water at Room Temperature

Sequential cross-couplings are also pursued in the pharma arena. One example, shown in
Scheme 3, utilizes a dihaloarene that serves as a linchpin en route to the desired doubly
substituted product. The initial Suzuki-Miyaura coupling relies on refluxing aqueous THF,
while the second reaction, a Sonogashira coupling, is run in warm NMP (N-methyl-2-
pyrrolidone). Both organic solvents are water-miscible and involve washing with copious
amounts of water.[25] The E Factors based solely on organic solvent are 12.4 and 19.7 for
steps one and two, respectively. Taking water from workup into account, the E Factors jump
to almost 34 for step one, and over 55 for the second coupling. By contrast, each run (most
efficiently pursued in the reverse order) under micellar catalysis at <30°C affords an E
Factor which in the absence of water in the equation, is quite low (step 1: 1.4 and step 2:
3.3). Even with water as the global reaction medium, the values are significantly lower than
those from reactions run initially in organic solvents (5.2 vs. 33.9; 6.7 vs. 55.3).

Another option to reduce E Factors associated with cross-couplings relies on reactions
which are run sequentially in a single pot in water at room temperature; that is, in contrast to
two reactions normally requiring two individual pots, two different organic solvents, and
two separate workups. One example of such a sequence related to the case above involving a
dihaloarene is shown in Scheme 4.[26] The initial Sonogashira coupling is followed, without
workup, by introduction of naphthylboronic acid and additional catalyst. The overall E
Factor for this two-step, one-pot process based on organic solvent invested is only 5.1. Even
including the limited amounts of water present as the medium (reaction concentration is 2.0
M) raises the E Factor to only 7.5.

2.3. An Alternative Platform: PQS

Although these reactions document the enormous potential to minimize the extent to which
organic solvents are involved in organic reactions, in each case the catalyst is lost from the
aqueous phase during in-flask extraction. The loss of catalyst not only adds somewhat to the
waste, but can be especially costly when precious metals are involved. To address this issue
of catalyst loss the alternative water-soluble, nanomicelle-forming platform PQSI27] (Figure
3) was designed to provide an additional synthetic handle (i.e., the OH group) on the
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hydroquinone (derived from coenzyme Qqg), a handle to which a catalyst could be
covalently linked.

Catalysts that have been attached include the Grubbs-Hoveyda-1[24 and Grubbs-
Hoveyda-2[28] derivatives (Figure 4; 1 and 2); each forms nanomicelles in water. These
particles enable olefin cross- and ring-forming metathesis reactions to be run in water at
room temperature, where in-flask recycling does not remove the valued ruthenium catalyst.
Recycling is facile and takes place without changes in reaction outcome. Loss of ruthenium
as determined by product analysis was found to be on the order of less than or equal to 2
ppm. Other PQS catalyst combinations include the PQS proline 3, use of which leads to
organocatalysis in water at room temperature without loss of proline upon in-flask product
extraction.[2°]

More recently, PQS-binap-Rh (4; Figure 5) has been prepared and utilized in rhodium-
catalyzed asymmetric conjugate additions of boronic acids to enones, wherein rhodium is
chelated by binap and remains in the aqueous layer.[39] From the standpoint of E Factors, a
literature example involving such a 1,4-addition of a boronic acid is shown in Scheme 5.[31]
Aside from the use of dimethylacetamide (DMA) and the input of external energy to achieve
a reaction temperature of 140°C, the associated traditional organic-solvent-based E Factor is
almost 23. By contrast, the identical reaction could be run in water at ambient temperature to
afford the desired product in comparable yield and isomeric purity with an E Factor of 2.4.

Using a water workup to remove the DMA leads to an E Factor of over 43; with water as the
reaction medium under micellar conditions, the E Factor drops to 8.3. Once the initial
reaction in aqueous nanoparticles has led to the targeted 1,4-adduct, re-introduction of only
additional enone and coupling partner (i.e., no additional catalyst) produced the desired
ketone. The overall E Factor, therefore, when no additional water has been added in the
workup, and based on this single recycle, drops to 2.4. Tellingly, the measured analytical
loss of this valued transition metal, as found within the product ketone in a previous
study,[3%] was less than 10 ppb.

In addition to the absence of organic solvents and the recycling of the aqueous medium and
valuable catalyst, especially for larger scale reactions, these ambient-temperature reactions
based on the PQS platform offer many additional advantages: 1) eliminating the need for
handling/cleaning of the reaction vessel after each reaction, 2) facile reaction monitoring of
room temperature reactions, and 3) potential increased throughput, as time is not lost with
heated or cooled reaction vessels which must be returned to ambient temperatures.

3. Summary and Outlook

This review takes aim at E Factors, and the implications for industrial processes which
generate huge amounts of organic waste derived mainly from usage of organic solvents as
reaction media. Several of the most commonly employed palladium-catalyzed cross-
couplings, as described by several pharmaceutical companies, have been selected for
comparison purposes to illustrate alternative chemistry which may provide a pathway to
significantly reduce E Factors to levels comparable to those associated with other chemical
industries (e.g., bulk chemicals). The key to lowering E Factors in these reactions is the
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application of environmentally benign surfactants which spontaneously self-assemble in
water into nanomicelles of a particularly engineered shape and size such that they maximize
reaction efficiency. Cross-coupling and related reactions run within these lipophilic cores,
especially at ambient temperatures, are typically clean and thus, can oftentimes be higher
yielding than those run in organic media. Opportunities for recycling of these aqueous
reaction mixtures serve to further reduce dependence on organic solvents. New industrial
processes, therefore, that begin green are very likely to remain green for the lifetime of a
given process; that could be years, thus translating into a potential economic and
environmental windfall for each green step in a synthesis. Notwithstanding the potential for
these enormous savings, unknown challenges may well arise with scale up of such micellar-
enabled chemistry. Put another way, what is the downside to this chemistry? When asked of
an industrial colleague, the respononse was: “I don’t see any.” And so as the library of such
processes grows, so should the prospects for sustainability. After all, many organic solvents
are derived from the world’s petroleum reserves. Going forward, one can imagine that many
alternative amphiphiles and/or procedures will be devised in an effort to lower E Factors
even further. We challenge the chemical community to do better!
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CH, CH,

PTS; m=4,n=14;R=H; TPGS-750-M; m=1,n=17; R=Me

Figure 1.
Structures for racemic vitamin E-based amphiphiles PTS and TPGS-750-M.
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Figure 2.
Appearance of a Suzuki—Miyaura reaction mixture over time, and associated work up. 1:

Reagents, 2: surfactant added, 3: after 1 minute, 4: reaction complete, 5: extraxtion solvent
added, 6: extraction solvent mixing, 7: extraction solvent + aqueous surfactant solution.
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Figure 3.
Structure and components of micelle-forming PQS.
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Figure 4.

PQS-based covalently bound catalysts used for metathesis and organocatalysis.
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O
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Ph
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Figureb5.
Structure of PQS-binap-Rh!. binap=2,2-bis(diphenylphosphanyl)-1,1’-binaphthyl, nbd =2,5-
norbornadiene.
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Heck Coupling
~ B . /YO
N OEt

Tetrahedron 2004, 60, 10171

Pd(OAC), (10 mol %)
Bu4NBr, NaHCO3 (4 equiv) (65%)

DMF, 90 °C, 30 min

scale: 300 g NN\ COE
o
N

[PA{P(BuUgk] (7.5mol %), EN A

5% PTS/H,0 (1 M) (92%)
3MNaCl, 4 h, 60 °C

based on: pharma this work
E Factors total organic solvent 40.3 2.2
aqueous workup included 137 7.6

Suzuki-Miyaura Coupling

B(OH),
|
josile
Br

Pd(OAC), (5 mol %), PPhs (10mol %) (80%)

ag. Na,COg/acetone, A, 12 h * ]

scale: 302 g
Br O

[Pd(dtbpf)Cl>] (1 mol %), EtsN 4
2 wt % TPGS-750-M/H,0 (1 M) (93%)
Org. Proc. Res. Dev. 2003, 7, 362 12h, RT
based on: pharma this work
E Factors total organic st?ivent 42 3.9
aqueous workup included 83.0 8.3

Sonogashira Coupling

COR
+
Br

¢\

PdCl, (0.6 mol %),

[PA(CH3CN),Cl,] (2.6 mol %)

PPh; (1.2 mol %), Cul (83%)
EtsN, EtOAc, 50 °C, 4 h *
scale: 57 kg COR
OH

X-Phos (5.2 mol %)

2wt % TPGS-750-M/H,0 (1.5 M) (94%)
Et;N,RT, 18 h
Org. Proc. Res. Dev. 1999, 3,184
based on: pharma this work
E Factors total organic solvent 311 3.7
37.9 7.0

aqueous workup included
R

Scheme 1.

Representative comparison of E Factors for the three named reactions. DMF =N,N-
dimethylformamide, dtbpf=1,1’-bis(di-tert-butyl-phosphino)ferrocene, X-Phos=2-

Me Et

dicyclohexylphosphanyl-2’,4’,6’-triiso-propylbiphenyl.
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Heck Coupling

Pd/C (0.5 mol %) (81%)

NaOAc (1.2 equiv), DMA, 140 °C, 20 h *

scale: 590 kg
HoN HoN
+ 2 eN
I “cN

N [Pd{P(tBu3)},] (7.5 mol %) 4

5wt % PTS/H,0 (1 M) (76%)

EtsN (3 equiv), 60 °C, 3 M NaCl, 16 h

Org. Proc. Res. Dev. 2008, 12, 530 (69%) (recycled)

based on: pharma this work with recycle
E Factors total organic solvent 16.7 2.5 2.8
aqueous workup included 31.1 10.2 2.8

Suzuki-Miyaura Coupling

[Pd(PPhs)4] (56 mol %) (41%)
aq. Na,CO3, CHCN, 80°C, 15h Y o
CFs I al seak. 0 ’
3
(HO)B S N __N
S [Pd(dtbpf)Cly] (2 mol %) A
2wt % TPGS-750-M/H,0 (1 M) (67%)
EtsN (3 equiv), RT, 2 h
J. Med. Chem. 2007, 50, 3497 (66%) (recycled)
based on: pharma this work with recycle
E Factors total organic solvent 220 1.9 1.9
aqueous workup included 50.0 7.6 1.9

Scheme 2.

Page 17

Impact of a single recycling of the aqueous reaction mixture on E Factors. DMA =N,N-

dimethylacetamide.
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step 1
/©/' | O, OH Pd/C (2 mol %), PPh; (2 mol %)
¥ B
Br r\/)_ "OH TBAB, Na,CO; THF/H,0, 20 h
scale: 301 g
(0]
0\ step 2 \\
X propargy! alcohol
5 [PA(PPhs),] (2 mol %), NMP ~_ZZ
v n-butylamine, 60 °C, 2 h OH
(94%) scale: 22 g (75%)
based on: step 1 step 2
pharma total organic solvent 12.4 19.7

E Factors aqueous workup included 339 553

Org. Proc. Res. Dev. 2009, 13, 598

step 1

/©/ / [(DavePhos)Pd(MeCN),Cly] (2.5 mol %), Cul

TPGS-750-M/H,0 (5 wt %)
EtN, 5 h, 30 °C

c
o
step 2 m
0] P
L)—Bpm \ a
5
[Pd(dtbpf)Cl,] (2.5 mol %) e
TPGS-750-M/H,0 (5 wt %)
Et;N, 5h, RT
(60%) (95%)
based on: step1 step2
This Work total organic solvent 1.4 3.3

E Factors  aqueous workup included 5.2 6.7

Scheme 3.
Comparison of E Factors from sequential cross-couplings. DavePhos=2-

dicyclohexylphosphino-2’-(N,N-dimethylamino)biphenyl, TBAB =tetra-n-butylammonium
bromide.
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B(OH), O
22 .5h
(67%)

Patent: US2010331585 (A1)

based on:

E Factors total organic solvent 55

2-steps, 1-pot
( P P aq. reaction mixture included 7.5

Scheme4.
E Factors from a tandem two-step, one-pot sequence.
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asymmetric 1,4-addition [Rh(nbd),]BF 4 (2 mol %)
(S)-binap (2.1 mol %) (88%) (95% ee)
NaOAc (1.2 equiv) L -
DMA, 140°C, 18 h
0 DO scale: 100 g
H
+
Br Br
PQS-binap-Rh (3 mol %) 4
Et3N, H,0O (0.83 M), RT, 12 h (85%) (96% ee)
J. Org. Chem. 2009, 74, 4886 (82%) (92% ee)
based on: pharma  this work with recycle
E Factors total organic solvent 229 24 24
aqueous workup included 43.5 8.3 24

Scheme 5.
Comparison of E Factors using PQS-binap-Rh in water versus organic solvent.
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