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Extraction (Part 1)

After a reaction is completed, the solution often times does not only contain the desired product, but also
undesired byproducts of the reaction, unreacted starting material(s) and the catalyst (if it was used). These
compounds have to be removed in the process of isolating the pure product. A standard method used for this
task is an extraction or often also referred to as washing. Strictly speaking, the two operations are targeting
different parts in the mixture: while the extraction removes the target compound from an impure matrix, the
washing removes impurities from the target compound i.e., water by extraction with saturated sodium chloride
solution. Washing is also used as a step in the recrystallization procedure to remove the impurity containing
mother liquor adhering to the crystal surface.

Many liquid-liquid extractions are based on acid-base chemistry. The liquids involved have to be immiscible in
order to form two layers upon contact. Since most of the extractions are performed using aqueous solutions (i.e.,
5 % NaOH, 5 % HCI), the miscibility of the solvent with water is a crucial point as well as the compatibility of
the reagent with the compounds and the solvent of the solution to be extracted. Solvents like dichloromethane
(=methylene chloride in older literature), chloroform, diethyl ether, or ethyl ester will form two layers in contact
with aqueous solutions if they are used in sufficient quantities. Ethanol, methanol, tetrahydrofuran (THF) and
acetone are usually not suitable for extraction because they are completely miscible with most aqueous
solutions. However, in some cases it is possible to accomplish a phase separation by the addition of large
amounts of a salt (“salting out”). Commonly used solvents like ethyl acetate (8.1 %), diethyl ether (6.9 %),
dichloromethane (1.3 %) and chloroform (0.8 %) dissolved up to 10 % in water. Water also dissolves in organic
solvents: ethyl acetate (3 %), diethyl ether (1.4 %), dichloromethane (0.25 %) and chloroform (0.056 %).
Oxygen containing solvents are usually more soluble in water (and vice versa) because of their ability to act as
hydrogen bond donor and hydrogen bond acceptor. The higher water solubility lowers the solubility of weakly
polar or non-polar compounds in these solvents i.e., wet Jacobsen ligand in ethyl acetate. Other solvents such as
alcohols increase the solubility of water in organic layers significantly because they are miscible with both
phases and act as a mediator. This often leads to the formation of emulsions.

The most important point to keep in mind throughout the entire extraction process is which layer contains the
product. For an organic compound, it is relatively safe to assume that it will dissolve better in the organic layer
than in most aqueous solutions unless it has been converted to an ionic specie, which makes it more water-
soluble. If a carboxylic acid (i.e., benzoic acid) was deprotonated using a base or an amine (i.e., lidocaine) was
protonated using an acid, it would become more water-soluble because the resulting specie carries a charge.
Chlorinated solvents (i.e., dichloromethane, chloroform) exhibit a higher density than water, while ethers,
hydrocarbons and many esters possess a lower density than water (see solvent table), thus form the top layer (see
solvent table).. One rule that should always be followed when performing a work-up process:

Never dispose of any layer away until you are absolutely sure (=100 %) that you will never need it again.
The only time that you can really be sure about it is if you isolated the final product in a reasonable yield,
and it has been identified as the correct compound by melting point, infrared spectrum, etc. Keep in mind
that it is always easier to recover the product from a different layer in a beaker than from the waste
container or the sink. In this context it would be wise to label all layers properly in order to be able to
identify them correctly later if necessary.

In order to separate compounds from each other, they are often chemically modified to make them more ionic
i.e., convert a carboxylic acid into a carboxylate by adding a base. Standard solutions that are used for extraction
are: 5 % hydrochloric acid, 5 % sodium hydroxide solution, saturated sodium bicarbonate solution (~6 %) and
water. All of these solutions help to modify the (organic) compound and make it more water-soluble and
therefore remove it from the organic layer. More concentrated solutions are rarely used for extraction because of
the increased evolution of heat during the extraction, and potential side reactions with the solvent.
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What do I use when to extract?

a. Removal of a carboxylic acid or mineral acid

In order to remove an acidic compound from a mixture, a base like NaOH or NaHCOyj is used. The carboxylic

(or mineral) acid and the base react to form a sodium salt, which is usually exhibits a higher solubility in
aqueous solutions due to its negative charge and higher polarity (as indicated by a more negative log K, value

i.e., CHyCOOH: -0.17, Na*CH;COO™: -3.72).
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Which of the two reagents should be used depends on the other compounds present in the mixture. Sodium
hydroxide is usually easier to handle because it does not evolve carbon dioxide as a byproduct. In addition, the
concentration can be increased significantly if is needed. However, if compounds were present that are sensitive
towards strong bases or nucleophiles (i.e., esters, ketones, aldehydes, etc.), sodium bicarbonate should be used.
It does not react with these compounds because it is a weaker base and a weak nucleophile (due to its resonance
stabilization). Note that the formation of carbon dioxide as a byproduct causes a pressure build-up in the
separatory funnel, the centrifuge tube or the conical vial. Thus, additional precautions (i.e., frequent venting)
have to be taken to prevent any accidents resulting from the pressure build up in the extraction vessel. The target
compound can subsequently be recovered by adding a mineral acid to the basic extract i.e., benzoic acid in the
Grignard experiment in Chem 30CL.

b. Removal of a phenol

Most phenols are weak acids (pK,=~10) and do not react with sodium bicarbonate, which is a weak base itself
(pK,(H,CO3)=6.37, 10.3). However, they do react with a strong base like NaOH. This difference in acidity can
be exploited to separate carboxylic acids and phenols from each other in an organic layer. While many phenols
dissolve poorly in water (8.3 g/100 mL at 20 °C, log K, =1.46), phenolates dissolve very well in aqueous
solutions. After the extraction, the phenol can be recovered by adding a mineral acid to the basic extract.
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¢. Removal of an amine

Depending on the chain length, amines might or might not be soluble in water i.e., propylamine is miscible with
water (log K,,,,=0.48), triethylamine displays a limited solubility at room temperature (17 g/100 mL, log

K,w=1.44), while tributylamine hardly dissolves at all (0.37 g/100 mL, log K,,,=4.60). Amines are basic and

can be converted to ammonium salts using mineral acids i.e., hydrochloric acid. The resulting salts dissolve in
water. However, the solubility of the ammonium salts decreases as the number and size of R-groups increases.
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Ammonium salts from primary amines are much more soluble in water than salts from tertiary amines due the
increased ability to form hydrogen bonds [(H3NEt)Cl: 280 g/100 g H,O, (H,NEt,)CI: 232 g/100 g H,O,

(HNEt3)CL: 137 /100 g H,O (all at 25 °C)].
F—NH, + HJ ————=  BR-NHy* + O

After separation of the organic and the aqueous layer, the amine can be recovered by addition of a strong base
like NaOH or KOH to the acidic extract i.e., lidocaine synthesis. Note that amides are usually not basic enough
to undergo the same protonation (pK, of conjugate acid: ~ -0.5).

d. Isolation of a neutral species

Most neutral compounds cannot be converted into salts without changing their chemical nature. Many of these
neutral compounds tend to react in undesired ways i.e., esters undergo hydrolysis upon contact with strong bases
or strong acids. One has to keep this in mind as well when other compounds are removed. For instance, epoxides
hydrolyze to form diols catalyzed by acids and bases. Ketones and aldehydes undergo condensation reactions
catalyzed by both, acids and bases. Esters also hydrolyze to form carboxylic acids (or their salts) and the
corresponding alcohol. In order to separate these compounds from each other, chromatographic techniques are
often used, where the compounds are separated based on their different polarities (see Chromatography chapter).

e. General Separation Scheme
Based on the discussion above the following overall separation scheme can be outlined. Which sequence is the
most efficient highly depends on the target molecule. There is obviously no reason to go through the entire

procedure if the compound sought after can be isolated in the first step already. Note that many of these steps are
interchangeable in simple separation problems.
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For instance, if the target compound was the base in the system, the extraction with HCI should be performed
first. Whatever remains in the organic layer is not of interest anymore afterwards, unless one of the other
compounds has to be isolated from this layer as well. If the target compound was an acid, the extraction with
NaOH should be performed first. This strategy saves steps, resources and time, and most of all, greatly reduces
waste.

PhioH e

Practical Aspects of an Extraction

An extraction can be carried out in macro-scale or in micro-scale. In macro-scale, usually a separatory funnel
(on details how to use it see end of this chapter) is used. Micro-scale extractions can be performed in a conical
vial or a centrifuge tube depending on the quantities. Below are several problems that have been frequently
encountered by students in the lab:

a. Which layer is the aqueous layer?
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Most solutions are relatively diluted (~5 %) and their density is not much different from that of water (i.e., 5 %

HCI: 1.02 g/cm3, 5 % NaOH: 1.055 g/cm3). Thus, the density of a solid i.e., sodium hydroxide (2.1 g/cm3 in the
solid) does not provide the information sought. The density is determined by the major component of a layer
which is usually the solvent. About 5 % of a solute does not change the density of the solution much. However,
this can change if very concentrated solutions are used (see table in the back of the reader)! Thus, diethyl ether
and ethyl acetate, which are both less dense than the dilute solutions that are usually used for extraction, form
the top layer, while dichloromethane and chloroform form the bottom layer (currently both of them are not used
in Chem 30BL or Chem30CL due to safety concerns!).

b. Why are three layers observed sometimes?

It is not uncommon that a small amount of one layer ends up on top of the other. Mixing with a stirring rod or
gentle shaking usually takes care of this problem. Small amounts (compared to the overall volume of the layer)
should be discarded here.

c. Why do the layers not separate?

This would usually happen if the mixture was shaken too vigorously. Subsequently, an emulsion is formed
instead of two distinct layers. In such an event, the mixture can be stirred slowly with a glass rod to bring the
small droplets together a little faster, which ultimately leads to the formation of a new layer. In some cases, a
careful draining of the existing lower layer can also be helpful because it pushed the bubbles together in the
smaller part of the extraction vessel. In cases, where the phases have similar polarity or density, the addition of
more solvent can assist the separation. Sometimes, the addition of a salt (or salt solution) can also lead to a
better phase separation (“salting out”). In many cases, centrifugation or gravity filtration works as well. When it
is known, through experience, that some mixtures may form emulsions, vigorous shaking should be avoided.
Instead, gently rocking the separatory funnel back and forth for 2-3 minutes will accomplish sufficient degree of
mixing while minimizing the formation of emulsions.

d. How do we know that we are done extracting?

Strictly speaking, hardly ever all of the solute will be extracted since there is finite distribution coefficient for
the compound (see also Extraction II). As a general rule, multiple extractions with small quantities of solvent or
solution are more efficient than one extraction using the same amount of solvent (see below). The amount of
material left behind after two or three extractions is usually very small (less than 5 % in most cases) and does
not justify the effort and resources (solvent and time to perform the extractions and to remove the solvent later
on). Excessive washing will also lower the yield of the product, if the desired compound dissolves noticeably in
the other phase.

e. Why does the extraction container (vial, centrifuge tube, separatory funnel) make funny noises?

This phenomenon will often be observed if sodium bicarbonate is used for the extraction in order to neutralize or
remove acidic compounds. The reaction affords carbon dioxide (CO,), which is a gas at ambient temperature.

Pressure builds up that pushes some of the gas and the liquid out. The container should be vented immediately
before the pressure build-up can cause an explosion, an ejection of the stopper on the top or excessive spillage
upon opening. A similar observation will be made if a low boiling solvent is used for extraction. The shaking of
the mixture increases the surface area, and therefore the apparent vapor pressure of the solvent. In addition,
many extraction processes are exothermic because they involve an acid-base reaction.

f- The centrifuge tube leaks

Often times the cap is either the wrong cap in the first place or it is not properly placed on the top. If NaHCOj5 is
used for extraction, the centrifuge tube has to be vented more frequently.
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g. The separatory funnel leaks

Before using the separatory funnel, the user should check if the stopcock plug and the stopcock fit together well.
In addition, the stopper on the top has to fit into the joint on the top to prevent leakage there (for more details at
the end of this chapter).

h. Why is a centrifuge tube, a conical vial or a separatory funnel used for the extraction and not a beaker or test
tube?

The conical shape of these pieces of equipment makes it easier to collect the solution on the bottom using a
Pasteur pipette because of the smaller interface. The task of getting a clean phase separation will be more
difficult if the liquids are spread out over a large, flat or curved surface.

i. Which layer should be removed, top or bottom layer?

The bottom layer is always removed first independently if this is the one of interest or not because it is much
easier to do. If a centrifuge tube or conical vial was used, the bottom layer should be drawn using a Pasteur
pipette. From this point of view, a solvent with higher density than water would be preferential, especially when
very small quantities are used. This will allow to minimize the number of transfer steps required.

Jj. How much solvent/solution is used for the extraction?

This highly depends on the quantity of a compound that has to be removed. For most washing processes, 10-20
% of the volume of the solution to be washed will do an adequate job. If a large amount of a compound has to be
transferred or neutralized, more concentrated solutions and larger quantities might be needed. Multiple
extractions with smaller quantities are preferred over one extraction with the same quantity of solution/solvent.
If solutions with higher concentrations are used, extra caution is advised because neutralization reactions are
exothermic. This can pose a serious problem when using low boiling solvents i.e., diethyl ether,
dichloromethane, etc. because a pressure build-up will be observed in the extraction container.
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Solvent Formula m.p. (°C) | b.p.(°C) Density Dielectric tan o LogKow | €°Si0,) ¢’ (AL,O3) 1n(cp) P UV Cutoff | Solubility in Health
(g/cm3) Constant (20 °C) nm water hazards
Acetic Acid CH3;COOH 17 118 1.049 6.2 0.174 -0.17 >0.73 large 1.25 6.2 260 o0 Corr.
Acetone CH3(C=0)CH3 -95 56 0.790 21.01 0.054 -0.24 0.47 0.56 032 5.1 330 0
Acetonitrile CH3C=N -48 81 0.786 36.64 0.062 -0.34 0.50 0.65 0.37 5.8 190 0
Benzene CgHg 5 80 0.874 2.28 2.13 0.25 032 0.65 3 280 0.0720 C,M, T
Carbon disulfide CS; 23 77 1.263 2.64 1.84 0.14 0.15 0.36 380 0.2 C,M, T
Carbon tetrachloride CCly -23 77 1.594 2.24 2.83 0.14 0.18 0.97 1.6 265 0.0820 C,M, T
Chloroform CHCl3 -64 62 1.483 4.81 0.091 1.97 0.26 0.40 0.57 4.1 245 0.8220 C,M, T
Cyclohexane CgHy2 7 81 0.779 2.02 3.44 -0.05 0.04 0.98 0.2 210 M, T?
1,2-Dichloroethane C,HyCly -35 84 1.235 10.36 0.127 1.48 0.32 0.42 0.79 3.7 230 0.8720 C,M, T
Dichloromethane CH,ClI, 95 40 1.327 8.93 0.042 1.25 0.32 0.42 0.44 3.1 235 220 C,M, T
Diethyl ether CH3CH,OCH,CH3 -116 36 0.714 427 0.89 0.38 0.38 0.22 2.8 218 7.520 M, T
1,2-Dimethoxyethane CH30CH,;CH,OCH3 -58 84 0.863 7.20 -0.21 0.42 220 0 M, T
Dimethylsulfoxide CH3(S=0)CH3 18 189 1.101 4724 0.825 -1.35 041 0.62 2.24 72 265 0 M?
1,4-Dioxane C4HgO, 12 101 1.034 222 -0.27 0.49 0.56 1.54 4.8 215 o M, T
Ethanol CH3CH,OH -114 78 0.789 253 0.941 -0.24 0.65 0.88 1.20 52 210 o M, T
Ethyl acetate CH3COOCH;,CH3 -84 78 0.900 6.08 0.059 0.73 0.38 0.58 0.46 43 255 8.520 M
Hexane CeHy4 -95 69 0.655 1.88 0.020 3.90 0 0 031 0.01 195 M, T?
Isopropanol (CH3),CHOH -90 82 0.785 20.2 0.799 0.05 0.63 0.82 235 43 210 0 T
Methanol CH;0H -98 65 0.791 33 0.659 -0.77 0.73 0.95 0.60 5.1 210 o T
Methylethyl ketone C4HgO -86 80 0.805 18.51 0.079 0.29 0.39 0.51 0.43 4.5 330 3510 T
N,N-Dimethylformamide | C3H;NO -61 153 0.944 38.25 0.161 -1.01 0.76 091 091 6.4 270 0
Nitromethane CH3NO, 29 101 1.382 37.27 0.064 -0.33 0.54 0.64 0.65 53 380 1020
n-Propanol CH3;CH,CH,OH -127 97 0.804 20.8 0.757 0.25 0.60 0.82 2.30 43 210 00 T
Pentane CsHyp -130 36 0.626 1.84 3.39 0.00* 0 0.24 0 195 M, T?
Pyridine CsHsN 42 116 0.982 124 0.70 0.71 0.94 53 330 0 M, T?
Tetrahydrofuran C4HgO -108 66 0.889 752 0.047 0.46 0.35 0.45 0.55 42 220 o0 T
Toluene C¢HsCH3 95 111 0.867 238 0.040 273 0.23 0.29 0.59 24 286 0.0516 T
Water H,0 0 100 1.000 78.4 0.123 0.82 1.29 1.00 10.2 191
Legend:

* =defined values

tan 6=loss tangent at 2.45 GHz (Microwave)

Log K,~= partition coefficient of unionized compound between n-octanol and water

e® = eluotropic strength (solvent strength parameter)

P =polarity index according to Synder

n(cp) = viscosity of the compound at 20 °C

UV Cutoff = lower limit for the measurement in the UV-Vis spectrum

The solubility is given in g of solute in 100 g water. The superscript indicates the temperature it was recorded.
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Health hazards: Corr=corrosive, C=carcinogen, M=mutagenic, T=teratogenic

General Rules:

1. Halogenated solvents possess a higher density than non-halogenated solvents.

2. Halogenated solvents are not flammable.

3. Ethers such as tetrahydrofuran and diethyl ether tend to form (explosive) peroxides. Thus, they can only be used for a limited time. Be careful when using them.

4. Low boiling solvents i.e., diethyl ether, dichloromethane, etc. can build up a significant pressure when used in extractions. Make sure that the solutions that you are using are at room temperature or below.
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