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ABOUT THE COVER 

Our chemist - collector is convinced that there are still some 
old masters whose ability is unappreciated, and that one of 
these is Leonard Bramer, the painter of this Esther before 

Ahasuerus (oil on wood, 28 ½ x 22 inches). Bramer had 
studied in Italy and was greatly influenced by the Venetians 
and Rembrandt. In fact, he provides a link between Rem­
brandt and the great 18th century Italian, Magnasco. 

We have never greatly liked the story of Esther, and are not 
surprised that there was a good deal of argument by the com­
pilers of the Bible as to whether or not this book should be 
included. It is not so much that we dislike stories of court 
intrigue as that we cringe at the all-too-kind treatment 
accorded King Ahasuerus, The Fool. Here is the most 
dangerous fool of all, the fool with power. He is not a killer 
himself, but a man who votes a Haman into office and then 
says: "Auschwitz? My Lai? Why, I never even heard of these 
places." Yet this fool of a king is never even criticized in the 
story. 

Still, when we look at this beautifully balanced study of 
darkness and light, our admiration for its beauty overcomes 
our disgust for the king. 
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THE APPLICATION OF ELECTRON SPIN RESONANCE AND SPIN-LABELING IN 

BIOCHEMISTRY AND PHARMACOLOGY 

Colin F. Chignell 
Section on Molecular Pharmacology 
Pulmonary Branch 
National Heart and Lung Institute 
Bethesda, Maryland 20014 

Spin-labeling is a spectroscopic technique that employs stable 
organic radicals as probes or reporter groups for biological 
macromolecules.1-5. The first free radical to be used as a spin 
label was the cation radical of the phenothiazine drug chlor­
promazine (I). Ohnishi and McConnell studied the binding of 

this radical to shear-oriented DNA and found that the aro­
matic plane of the drug was perpendicular to the helix axis of 
the nucleic acid.6 Since the chlorpromazine free radical was 
stable over a rather limited pH range, McConnell and co­
workers sought other spin labels. In 1961, Hoffmann and 
Henderson had reported the synthesis of di+butyl nitroxide 
(DTBN) (II), a free radical that was stable in aqueous solu­
tion over a wide range of temperatures and pH values.7 Sub­
sequently, Rozantsev8 in Russia and Rassat9 in France had 
synthesized a large number of free radicals in which the ni­
troxide group was part of a heterocyclic ring system (Ill). 
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These nitroxides provided McConnell and his coworkers with 
the starting materials from which they prepared more specific 
spin labels. A wide variety of compounds containing the ni­
troxide free radical have now beer. synthesized.1-5, s, 9 

THE ELECTRON SPIN RESONANCE SPECTROSCOPY 
OF THE NITROXIDE RADICAL 

When an unpaired electron is placed in a magnetic field, it 
may exist in one of two energy states in which its magnetic 
moment is aligned either parallel or antiparallel to the direc­
tion of the applied field. Transitions between these two energy 
states can be induced by the application of electromagnetic 
radiation of the appropriate energy. The relationship between 
the magnetic field strength ( HJ and the required frequency ( v) 
is given by 

hv=g{3H (1) 

where h is Planck's constant, g is the so-called g-value for the 
electron, and {3 is the Bohr magneton, a fundamental 

constant for the electron. Equation (I) indicates that at re­
sonance, the applied frequency ( v) is directly proportional to 
the �agnetic field (HJ, so that electron spin resonance (ESR) 
can be observed when either H or v is varied. For experi­
mental convenience, it is usual to keep · v constant while H is 
changed. Most commercial ESR spectrometers operate in the 
microwave frequency range of 9 x 109 Hz (or 9 GHz) so that 
His approximately 3300 gauss (G). 

When the nitroxide radical is present at low concentration in 
a non-viscous solvent, its ESR spectrum consists of three 
equally spaced lines of about the same height (Fig. I). This 

lOGAUSS 

Fig. I. The ESR spectrum of a nitroxide radical in 
aqueous soluiion. 

triplet results from an interaction between the magnetic 
moment of the unpaired electron and the magnetic moment of 
the 14N nucleus. In qualitative terms, the magnetic moment of 
the nitrogen nucleus can be aligned parallel, anti-parallel or 
perpendicular to the applied magnetic field. Since the mag­
netic field experienced by the electron is the sum of the exter­
nal magnetic field and the local contribution provided by the 
14N nucleus, it follows that the electron experiences three dif­
ferent magnetic field values each of which gives rise to an ab­
sorption line in the spectrum (Fig. I). For technical reasons, 
the commercially available ESR instruments display the spec­
trum as its first derivative instead of the simple absorption 
spectrum familiar to optical spectroscopists. The spectrum is 
characterized by three parameters : (I) the hyperfine splitting 
(A0), i.e., the distance (G) between adjacent lines, (2) the 
so-called g-factor (g0 ), i.e., the position of the center line in 
the magnetic field and (3) the peak-to-peak linewidth (G). 
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When a nitroxide spin label is incorporated into a host 
crystal, the ESR spectrum of the free radical is dependent 
upon its orientation with respect to the magnetic field (Fig. 2). 
The largest hyperfine splitting (Azz) is observed when the 
magnetic field is parallel to the nitrogen TT-orbital (z-axis) 
(Fig. 3). The g-values are also dependent on the orientation of 

H // X 

H // y 

H // Z 

Fig. 2. The ESR spectra of 4',4'-dimethyloxazol­
idine-,\'-oxvl derivative of acetone oriented in the . 
crystal · 2.2.4.4-tetramethyl-i .3-cyclobutanedione 
(adapted from reference 26). 
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Fig. 3. The molecular coordinate system of the ni­
troxide group. 

the nitroxide group (Fig. 2). At angles that lie between the 
three principal axes, the ESR spectra are intermediate 
between those shown in Fig. 2. When the crystal of nitroxide 
is dissolved in a solvent of low viscosity, the motion of the 
free radical is so rapid that its ESR spectrum appears as a 
triplet (Fig. 1) in which the hyperfine splitting (A0 ) and 
g-value (K) are the average of the values seen in Fig. 2. 
The ESR spectrum of the nitroxide radical is sensitive to 
changes in (I) the polarity of the environment of the radical, 
(2) the molecular motion of the radical and (3) the orientation 

of the radical with respect to the applied magnetic field. The 

2 

ESR spectrum of the nitroxide group is modified by the 
presence of other paramagnetic species. Furthermore, the 
nitroxide group can be chemically reduced by a variety of 
agents with the concomitant loss of its ESR signal. While 
these properties make the nitroxide radical an almost ideal re­
porter group, it should be borne in mind that the bulkiness of 
the nitroxide radical may cause a large steric perturbation of 
its local environment. 
THE NITROXIDE GROUP AS A PROBE FOR BINDING 

SITE POLARITY 

Solvent effects on the ESR spectrum of the nitroxide radical 
are characterized by changes in both A0 and Ko parameters. 
DTBN in water yields A 0 = 16. 7 G and Ko = 2.0056 while 
DTBN in hexane is characterized by Ao = 14.8 G and Ko = 
2.0061. An extensive study by Dodd et al. has shown that Ao decreases while Ko increases as the solvent polarity is de­
creased.10 In line shape studies of moderately immobilized 
spin labels, the solvent dependence can be troublesome 
because it is difficult to estimate the effects on the principal· 
values of A and K· However, when small, rapidly tumbling 
spin labels are used, the solvent effects can be useful. 

Hubbell and McConnell have reported that when IV is dif-
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fused into an aqueous phospholipid dispersion or a rabbit 
vagus nerve in Ringer solution, the high field line is replaced 
by two lines.1 1  Similar observations have been made by Jost 
and Griffith with the DTBN-myelin system.12 The relative in­
tensities of the two high field lines provide a measure of the 
amount of spin label in hydrocarbon and aqueous environ­
ments. McConnell and coworkers have made use of this fact 
to develop a method for the estimation of the fraction of lipid 
in a biological membrane that is in a fluid state.13 

THE NITROXIDE GROUP AS AN INDICATOR OF 

MOLECULAR MOTION 

When the molecular motion of a nitroxide radical in dilute 
solution is decreased by increasing solvent viscosity, the ESR 
lines of the free radical appear to broaden and the spectrum 
becomes asymmetric (Fig. 4). The limiting line shape is 
known as the rigid glass, powder or polycrystalline spectrum 
of the nitroxide radical. This spectrum can be thought of as a 
simple sum of all the spectra shown in Fig. 2 together with the 
spectra of all possible intermediate orientations. As a result, 
the splitting between the outermost peaks of the rigid glass 
spectrum is 2A .,..,., corresponding to the bottom spectrum of 
Fig. 2. The rigicf glass spectrum is encountered whenever the 
spin label is randomly oriented and molecular motion is either 
absent or very slow on the ESR time scale, i. e., when 7-1 « 
I Azz - Axx I ~ 7 x 101 sec-' and 7-1 << I Kxx· Kzz / {3Hh-1 ~ 3 x l07 sec- 1 (at 9.5 GHz) , where Tis the rotational 
correlation time. 



Fig. 4. The effect of solvent viscosity on the ES R 
spectrum of 2.2.6.6-tetramethylpiperidine-l-oxyl 
(5 x JO-'M) dissolved in glycerol (adapted from 
reference 26). 

The ESR spectrum of the nitroxide group can often provide 
useful information on the mobility of the spin label probe. 
For example, the ESR spectrum of human erythrocyte ghost 
membranes labeled with V reveals the presence of at least two 
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populations of spin labels that differ in their relative 
mobilities. The spectrum of one group resembles the rigid 
glass spectrum of the nitroxide group (cf Fig. 4) with a split­
ting of 59 G between the low and high field extrema (Fig. 5, 
lines a and e). These spin labels are highly immobilized. In 
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Fig. 5. The ESR spectrum. of human erythrocyte 
ghost mcmhranc:,, �rin-lahclcd with V. 

contrast, a second group has a fairly sharp three line spectrum 
(Fig. 5, lines b and d) that is characteristic of mobile nitroxide 
groups. The center line in Fig. 5 (line c) contains contribu­
tions from all of the spin labels. Holmes and Piette14 have 
suggested that the highly immobilized spin labels are attached 
to sulfhydryl groups which are buried deep within the mem­
brane where their motion is restricted. The more mobile spin 
labels are probably attached to surface sulfhydryl groups. In 
contrast to the maleimide spin label (V), the iodoacetamide 
analog (VI) labels only the surface sulfhydryl groups. 14 
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Holmes and Piette have found that when erythrocyte ghosts 
labeled with VI are treated with chlorpromazine, a highly im­
mobilized population of spin labels appears in the spectrum. 
They have suggested that the drug induces a change in the 
conformation of the erythrocyte membranes so that spin 
labels which are on the outside of the membrane are moved 
into the interior. 14 

Spin-labeled analogs of stearic acid (VII) have proved to be 
very useful probes for both natural and artificial membranes. 
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For example, when VII (m= l2, n= 3, R=H) is incorporated 
into erythrocyte ghost membranes, its ESR spectrum 
resembles the rigid glass spectrum of the nitroxide group with 
a splitting of 57 G between the low and high field extrema 
(Fig. 6). In contrast, when VII (m= I, n= l4, R=H) is incorpor­
ated into the ghost membranes, its ESR spectrum (Fig. 6) in­
dicates a high degree of motional freedom. Since it seems 
most likely that both labels are oriented with their ionized 

IOG ,_____. 

Fig. 6. The ESR spcctr:1 of two stearic acid ,pin 
lahels hound to human erythrncyte ghost mem­
hrancs. 
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carboxyl groups at the membrane interface, these observa­
tions suggest that near its surface, the membrane has a highly 
ordered rigid structure, whereas the interior of the membrane 
is fairly fluid in nature. Similar results have been observed for 
other membrane systems both natural and artificia1. 1s-17 
Spin labels have been employed to study the effect of various 
perturbants on membrane systems. For example, Hubbell and 
coworkers have made use of ·nitrrixide analogs of methyl 
stearate (VII, m=5, n= IO, R= CH3 ) and 17,B-hydroxy-Sa-an­
drostane to study the interaction of the local anesthetics 
benzyl alcohol and lidoca1ne with erythrocyte ghost mem­
branes.18 ESR measurements indicated that at low concentra­
tions; benzyl alcohol produced a fluidizing effect on the mem­
brane. However, at high (lytic) benzyl alcohol concentrations, 
the spin labels became highly immobilized. Hubbell and co­
workers have suggested that at lytic concentrations, benzyl 
alcohol uncovered protein spin label binding sites that were 
covert in the unperturbed membrane. 18 These results were in 
good agreement with the previously reported nuclear mag­
netic resonance studies of Metcalfe and coworkers.19 
THE NITROXIDE GROUP AS A PROBE FOR 

MOLECULAR ORIENTATION 

The ESR spectrum of the nitroxide radical is sensitive to the 
orientation of the radical with respect to the applied magnetic 
field (Fig. 2). The z-axis of the stearic acid spin label VII 
(m=5, n= IO, R=H) is parallel to the long hydrocarbon chain. 
Hubbell and McConnell have shown that when this spin label 
is incorporated into shear-oriented canine erythrocytes, there 
is a larger splitting when the magnetic field is oriented perpen­
dicular to the surface of the red cells. 11 This suggests that the 
preferred orientation of VII (m=S, n= 10, R=H) is one in which 
its long hydrocarbon chain is perpendicular to the membrane 
surface. Similar observations have been made with artificial 
membrane systems such as oriented phospholipid multilayers. 
In their experiments with phosphatidylcholine multilayers, 
Griffith and coworkers 20 have reported that as the nitroxide 
group is moved farther and farther away from the carboxyl 
head group of stearic acid, the difference between spectra 
recorded with the field parallel and perpendicular to the plane 
of the multilayers decreases until with VII (m= l , n= l4, R=H), 
there is little difference between the two orientations. These 
observations indicate that while an ordered multilamellar ar­
rangement of hydrocarbon chains exists at the surface, the 
interior of the multilayer is quite fluid. Other experiments by 
Hsia and coworkers 21-23 employing both a cholestane spin 
label and VII (m= IO, n=5, R=H) have shown that cholesterol 
causes an increase in the rigidity of egg lecithin multilayers. 
Similar results have been reported by Kroes er al. for erythro­
cyte membranes isolated from cholesterol-fed guinea pigs.24 In 
contrast to cholesterol, general anesthetics such as chloroform 
and butane decrease the organization of lecithin or brain lipid 
multilayers at very low concentrations. 25 Local anesthetics 
such as procaine or tetracaine increase order at low concen­
trations but decrease order at high concentrations. 25 
OTHER APPLICATIONS INVOLVING NITROXIDE 

SPIN LABELS 

Membranes 
It is obvious from the foregoing discussion that spin labels 
have played an important role in determining the structure of 
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membranes (see also refs. 26 and 27). More recently. McCon­
nell and coworkers have used spin-labeled phosphatidylcho­
line analogs to measure some of the dynamic properties of 
mem.branes. For example, Kornberg and McConnell have 
estimated the rate of inside-outside transitions occurring in 
egg lecithin vesicles with the aid of spin label VIIJ.18 In their 

experiments, vesicles labeled with Vil I were treated with 
ascorbic acid at 0° . The ascorbic acid quickly reduced the 
spin labels present in the external monolayer thereby 
abolishing their paramagnetism. Since ascorbic acid is a 
highly polar molecule, it cannot penetrate the vesicles and 
reduce the spin labels present in the internal monolayer. 
However, when the internally oriented labels reoriented 
toward the outside, they were reduced with a half time of 6.5 
hrs. From this experiment, Kornberg and McConnell were 
able to measure the rate of phospholipid flip-flop across the 
artificial membrane. 
Scandella and coworkers have estimated the rate of phospho­
lipid lateral diffusion in rabbit sarcoplasmic reticulum using 
spin labels VI II and IX.29 When vesicles were prepared from 

either VI II or IX, nitroxide-nitroxide interactions reduced the 
ESR spectrum to a single line.5 When such vesicles were 
added to a sarcoplasmic reticulum preparation, patches of the 
spin label were incorporated into the membrane. As the spin 
labels diffused into the membrane, their ESR spectra 
changed until eventually the three-line pattern reappeared. 
From an analysis of the line shapes and their rate of change 
with time, Scandella and coworkers were able to estimate that 
the diffusion constant D of the spin labels was 6 x 10-s 
cm2/sec at 37° . 29 Grant and McConnell have used this same 
approach to examine phospholipid diffusion in the membrane 
of Acholeplasma laidlawii.JO 

Topographical Studies of Binding Sites 
Chignell and coworkers have studied the topographies of the 
active sites of several mammalian erythrocyte carbonic anhy­
drases by means of a series of spin-labeled aromatic sulfon­
amide (X) inhibitors.31-34 The active site of carbonic anhy­
drase is a deep crevice at the bottom of which is a single zinc 
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atom. When an aromatic sulfonamide inh ibitor binds to the 
active site, the sulfonamide group is d irectly coordinated to 
the 1inc atom. Chignell and coworkers prepared a series of 
spin-labeled sulfonamides in  which the d istance d. between 
the su l fonamide group and the pyrrol idine ring of the spin 
label, was varied . I t  was found that when d was small , the 
spin label was h ighly immobi l i1ed when the inh ibitor bound 
to the en1yme active s i te. As d increased , the mobi l ity of the 
spin label also increased unti l even tually the free radical de­
monstrated l ittle or no interaction with the active site. Us ing 
th is  technique. it was possible to determine that the active site 
of human erythrocyte carbonic anhydrase C was 
funnel-shaped and about 14 \ deep. Simi lar studies with the 
human B is01yme and bovine carbonic anhyd rase B suggested 
that the act ive s i tes of these en1ymes were the same shape as 
human carbonic anhyd rase C but somewhat deeper. This 
"'molecular d ipstick" approach was originally devised by Hs ia 
and P iette who used the technique to study the topography of 
haptcn bind ing sites on rabbi t  anti-2,4-d initrophenyl immuno­
globul im ."  

Free Radical Assay Technique 
Lcute and coworkers have used spin labeling in conjunction 
with the immunoassay techn ique for the rapid determination 
of morphine ( X I )  and other d rugs in  u rine, sal iva and other 
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biological fluids . 16 These workers prepared an antigen (X I I )  
by  coupling morph ine t o  bovine serum albumin (BSA) .  A nti­
bodies were then raised aga inst the antigen in  rabbits .  When 
the spin-labeled morph ine analog X I  I I  bound to the anti­
bodies, the ESR spect rum of the nitroxide group became 
broad and asymmetric, indicat ing a h igh degree of immob il­
ization at the immunoglobulin b ind ing s ite. When morphine 
was added to the spin label-immunoglobul in  comp lex, the 
spin label was d isp laced and its ESR spectrum reverted to the 
sharp th ree-line pattern . Leute and coworkers were able to 
estimate the concentration of free sp in  label by measuri ng the 
amplitude of the low field peak. When this amplitude was 
plotted as a function of added morphine, a cal ibration curve 

was obtained from which i t  was possible to estimate the con­
centration of morphine in any biological sample. Morphine 
substitutes such as methadone and propoxyphene and un­
related drugs such as barb i turates and amphetamines were 
not recogni1ed by the antibody. Thus. the technique is well 
suited for use in heroin treatment programs. Chignell and 
Starkweather1 7 h ave recently shown that this same approach 
can also be used when other drug-binding proteins such as 
en1ymes are available. 

PROGNOSIS 

Spi n-label i ng is a versatile spectroscopic techn ique that can be 
used to probe the structure of b iologically important macro­
molecu les. The future should see increasing appl ication of 
spin-label ing to biological prob lems. particularly those that 
involve the various receptor proteins .  F inally. when used in 
conjunction with immunoassay proced ures, spin labels 
provide a rapid method for the detection and quantitation of 
drugs and other small molecules p resent in biological flu ids .  

Dr. Colin F. Chignell 
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15,568-3 16,391-0 16,394-5 17,614-1 

15,568-3 
16,391-0 
16,394-5 
17,614-1 
17,948-5 

3-Carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin·-1-yloxy, free radical .................. .. 
3-.Carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxy, free radical .................... . 
4-Amino-2,2,6,6-tetramethylpiperidinooxy, free radical .................................. . 
4-Hydroxy-2,2,6,6-tetramethylpiperidinooxy, free radical .............................. . .  
4-Oxo-2,2,6,6-tetramethylpiperidinooxy, free radical ..................................... . .  

Precursors to spin labels: 

0 

0 
I ·  

0 

17,948-5 

lg 516.00; 5g $60.00 
lg 58.00; 5g 530.00 
lg $6.00; 5g 520.00 

lg $14.00; 5g $50.00 
lg $6.00; 5g 520.00 

11,573-8 4-Amino-2,2,6,6-tetramethylpiperidine ..................................................... 5g $16.30; 15.6gt 534.15; 25g $53.95 
11,574-6 2,2,6,6-Tetramethyl-4-piperidinol ............................................................. 10g $10.50; 25g $17.50 
11,576-2 2,2,6,6-Tetramethyl-4-piperidone hydrochloride ...................................... 25g $13.20; IO0g $35.20 
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Organic Synthesis �ia Organoboranes II 1 

Selective Reductions Using Borane • tetrahydrofuran Complex 

Clinton F. Lane 
Aldrich-Boranes, Inc. 

Borane - tetrahydrofuran complex (BH3 •THF) in tetrahydro­
furan is a convenient laboratory hydroboration reagent and 
its utility as a selective reducing agent has been described in 
detail by Brown and coworkers.2,3 The reactivity of a number 
of representative functional groups toward BH3 • THF indi­
cated the following relative order : carboxylic acids > olefins 
> ketones > amides > nitriles > epoxides > esters > acid 

chlorides. In addition, nitro compounds, sulfones, sulfonic 
acids, and organic halides are completely stable toward . 
BH3 •THF. 

The possibilities for numerous selective reductions are 
obvious. However, the reactivity of any functional group can 
be greatly modified by structural considerations, e.g., steric 
and inductive effects can decrease the reactivity of a carbonyl 
group. The different rates of reaction of the three hydrides on 
boron and the proximity of two reducible functional groups 
can also affect the relative reactivity. Thus, if two functional 
groups are sterically close in a molecular structure, the first 
hydride on boron in BH3 may cleanly add to the more re­
active group. The intramolecular reaction of the second 
hydride with the other, Jess reactive functional group may 
then be favored by a lower free energy of activation. 

In ortho-substituted benzoic acids, the steric, electronic, and 
proximity effects may be expected to be most pronounced. 
Consequently, we have examined the reduction of o-nitroben­
zoic acid and o-chlorobenzamide with BH3•THF and the 
detailed procedures are given below. 

Aliphatic and aromatic carboxylic acids are reduced rapidly 
(generally in less than I hr at 25°) and quantitatively to the 
corresponding alcohols. 4 This reduction occurs so readily that 
carboxylic acids can be reduced in the presence of almost any 
other functional group. However, introduction of an 
electron-withdrawing substituent decreases the rate of re­
duction. Thus, the reduction of o-nitrobenzoic acid required 
24 hrs at 20-25° for complete conversion to o-nitrobenzyl 
alcohol. Fortunately, the close proximity of the two func­
tional groups caused no problems. 

Primary, secondary, and tertiary amide derivatives of both 
aliphatic and aromatic carboxylic acids are reduced to the 
corresponding amines by excess BH3 • THF.5 The tertiary 
amides prove to be highly reactive and are reduced at 
moderate rates even at room temperature.5 The reactivity 
follows the order: tertiary :! secondary > > primary aliphatic 
> primary aromatic. I ntroduction of an electron-withdrawing 
substituent also decreases the rate of reduction. Consequently, 
the reduction of o-chlorobenzamide required 18 hrs in re­
fluxing THF to obtain a high yield of o-chlorobenzylamine 
using the required 2 I /  3 equivalents of BH 3 per equivalent of 
primary amide with one equivalent of B.H3 in excess. The 
excess BH3•THF is added to compensate for loss of hydride 
during reflux. 

Preparation of o-Nitrobenzyl Alcohol [Note l ]  

M.W. 167.12 M.W. 1 53.14 

99.8% yield 

A one-liter, three-necked, round-bottomed flask equipped 
with a reflux condenser, magnetic stirring bar, and 
pressure-equalizing addition funnel is charged with 50. l g  
(300mmol) of o-nitrobenzoic acid. After flushing the system 
with dry, high-purity nitrogen for one min, 1 00ml of tetra­
hydrofuran is added using a double-tipped needle. The clear, 
orange-colored solution is stirred in a 20-25° water bath as 
3 1 5ml of l M  BH3 •THF solution in THF ( 3 1 5mmol) is trans­
ferred to the calibrated addition funnel using a Flex-needle.™ 
Hydrogen gas evolves duri ng the dropwise addition of the 
first one-third of the BH3 • TH F solution (addition time ~ 30 
min) and essentially no gas evolution occurs during the addi­
tion of the final two-thirds of the BH3 •THF solution 
(addition time ~ 30 min). After stirring for 24 hrs at 20-25° , 
the excess hydride is destroyed at 20-25° by the dropwise 
addition of 300ml of water-saturated diethyl ether at such a 
rate that the gas evolution does not become too vigorous 
(addition time 45-60 min). Water ( 1 00ml) is then added and 
the aqueous layer is saturated with 35-40g of potassium car­
bonate. The clear, orange-colored organic layer is decanted 
and the aqueous layer extracted twice with 1 00ml portions of 
diethyl ether. The ether extracts and the organic layer are 
combined, dried over anhydrous potassium carbonate, 
filtered, and concentrated on a rotary evaporator to give 
45.8g (99.8% yield) of o-nitrobenzyl alcohol as a yellow, 
crystalline solid, mp 69-71 °, with an ir spectrum identical to 
that reported for the authentic material.6 Recrystallization 
from water gives colorless needles, mp 70-72° ( uncorrected) 
(Lit. 7 mp 74°). 

Preparation of o-Chlorobenzylamine [Note l ]  

0 
I I  

0
C

h·NH
2

CI _____ _ 
1) BH3 •THF 

2) HCI 
3) NaOH 

M.W. 1 55.58 M.W. 141 .60 

85.9% yield 

A one-liter, three-necked, round-bottomed flask equipped 
with a reflux condenser, magnetic stirring bar, and 
pressure-equalizing addition funnel is charged with 23.3g 
( I 50mmol) of o-chlorobenzamide. After flushing the system 
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with dry, high-purity nitrogen for one min, 100ml of tetra­
hydrofuran is added using a double-tipped needle. The 
resulting slurry is stirred in a 20-25° water bath as 500ml of 
IM BH 3 THF solution in THF (500mmol) is transferred to 
the calibrated addition funnel using a Flex-needle'" and then 
added dropwise to the slurry over a 90 min period. The 
reaction mixture becomes clear and colorless after the 
addition of ~ 50ml of BH 3 • TH F solution and hydrogen gas 
evolves only during the addition of the first 1 00ml. Following 
the BH3 •THF addition, the reaction mixture is heated to 
reflux and maintained at reflux for I 8 hrs. After cooling to 
20-25° in  a water bath, the clear, colorless . solution is 
hydrolyzed by the careful, dropwise addition of 1 00ml of 
water followed by 40ml of 6N aqueous hydrochloric acid 
[Note 2]. When the addition of the hydrochloric acid is 
complete, the THF is removed by distillation at atmospheric 
pressure until a head temperature of 85-90° is reached. This 
forces complete hydrolysis of the borane• amine complex and 
ensures formation of the amine hydrochloride.' The amine is 
then isolated by adding 1 00ml of 6N aqueous sodium 
hydroxide and extracting three times with 1 00ml portions of 
diethyl ether. The combined ether extracts are washed once 
with saturated aqueous sodium chloride, dried over 
anhydrous potassium carbonate, filtered, and concentrated on 
a ·  rotary evaporator to give 22.2g of a light-yellow oi l .  . 
Short-path distillation of this oil on the Aldrich Kugelrohrs 

gives 1 8.2g (85.9% yield) of o-chlorobenzylamine as a clear, 
colorless oil, bp 1 00±3° (air bath temp.) at 8mm (water 
aspirator), with an ir spectrum identical to that reported for 
the authentic material.9 

Notes 
I )  For handling BH3 • THF, the bulletin "Handling Air-Sensi­
tive Solutions" should first be consulted. This is available 
upon request from Aldrich Chemical Company, Inc. 
2) Vigorous hydrogen gas evolution and foaming of the 
reaction mixture occur upon addition of the water and 
aqueous acid. 
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17,619-2 
14,722-2 

Borane • tetrahydrofuran complex, 1 M in THF, 900g = ca. 1 l ........................ 900g $37.50 
Tetrahydrofuran, 99.5% ................................................................................... 500g $2.85; 1kg $4.25 

3kg $8.75; 16kg $37.50 
1 2,769-8 
S39612-5 

o-Nitrobenzoic acid ......................................................................................... l00g $6.90; 500g $23.10 
o-Chlorobenzamide.......................................................................................... 5g $10.00 

- - - - - - - - - - - · - - - - - · - - - - - · - - - ■ - - - · - · - · - · - - - - - · - · - - - - - - -
Synthetic Thyrotropin Releasing Hormone (TRH) 

U
CH2�H-t NO 

�H 

� l\
=O tNH 2 

L{H 

0 
85,898-6 L-Pyroglutamyl-L-histidyl-L-proline amide 

1 0mg $ 1 0.00 1 00mg $85.00 
- - - - - - - - - - - - - - - - ■ - - - - - · - - -

Synthetic Sweetener 

Enzyme Substrate 

"::P-
0
1icer•· 

H6H'1 � 
NH-�-CH 3 

For the histochemical localization of N-acetyl-,6-glucos­
aminidase. 
D. Pugh, Ann. His tochim., 1 7, 55 ( 1972). 

0 0 0 
II I I  1 1  

85,908-7 N-Acetyl-5-bromoindolyl- ,6-D-glucosaminide 
1 0mg $ 1 5.00 50mg $60.00 

L- -- ·- ·- ·- ·- -- ·- ·- ·- ·- ·- -- -
HO-C-CH2�H-C·NH �H-C-OCH 3 

NH2 CH2 

0 
Low calorie sweetening agent, about I 60 times as sweet as • 

I sucrose. 
M.A. Cloninger and R.E. Baldwin, Science, 170, 8 1  ( 1970). 

8 

Enzyme Inhibitor 

CH3CrHCH2CrHCH20H 
CH3 NH2 

Reversible inhibitor of protein synthesis. 
F. Rouget and F. Chapeville, Eur. J. Biochem., 4, 305 
( 1968). 
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A BRIEF SURVEY OF POLYMER CHEMISTRY 

INTRODUCTION 

In the day of the alchemist, the tarry residues of chemical re­
actions were considered very bothersome. Today, after many 
discoveries and much work, these "tars" have evolved into the 
many useful materials we call plastics or polymers. In the past 
fifty years, the handful of natural and coal t ar residue poly­
mers has grown into such a large arr ay of diverse molecular 
and structural designs that any individual is hard put to h ave 
but a general acquaintance with most of them. The following 
commercial polymer classification list 1 shows the diversit y en­
countered. No matter in what field we apply ourselves, poly­
mers and the chemistry of polymers play a very significant 
role. 

ABS (Acrylonitrile 
B utadiene Styrene) 

Acetals 
Acrylics 
Alkyds 
Cellulose Esters 
Diallyl Phth alates 
Epoxies 
Fluorocarbons 
Nylons 
Phenolics 
Phenylene Oxides 
Polysulfones 
Polyaryl Sulfones 

Polybutadienes 
Polybutylenes 
Polycarbonates 
Polymethyl Pentenes 
Polyesters 
Polyethylenes 
Polyimides 
Polyamide-imides 
Polypropylene 
Polyphenylene Sulfide 
Polyether Sulfones 
Polystyrenes 
Polyvinyl Ch loride 
Silicones 

From the st andpoint of the organic chemist, th e chemical 
structures are famili ar. Th e same carbon, hydrogen, oxygen 
and nitrogen combinat ions are present .  Th e differencs is 
merely that they are in relat ively gigantic (molecularly 
speaking) molecules. Th e science of polymer synthesis is con­
cerned with polymerization - the react ion mechanisms wh ich 
bond together th e small react ive compounds called monomers 
into the long repeat ing structures called polymers. 
Organic and inorganic molecules which are classified as 
monomers have the ability to attach to a react ive site and, in 
turn, provide a react ive sit e  for th e next monomer. The differ­
ent r eact ion mechanisms by wh ich polymers are synth esized 
are t ermed condensat ion polymerization, free radical poly­
merization and ionic polymerization. Th ese mechanisms and 
the several variat ions of each will be br iefly described. 

FREE RADICAL POLYMERIZATION 

When a free valence is associated with an atom in a group 
such as ·CH3 , it is termed a "free radical". Free radicals are 
normally low in stability and exist only as short -lived tran­
sient. species. In polymerizat ions of vinyl compounds, free 
radicals (R·)  are commonly produced by a polymerization 
initiator such as benzoyl peroxide. 

Init iator R-

Free radical addition to  a vinyl double bond readily occurs in 
a step known as an initiation react ion and results in 

the formation of a second free radical. In turn, this free 
radical species can add to  another monomer 

and subsequently t o  other monomer units t o  form a long 
chain polymer molecule wh ich might eventually contain 
thousands of monomer units. The multiaddition st ep is 
termed propagation. 
The chain continues to grow unt il a t ermination react ion, 
which is usually the mutual interact ion of two radicals, occurs. 

Other reactions can occur to terminate chains depending on 
conditions and materials used, although the effect is essen­
t ially the same. Adj ustment of chain lengths (molecular 
weight) by control of terminat ion reactions provides a means 
of varying the ph ysical propert ies of the fi nal polymer. 
There are essent ially four types of processes by which free 
radical polymerizat ions are carried out -· polymerization in 
bulk, suspension, emulsion and solut ion. A brief descript ion 
of each of these processes is given below. 
Bulk Polymerization 
B ulk polymerization, somet imes referred to as mass polymer­
ization, involves the direct conversion of monomers to  poly­
mers without the addition of a second medium. Catalysts, 
heat, or the combination of both are ut ilized to make the 
polymerization proceed at a reasonable rate. Alth ough some 
monomers are known to  polymerize in the solid state,2 
polymerizations are normally done in the liquid phase. As the 
react ion proceeds, a viscous solut ion of polymer dissolved in 
monomer is obtained if the polymer is soluble in th e 
monomer phase. A precipitate is formed in the few cases 
where a polymer is not soluble in its own monomer. The 
percent of monomer wh ich has become polymer is called the 
conversion and the number of. monomer units per chain is 
called the degree of polymerization (D.P. ). 
Free radical bulk polymerizat ions can be carried out in t est 
tubes or small flasks in the laboratory without much problem. 
However, the exothermic polymerization reaction coupled 
with poor heat transfer through viscous monomer-polymer 
mixtures, requires · careful design of both equipment and 
react ion condit ions in ' larger scale react ors. Inadequate 
control of temperature can lead to autocatalytic conditions 
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yielding products of undesired low molecular weights, broad 
molecular weight distributions and inferior color due to 
polymer degradation . 
To avoid runaway reactions, several factors have to be taken 
into consideration . First, the inherent heat of polymerization 
varies widely, ranging fro m  7 .0 kcal/ mole to 41 kcal/ mole 
for vinyl monomers3• Secondly, there is the reactivity of the 
monomer with its radical. Some monomers are so reactive as 
to preclude the possibility of controlling polymerization in 
bulk and, in fa ct, this makes them hazardous to store without 
proper precautions using inhibitors and refrigeration. Other 
monomers, such as styrene, behave quite well and can be 
polymerized in bulk without violence under the proper condi­
tions. A third factor is heat transfer requirements. Heat must 
be removed by evaporation or conduction to maintain even 
temperatures required for controlled polymerization. 
Bulk polymerization is useful for producing molding powders, 
casting resins, adhesives and viscous liquid low polymers used 
as plasticizers, tackifiers and lubricant additives. 
Suspension Polymerization 
A modification of the bulk polymerization process, which is 
designed to take care of the heat transfer problem, is called 
suspension or bead polymerization . This modified process in­
volves the use of a second immiscible liquid phase. 
Monomers containing initiators are dispersed in the suspen­
ding liquid, which is usually water, in the form of small 
droplets. Suspension is maintained by the use of stabilizers, 
such as methyl cellulose, and agitation . Heat is applied to 
convert the monomers in to polymer resulting in beads of 
polymer. At completion of the polymerization , the beads are 
filtered and the stabil izer removed by washing, leaving the 
polymer in a form conven ien t for handling. 
The use of the suspension polymerization method is normally 
restricted to polymers with a high softening point so that the 
final product does not fuse into a solid mass on recovery. An 
inheren t problem in this method of polymerization is the ten ­
dency for the partially polymerized beads to stick together 
during the polymerization , because at partial conversions, 
monomer swollen polymer is presen t. Careful consideration 
must be given to stabilizers, stirring and rates of polymer­
ization to avoid serious difficulties. 
From the standpoin t of polymerization kinetics, the suspen­
sion process is identical to polymerization in bulk. Thus, sus­
pension polymerization is essen tially well-cooled bulk poly­
merization . However, because of the temperature control and 
conven ient final form of the polymer, suspension polymer­
ization is of outstanding industrial importance. 

Emulsion Polymerization 
Emulsion polymerization also employs a second medium, 
commonly water. However, in contrast with the suspension 
process, the kinetics of polymerization and the resulting 
polymer are significantly different from those of bulk poly­
merization . Aside from the obvious advan tage of easy heat re­
moval, emulsion polymerization provides very rapid reactions 
at low temperatures to give polymers of very high molecular 
weight. 

IO  

Emulsion polymerization i s  differen t from suspension poly­
merization basically because the locus of polymerization is 
not in the monomer droplets but occurs in much smaller 
particles which originate in the aqueous phase. Aqueous 
emulsifiers are used to create much larger numbers of 
monomer clusters than monomer. droplets derived from dis­
persing the monomer phase. These clusters usually originate 
in emulsifier clusters called micelles and the number is con­
trolled by the emulsifier concen tration. Polymerization occurs 
when a radical derived from a water soluble in itiator such as 
potassium persulfate, enters the micel le. Radicals are prefer­
entially captured by the micelles because of their greater 
number, and therefore larger surface area than monomer 
droplets. 
As polymerization progresses within the micelle, the polymer 
concentration increases, the monomer concentration de­
creases and additional monomer diffuses from the aqueous 
phase. As the monomer concen tration in the aqueous phase is 
depleted, monomer is supplied by the large monomer 
droplets. Thus the large droplets act as reservoirs for the 
growing micelles. 
Since on ly one radical exists within our hypothetical micelle, 
termination by recombination cannot occur and a high 
molecular weight polymer results. Molecular weight can be 
regulated by controlling the rate of capture of radicals by a 
micelle since a secon d radical will terminate the first, stopping 
polymerization. A third radical will reinitiate polymerization 
until a fourth enters, etc. 
The emulsion system then provides a means by which the 
radical concentration in the reactor can be very high and yet 
the termination rate is low because each radical is contained 
within its -own minute monomer-polymer particle. Particle 
sizes resulting from emulsion systems are normally in the 
submicron range whereas those from suspension polymer­
ization are in the 100+ micron size range. 
Because of the very small size of emulsion polymer particles 
and the use of emulsifiers in the process, the polymer is diffi­
cult to recover in solid form. Therefore, as a general rule, the 
emulsion system is used to produce polymers which will be 
used in the form of the final latex (emulsion ) such as 
water-based paints or for uses which require very high mole­
cular weight polymers. 
Solution Polymerization 
Solution polymerizations allow better control over reaction 
conditions since the monomer concentration is red uced, resul­
ting in a slower polymerization rate, and the viscosity at any 
given conversion is reduced allowing better heat transfer. 
These are accomplished by adding a compatible, 
non-monomeric, liquid solven t to the monomer. This method 
is very useful for the preparation of products which are to be 
used in solution form such as glues or solvent-based paints. 
Solution polymerization is also useful for the preparation ·of 
low- melting polymers which are normally hard to handle as 
they are viscous syrups at room temperature. 

In solution polymerization , the solvent used must be 
sufficiently pure and non-reactive as not to in terfere with the 
polymerization . Solvents can modify polymerization reactions 



by inducing initiator decomposition, reacting with the radicals 
formed by the initiator, reacting with the growing polymer 
chain or providing an unfavorable environment for the 
polymer molecule. 

The reduction of monomer concentration realized by the use 
of solvents reduces the molecular weight at a given radical 
concentration. Reaction with the growing chain by termin­
ation or transferring the radical to a solvent molecule also re­
duces the molecular weight. Thus, contrasted with suspension 
polymerization which produces molecular weights similar to 
those of bulk polymerization, and emulsion polymerization 
which produces much higher molecular weights, solution 
polymerization usually results in lower molecular weight 
polymers. Of course, conditions of polymerization and other 
mechanisms can be employed to considerably vary the mole­
cular weight obtained by any method and considerable 
overlap occurs in molecular weight ranges produced by any of 
these methods. 

IONIC POLYMERIZATION 

Ionic polymerization is a relatively new field of research com­
pared to free radical methods. Study of the k inetics and me­
chanisms of ionic polymerization has often proven difficult as 
the reactions are sensitive and more d ifficult to control com­
pared with free radical polymerization. 

A decided advantage in some ionic systems is control over the 
stereochemistry of the polymer produced. Some systems allow 
the formulation of polymeric structures with regular place­
men,s to give syndiotactic or isotactic structures. Other 
systems allow precise control of molecular weights and block 

sequences in copolymers. The work of Natta in the hetero­
geneous catalyst anionic systems and that of Szwarc in homo­
geneous anionic systems have led to important commercial 
developments of ionic systems in the past fifteen years. 

Cationic Polymerization 
Monomers which lend themselves to cationic polymerizations 
are those bearing electron releasing groups attached to an 
ethylene group. Catalysts for cationic polymerizations are 
metallic salts which have strong electron affinities. Polymer­
izations are often carried out at very low temperatures and di­
luents of higher dielectric constants such as alkyl halides are 
used to speed up reactions. I nit iation and propagation occur 
in much the same way as in a free radical mechanism except 
that an ion is transferred rather than a radical. 

BF3 + H O H  -

(CH3hC + + CH2 = C(CH3h - (CH3h C- CH2- C (CH3h 

Due to steric factors and d ifferences in polarity, al l  vinyl 
monomers do not polymerize cationically. Conversely, there 
are monomers which polymerize by ionic mechanisms but do 
not undergo free radical polymerization. The following Table4 

lists the polymerization methods suitable for some common 
monomers. 

Cationic Only Free Radical Only Anionic Only 

Isobutylene and derivatives, CH2=C(CH3),, 

CH,=C(CH,)R 
Alkyl vinyl ethers, CH,=CHOR, and 

related ether types, 
CH,=C(R)OR, CH,=C(OR),, 
CH,OCH=CHOCH3 

Coumarone, indene 
Derivatives of c,-methylstyrene, 

CHO'' 

OR 

Halogenated vinyls, 
CH,=CHX 
CH,�-cx, 
CF,, =CFX 
CF,=CX, 

where X = halogen, hydrogen 
(but CH,=CH, not included) 

Vinyl esters, 
CH,=CHOCOR 

Vinyl idene cyanide, 
CH, �C(CNJ,, and related 
cyano derivatives, CH,� C(CN)Y, 
where Y = SO,R, CF,, COOR 

Nitroethylenes, 
CH, C(NO,)R 

Cationic or Free Radical Free Radical or Anionic 

N-vinylcarbazole, �-o 
��N/ 

I 
CH=CH, 

N-vinylpyrrolidone, CH2�CH2 
I I 

CH, C=O 
�N/ 

I 
CH=CH2 

Acryl ic and methacrylic esters 

Vinylidene esters, CH,�C(COOR), 

Derivatives of acrylonitrile, CH2c=CRCN 

CH2=CRCONH2 

Cationic, Free Radical, or Anionic 

Ethylene, CH,=CH, ;  butadiene, CH2=CH-CH= CH, ; 
c,-methylstyrene ;  methyl vinyl ketone 

Coordination or Supported Metal Oxide Catalyst 

C£-Olefins including ethylene, dienes, alkyl vinyl ethers 

I I  



A very significant commercial application of cationic poly­
merization has been the preparation of butyl rubbers. Copoly­
mers of isobutylene with isoprene are produced in large quan­
tities in continuous processes operating at - 100° C utilizing 
catalysts such as A1Cl3 and BF3 . Other industrially important 
polymers made by cationic means are the polyvinyl alkyl 
ethers and coumarone-indene resins derived from hydro­
carbon fractions. 

Anionic Polymerizations 
Although the commercial importance of anionic polymer­
ization is much more recent than that of free radical methods, 
pioneering work was done as early or earlier. However, 
initially there was confusion over whether the mechanism was 
free radical or ionic.5 The use of metallic initiators such as 
sodium led to the formation of radical-ions which rapidly 
dimerized. While free radical methods were being commer­
cially applied, the understanding of ionic processes proceeded 
slowly for many years. 

In essence, the mechanism of anionic polymerization involves 
the formation of a carbanion using a reactive metal such as 
sodium or a prepared initiator such as butyl lithium. When 
sufficiently stable, yet substantially reactive, the anion pro­
pagates by chain addition onto vinyl groups. Metallic 
initiators form radical ions which combine to form dianions. 

Butyl lithium is a commonly preferred initiator since it is easy 
to handle, is commercially available in solution and provides 
a homogeneous system. 

A most significant feature of anionic polymerization, contras­
ted with free radical mechanisms, is the lack of a termination 
mechanism. Although this feature had been considered by 
others, Szwarc in 1 956 realized the potential significance of 
the lack of a termination step and introduced his concept of a 
"living polymer". This recognition has provided the basis of a 
very scientifically useful and commercially important tech­
nique for controlling molecular weight distribution and co­
polymer structure. Thus, narrow molecular weight distribu­
tion polymers provide calibration standards for analytical 
procedures and controlled sequence block copolymers provide 
materials with unique combinations of thermoplasticity and 
elasticity. 

A second feature of ionic polymerization is the ability to 
produce stereospecific polymers by the use of complex or co­
ordination catalysts .  This property was recognized and devel­
oped by Natta to polymerize cx-olefins giving products with 
significantly improved properties depending on the stereoreg­
ularity of the polymer chain structure. Coordination catalysts 
are comprised of alkyls of metals of groups I-I I I  combined 
with halides or other derivatives of transition metals of 
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groups IV-V I I I .  The ability of these complex catalysts to 
produce stereospecific polymers is believed to be related to 
continual association of the catalyst structure with the 
growing end of the molecule and control over the position of 
the monomer which attaches to the active chain end. Exact 
mechanisms for coordination polymerization have not been 
conclusively developed although many schemes have been 
proposed. 

The classification of anionic polymerizations into homogen­
eous and heterogeneous areas is not at all definitive. Homo­
geneous coordination catalysts are known· although they are 
generally heterogeneous, and non-coordinated metallic 
catalysts such as sodium are certainly heterogeneous. Thus, 
the complexity of polymerization technology today is 
reflected in the physical as well as chemical forms of both 
monomers and catalyst systems. 

CONDENSATION POLYMERIZATION 
Polycondensation is a process for obtaining high molecular 
weight compounds by the simultaneous elimination of low 
molecular weight compounds such as water, alcohol, halides, 
etc. 

A representation of the process is shown below, where a and 
b are functional groups. 

n(a-X-a) + n(b-Y- b )  --► a(X-Y )0 b + (2n-1 )ab 

One can see from the above that a requirement for the  com­
pounds X and Y is that they are at least bifunctional for the 
polymerization to proceed. 

Polycondensation reactions proceed in stages and a very im­
portant feature of these reactions is that they are reversible 
and have equilibrium properties. There are three stages in the 
formation of the high molecular weight condensation 
polymer : I )  initiation, 2) propagation (growth) and 3) ter­
mination. Although this terminology is the same as that of 
addition polymerization, the stages for condensation polymer­
ization are quite different and are controlled by different 
rules. 

Initiation 
This step consists of the formation of a dimer from the 
reaction of two compounds as schematically shown below. 
This step is sometimes referred to as the "transesterification 
step". 

,0 ' 
R- C' + H0 - R 

'oH 

' ,0 
----i► R-c: , + 

0-R 

These reactions are normally catalyzed by strong acids such 
as p-toluenesulfonic acid , tetra-n-butyl t itanate, etc. 

This stage, like the subsequent stages, is reversible. Therefore, 
the by-product (H 20 shown above) must be removed to drive 
the equilibrium to the right. During this stage there are 
monomers, dimers and by-product, all competing for equili­
brium. This stage of the react ion normally proceeds quite 
quickly and is carried out at a moderately low temperature, 
< 200° C. 

Growth 
This stage consists of the reaction of the dimeric species with 



a monomer unit, another dimer unit or other units that have 
grown to tetramers, etc. This reaction may be expressed as 
follows : 

a(X·Y)0b + a-X- a + b-Y- b -a(-X-Y-)0. 1 b  + 2ab 

The expression above depicts the addition of monomeric 
species to the dimer unit. As the starting monomers are 
depleted, the reaction becomes dependent upon the reaction 
of dimer-dimer, dimer-tetramer, etc. 

This growth step normally requires elevated temperatures and· 
vacuum or inert gas sweep to facilitate removal of the 
by-product (ab) to drive the equilibrium to the right. 
It has been shown for several condensation reactions that 
upon depletion of the monomers during the growth step, the 
molecular weight increase of the polymer drops off sharply 
and the process stops until the driving force (higher heat 
input) is increased. An increase in the flow of inert gas or ap­
plication of vacuum does very little to drive the reaction 
further. This can be explained by the fact that chain growth 
takes place by the interaction of polymer chains with each 
other, therefore requiring higher energy input to impart free 
movement and interaction. Although the reactivity does not 
change with increased degree of polymerization, the freedom 
of movement to have end groups interact does. 

Termination 

As higher and higher molecular weight is achieved, the likeli­
hood for depolymerization increases. Such a reaction is char­
acteristic of condensation polymerization and not addition 
polymerization. This depolymerization can take place through 
the interaction of monomers, impurities or polymer chains re­
acting with themselves through the end groups. Depolymer­
ization during the condensation reaction is proportional to 
the amount of depolymerization reagent. This depolymer­
ization results in narrower molecular weight distributions 
than obtained from addition polymerization. Because of this 
depolymeri zation process, it is difficult to obtain high mole­
cular weights unless quite pure catalysts and monomers are 
used. 
This discussion has been limited to bifunctional condensation 
which is restricted to growth in only two directions, leading to 
finite chain lengths. 
Nonlinear polycondensations are not restricted to two d imen­
sional growth and it could be envisioned that a three dimen­
sional network of polymer chains would lead to indefinitely 
large polymeric structures. 
A characteristic of these nonlinear polymers is a 
phenomenon referred to as the "gel-point". This is a 
well-defined stage during the condensation reaction when the 
polymer changes from a liquid to a gel. These gel structures 

are infusible and insoluble in solvents. Upon heating, these 
polym ers will decompose before melting. This characteristic is 
utilized widely in industry for producing infusible, 
solvent-resistant polymer products. Below is a list of some 
condensation polymers used widely in industry. 

Polyesters (Fiberglass) 
Polysulfides 
Polyamides (Nylons) 
Polyacetals 
Polyanhydrides 
Phenol-aldehyde 
U rea-aldehyde 
Polysiloxanes 
Polyurethanes 
Polyurea 
Cellulose 

CHARACTERIZATION AND NOMENCLATURE OF 
POLYMERS 

The characterization of non-macromolecular compounds 
usually involves physical and chemical data such as elemental 
analyses, boiling points, melting points, IR and UV traces, 
etc. Compounds with identical technical data are considered 
to be the same compounds. 
The characterization of polymers is a more difficult task due 
to thr. fact that classical analytical techniques such as VPC, 
boiling points, melting points (some crystalline polymers have 
melting points but even these are usually not sharp), etc., 
cannot be applied. Information such as number average mole­
cul�r weight, weight average molecular weight, molecular 
weight distribution and degree of crystallinity (polymers 
having 20% or more crysfallinity are considered crystalline in 
most cases, highly crystalline polymers may be only 50% 
crystalline) is important in polymer chemistry. 

The difficulty in the characterization of polymers arises from 
the fact that the polymers are not as uniform as simple 
non-macromolecular compounds. The structure of polymers 
can be quite simple as in the case of linear homopolymers, or 
complicated as in the case of branched or cross-linked copoly­
mers. As an example, three types of structure assignments to 
polyvinyltoluene are shown below. 
1) linear polymer 

2) branched polymer 
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3) cross- linked polymer 

The repeating units are the same chemically, but they are 
quite different structurally which results in tremendous 
physical property differences. 

Along with structural differences in polymers, we can also see 
isomers of similar structures, such as with polystyrene. 

Head-to-tail isomer 

Head-to-head isomer 

Tail-to-tail isomer 

Not only can structural isomerism occur in polymers, but also 
stereoisomerism (cis-trans) as shown below : 

cis trans 

Optical isomerism and tacticity are two other types of stereo­
isomerism. Tacticity has been classified into three categories. 

I) isotactic - substituents on same plane of backbone axis : 

y y y y 
I I I I 

c-c-c-c 
2) syndiotactic - substituents in ordered alternating sequence : 
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y y 
I I 
c-c-c-c 

I I 
y y 

3) a tactic - substituents in unordered sequence : 

y y y 
I I I 
c-c-c-c-c 

I I 
y y 

Optical activity is also apparent when asymmetric carbon 
atoms contain substituents Y. 

When considering copolymers, other types of structure assign­
ments can be made such as random, alternating, graft aad 
block copolymers as shown below. 

random copolym_er 

XXYYYXYXYYYXXXXY 

alternating copolymer 

graft copolymer 

block copolymer 

XYXYXYXYXYXY 

xxxxxxxxxxx 
I I I 
y y y 
y y y 
y y y 
y y y 

xxx-vvv-xxx-vvv 

Not only do structural assignments introduce problems in the 
characterization of polymers, but macromolecular chain 
lengths vary to give molecular weight distributions. 

Molecular weight characterization of polymers 1s presently 
confined to essentially three absolute methods: 

Light scattering 
Ultracentrifuge 
Osmotic pressure 

Along with classical analytical chemistry, other character­
ization techniques for polymers are listed below. Each plays a 
vital role in the understanding of the macromolecular mole­
cule. 

Solubility 
Thermodynamic properties (Tg, m.p., etc.) 
Melt index 
End group analysis 
Density 
Rheological properties 
Optical properties 
Electrical Properties 
Crystallinity 
Fractionation 
Viscosity 



Polymers affect all o f  us in our everyday lives. This brief 
survey of polymer chemistry is intended to acquaint those in 
the area of "plastics" with some of the chemistry involved and 
to lead those in the field of polymer science to Aldrich as a 
new source of high grade polymers. We hope Aldrich can 
contribute to the rapidly growing fi eld of polymer science by 
providing products which will fa cilitate polymer research. 
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About the Cover 
When we first saw the large Tobias Healing his Father ( oil 
on panel, 92 x 1 22 ems), we were surprised that our 
chemist-collector had bought yet another depiction of this 
curio_us subject. Yet the more we looked at the painting 
and hstened to the story of the son who healed his father's 
blindness, the easier it was to understand. The brilliant 
colors - lemon yellows and blues and reds - the flowing 
composition and particularly the harried face of the father 
that must have been modelled after the face of an Eastern 
Jew who wandered into Flanders in the early sixteen hun­
dreds, must make this one of the finest works of the artist 
whose name has been forgotten. He painted many works, 
mainly of gypsies and musicians, and is known by the 
pseudonym Pseudo van der Venne. Many other baroque 
artists were also attracted to this story - not surprising 
when you consider the importance of eyesight to artists. 
Rembrandt for instance painted, drew and etched over 50 
works depicting this apocryphal story, his interest 
probably heightened by his father's blindness. 
The story of Tobias is one of the almost impossible: the 
story of the young man who saved his fiancee from the 
demon, and who cured his father's blindness. H ence it 
seems particularly appropriate on the cover of the issue 
that describes the work of Drs. Look, Hyman and 
coworkers - which is also of the almost impossible! 
Are you interested in our Acta covers? Selections from 
the Bader Collection, with 30 duotone reproductions, 
many of previous Acta covers, and an introduction by 
Professor Wolfgang Stechow, now is available to all 
chemist art-lovers. 
Zl0, 1 18-4 $6.00 
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Be1achloroc1clopentadiene 
Adducts of Aromatic 
Compounds and their 
Reaction Products 

HISTORY AND BACKGROUND 
In  1 953,  Hyman and Danish 1 disclosed 

that hexachlorocyclopentadiene forms 
an adduct with naphthalene (eq I ) .  

The adduct thus formed undergoes nor­
mal aromatic substitution reactions 
(preferably in the .8-position), exclusively 
in the unadducted ring of naphthalene. 
M oreover, the substituted adduct can un­
dergo a reverse Diels-Alder reaction 
when heated, yielding naphthalene com­
pounds which are otherwise difficult to 
synthesize . 2 These reactions were 
developed further in the Florida Hyman 
Laboratories.3 Efforts to develop these 
studies into commercial processes were 
conducted by the Berkeley Hyman 

Laboratories in 1 958 to 1 964. This report 
covers the work of this latter period. 
Much of the research is unpublished or 
has never been reported to the scientific 
community. It is hoped that the vast 
amount of new and specific reactions 
available to the organic chemist may 
broaden the horizon of these naphthalene 
and related polynuclear aromatic com­
pounds. 

THE ADDUCTION 
H e x a  c h  I o  r o c y c l o  p e n  t a d  i e n e  

(henceforth called Hex) is a remarkably 
active diene that has a tendency to un-

(eq 1) 

dergo Diels-Alder reactions.4 Under nor­
mal condit ions the reaction with 
polynuclear aromatic hydrocarbons is 
slow. Extensive studies in Berkeley show­
ed a conversion of 25-35% to the adduct 
when a reaction mixture of naphthalene 
and Hex ( I  to 3 mole ratio) was heated at 
1 50- 1 60° for one week (less than I /  4%per 
hour). 5 Petroleum-derived naphthalene 
consistently gave a purer product than 
coal tar naphthalene. Commercial grade 
Hex (purity 95%) was used. Glass vessels 
gave the cleanest material; however, 
Mone!'" vessels were found to be feasible 
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Former Senior Research Chemist, 

Hyman Laboratories, Inc., 
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at plant scales. Usually, the adduct of 
naphthalene [ 1 ,2,3,4,5,6,7,8, 1 3, 1 3 , 1 4, 1 4-
d odecac  h l o  ro- l ,4,4a,4b ,5 ,8 ,8a ,  l 2b-

octahydro- l ,4,5,8-dimethanotriphenylene 
- henceforth called Di-Hex-Adduct 
(DHA)] can be filtered off, the mother li­
quor reconstituted with fresh starting 
materials to the original 1 : 3  naphthalene­
Hex mixture, and readducted. Generally 
3 to 5 recycles can be made without a high 

accumulation of impurities. Runs up to 
200 gal lons have been conducted 
successfu l ly in Berkeley. 

Among the by-products formed during 
the adduction is an unusual tetracyclic 
compound formed by the dispropor­
tionation of Hex (eq 2). 
The structure of the tetracyclic com­
pound was determined simultaneously by 
Mark6 and by our group in Berkeley. The 
reaction is minimal at 1 50- 1 60° (less than 
1% in one week). A serious impurity 
formed when coal tar naphthalene is used 
is a mono-Hex adduct of thianaphthene, 

ggama
Hexachlorocyclopentadiene Adducts of Aromatic Compounds and their Reaction Products
Melvin Look
Former Senior research Chemist Hyman Laboratories Inc.
Berkeley California



a common coal tar impurity (eq 3). This 
adduct is more active t o  subst itut ion t han 
DHA and causes the formation of tars 
when reactions are conducted on DHA. 

The adduction reaction was extended 
t o  other {3-substituted naphthalenes (eq 
4),7 yielding, for instance, the very useful 
2 - m et h yl- DHA w it h  2- m et hy l ­
naphthalene. Adduction attempts with a ­
s ubst ituted naphthalenes were non­
productive, and in some cases their very 
presence as impurities in /3-substituted 
naphthalenes gave rise to impure and 
t arry DHA products. Other polynuclear 
aromatics form adducts (mono- and di­
Hex), t he notable exception being 
phenanthrene (eq 4). 

One of the maj or difficult ies to com­
mercialization of the adduct process was 
t he ext remely slow rate of t he reaction. 
S ince a considerable decrease in volume 
results from the formation of the diad­
duct, the age-old Le Chatelier principle in 
adduction was studied. Preliminary 
studies at 7000 psi and 150-160° showed a 
three-fold increase in rate. With specializ­
ed equipment,8 our studies eventually 
culminated at a pressure of 100,000 psi 
and 300° where yields were quantitative 
in 3 minutes (Table 1).9 One of the main 
advantages of high pressure adductions is 
that higher temperatures can be used, 
without formation of the undesirable by­
products encountered in atmospheric 
reactions. The only comparable studies of 
t he Diels-Alder reactions at high 
pressures are those of Plieninger.1 0  

V ery little is k nown about the orienta­
t ion and physical structure of the DHA 
molecule. The nature of the hindrance to 
substitution in the a-posit ion is un­
k nown. 

(tlq. 3) 

REACTIONS OF DHA'S (eq 5) 
I) Nitration 

Nitration of DHA does not form P­
nitro-DHA exclusively as previously 
believed3 but a mixture of 13% a-nitro­
DHA and 87% ,8-nitro-DHA. Instead of 
the strenuous conditions formerly used,2 
we found that anhydrous nit ric acid in 
either sulfuryl chloride or methylene 
chloride at reflux gave quantitative yields 
of nit ro-DHA.11 The isomers are 
s eparable by recrystallization from 
aqueous acetone. The ultraviolet spec-

C.H28t coc, 

Nox:.aeli� 

Dienophile 

Naphthalene 

2-Methylnaphthalene 

Pyrene 
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(l!(l 4) 

Temp. 

150-160 
160 
160 
1 60 
200 
230 
235 
260 
160 
1 60 
160 
180 
1 50 
150 

(eq 4) 

"J:ABLE 1 

PSI 

(Atmos) 
6-7000 
1 5,000 
35,000 
35,000 
35,000 

1 00,000 
1 00,000 
1 00,000 

(Atmos) 
35,000 
35,000 

(Atmos) 
35,000 

trum of a-nit ro-DHA is similar t o  t hat of 
6-nitrotetralin, while the spectrum of {3-
nit ro-D HA is similar to that of 7-
nit rotetralin. The ratio of nitro isomers 
did not deviate greatly under varying 
nitrating methods and conditions, e.g., 
nit rogen pentoxide in chloroform at 0° , 
70% nitric acid at reflux, and anhydrous 
nitric acid in solvent. The possibility of 
t wo forms of DHA is disproved by t he 
following experiments: Pure /3-nitro­
DHA was reduced to  ,8-amino-DHA 
which was diazotized and reduced to  
DHA. Renitration of  this DHA gave the 
normal a- and /3-nitro-DHA mixture (eq 
6).12 a-Amino-DHA cannot be diazotiz­
ed, probably because of stearic reasons. 

U nder slightly more stringent nitrating 
conditions, a-nitro-DHA is quantitative­
ly converted to 1,3-dinitro-DHA.13 Still 
more st ringent nitration gives 2,3-dinitro­
DHA from {3-nitro-DHA.14 The a-nit ro­
DHA is completely nit rated to 1,3-
dinitro-DHA before {3-nit ro-DHA is 
formed. Nitration of 2-methyl-DHA 
gives a quantitative yield of 2-methyl-3-
nitro-DHA (eq 7). 
2) Halogenation 

Chlorination of DHA gives 1,2,3,4-
tetrachloro-DHA.3 Depending on con­
ditions, bromination or iodination with 
3N nitric acid in methylene chloride solu­
tion gives 2-bromo-, 2,3-dibromo-, 2-
iodo- or 2,3-diiodo-DHA. No noticeable 
amount of nitration is encountered if 
nit ric acid remains at or below 3N. 1 5  No 
work was conducted on fluorination. 
Chlorination of 2-nitro-DHA gives 3,4-
dichloro-2-nitro-DHA.16 3-B romo-2-
nit ro-DHA is synthesized by nitrating 2-
bromo-DHA. 16 

Time/hr. 

200 
1 8  
1 8  
1 8  

4 
1 

1/120 
1/20 
2.75 
1 68 

1 8  
1 8  

1 68 
5 

Yield 

44% 
1 3.1 
22.9 
45.9 
75 
55.6 

1 
31 
1 2.1 
55 
27.9 
64.3 

0 
40 

Yield/hr. 

0.25% 
0.73 
1 .23 
2.55 

18.75 
55.6 
(100) 
(100) 

4.4 
0.33 
1 .55 
3.57 
0 
8 
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Ct 
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87% (eq 6) 

(eq 7) 

OOH 

HN03 lJ. N02 

(eq 8) 

(eq 9) 
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(eq S) 

3) Sulfonation 
Sulfonation ofD HA's is accomplished 

with 30% oleum3 or, preferably, with sul­
fur t rioxide in methylene chloride. 1 7 We 
were never able to synthesize DHA-2,3-
disulfonic acid. Chlorosulfonation of 
DHA is done in methylene chloride with 
chlorosulfonic acid. 18 

4) Multiple Reactions 
Many of the common reactions on 

aromatic compounds have been carried 
out on the D HA compounds. A few ex­
amples include the oxidation of 2-methyl­
D HA with concentrated nitric acid to  
DHA-2-carboxylic acid1 8  which can be 
nitrated with white fuming (98%) nitric 
acid t0 3-nitro-DHA-2-carboxylic acid 
(eq 8). 
2-Methyl-3-nitro-DHA is reduced with 
stannous chloride to 2-amino-3-methyl­
DHA. Hydrolysis of the diazonium salt 
of the amino-DHA gives 2-hydroxy-3-
methyl-DHA. The latter can be oxidized 
to 2-carboxy-3-hydroxy-DHA (eq 9). 18 

Preparation of 2-nitro-DHA-3-sulfonic 
acid may be effected by the nitration of 
DHA-sulfonic acid but not by the reverse 
sequence (eq 5). 1 5 



5) Other Reactions (and Non-Reactions) 
We have never been able to perform a 

F r i e d e l - C r a f t s  rea c t i o n  o r  a 
chloromethylation on DHA or its 
derivatives. DHA is unaffected by 
chromic oxide-acetic acid at reflux; ox­
idation of the pyrene adduct by this 
method gives the 1 ,2-pyrenequinone ad­
duct ( eq 1 0). 19 
2-Amino-DHA-3-sulfonic acid can be 
diazotized and coupled to phenols and 
naphthols to give dyes and pigments with 
probable flame retarding properties (eq 
I I). 

R EVERSE DIELS-ALDER REAC­
TIONS 

All of the mentioned Hex adducts un­
dergo reverse Diels-Alder reactions at 
250-400° to regenerate Hex and the 
dienophile or substituted dienophile if the 
latter is stable to heat and does not readily 
react with Hex at these conditions ( eq 1 2). 
Small quantities (0.5 to 2 gms) can be 
pyrolyzed in a test tube; the products tend 
to collect on the cooler part of the tube. 
Larger quantities are usually cracked in 
rotary flask equipment designed for sol­
vent evaporation, using a nitrate-nitrite 
salt bath as a source of heat. Ideally, 
pyrolysis of larger quantities is carried 
out in a wipe-film still such as the ASCO 
molecular Rota-Film™ still. In the latter 
case, the DHA's are fed into the still as a 
slurry in Hex. In each case, a vacuum cor­
responding to the vapor pressures of the 
products at the temperature of pyrolysis 
is necessary. DHA derivatives were 
pyrolyzed continuously in hundreds-of­
pounds scale in our plant using wipe-film 
pyrolyzers. DHA-acids are pyrolyzed as 
their salts, in which case the residue is the 
product (eq 1 3) .  
Mono-adducts are similarly pyrolyzed 
(eq 14). 
The products are usually separated from 
Hex by hexane extractions. The products 
are usually insoluble in hexane, whereas 
Hex is completely miscible with aliphatic 
hydrocarbons. 

R E A C TIONS OF PYR OLY Z ED 
PRODUCTS 

Because the products made via the Hex 
adduction method were rare and 
otherwise difficult to synthesize by other 
processes, many of the reactions we 
studied were new. Only a few represen­
tative examples will be described for it 
will be impossible to discuss the hundreds 
of polynuclear aromatic compounds that 

HOAc .• t, 

oo:

H (eq 11) 

(eq 12) 

00 

A 

A 

were synthesized in Berkeley by direct or 
indirect use of our processes. Readers 
who are interested in the details of earlier 
naphthalene compounds should consult 
either of two references available.20 

/3-N ITRON APHTHALENE 

This compound is prepared from 2-
nitro-D HA by thermal decomposition at 
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NaQCH, -

+ 

15) 

250-375° at 1 2mm pressure in yields 
greater than 95%. /3-Nitronaphthalene is 
c h l o ri nated to form 1 , 2 , 3 ,4 , 5 ,6-
hexachl oro-7-nitronaphthalene.2 1  The 
nitro-group of this compound is displac­
ed with sodium methoxide to form the 7-
methoxychloronaphthalene which can be 
cleaved to the naphthol (eq 1 5). 



/3-Nitronaphthalene i s  nitrated with 
concentrated nit ric acid to form an equal 
mixture of 1,6- and 1,7-dinitronaph­
t halene. 22 The more valuable 1,6-dinitro­
naphthalene can be separated from the 
1,7-isomer  by reaction with  sodium 
methoxide. The 1,6-dinit ronaphthalene 
remains insoluble, while t he 1,7-isomer i s  
solubilized by the reaction (eq 16).23 

/3-Nitronaphthalene is reduced to  fJ­
naphthylamine by several methods. The 
amine i s  well known for its carcinogenic 
properties.24 Though /3-nitronaphthalene 
was once implicated in studies as bei ng 
carcinogenic,25 our cooperative studies 
show that the nit ro compound is not car­
cinogenic. 26 It i s  of i nterest to note that 3 -
methyl-2-naphthylamine prepared from 
the corresponding nit ro compound is a 
highly potent i ntestinal carcinogen.27 No 
DHA's tested have been found to  be car­
cinogenic. 

/3-Nitronaphthalene undergoes the 
Mei senhei mer  reacti on to give a quinone 
oxime (eq 17). Mononitrated naph­
thalenes are usually sulfonated with 
anhydrous  sulfuric acid  ( coned sulfuric 
acid boosted to I 00% with  oleum) at 
room temperatures  (eq 18 ). 

Di nitronaphthalenes require more 
st renuous sulfonating conditions (eq 19, 
20). 

1,3-Dinit ronaphthalene can be partial­
ly reduced to 3-nitro- l -naphthylamine 
under a variety of conditions. 20 The 
phthalamic acid  of the amine shows 
growth  regulatory properties i n  bean 
plants ( eq 21 ). 28 

2, 3-Di ni t ronaphthalene undergoes 
many unusual reactions not att ributed to 
othe r  dinitro aromatic compounds. 
Re acti ons of the compound with  
numerous carbanions result i n  products 
where the 2-nitro group is removed as the 
carbanions enter the l-position(e q22).29 
Nume rous  biologically active com­
pou nds were synthesized by t hi s  
met hod.28 Thi s  type of  reaction may offer 
an alternative route to the benzomorphan 
analgesic-t ype compounds described by 
May (eq 23 ).30 
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HALOGENATED NAPHTHALENES 

By the use of the DHA-nitric acid 
halogenation method and other methods, 
numerous rare halogenated naphthalenes 
were made available for experimental 
purposes (Figure I ) .  No mixed 
halogenated naphthalenes were syn­
thesized, but there appears to be no 
reason why they cannot be made using 
our methods. Typical reactions of these 
compounds were described in one of our 
publications. 16 

SULFONATED NAPHTHALENES 

The chemistry of sulfonated naph­
thalenes is well documented, particularly 
in dye chemistry.3 1  Sulfonated naph­
thalenes, if prepared from DHA's, are 
synthesized as their salts or acid chi orides 
(eq 24). Sulfonated 2-methyl-DHA is the 

basis of a new process for synthe�izing 
BON acid (3-hydroxy-2-naphthoic acid), 
an important dye intermediate ( eq 25). 1 8 

2-Nitronaphthalene-3-sulfonic acid, 
magnesium salt, pyrolyzed from its DHA 
derivative is the basis of a process for 
a n ot h e r  d y e  i n t e r mediate,  2 ,3-
naphthalenediol (eq 26). 1 7  

P O L Y N U C L E A R  A R O M A TI C S  
OTHER THAN NAPHTHALENE 

Little work was done by the Berkeley 
group on the h igher polynuclear 
aromatics and their adducts. The 1 ,2-
pyrenequinone can be oxidized to 1 ,2,6, 7-
pyrenediquinone with chromic anhydride 
(eq 27). 19 

Although the anthracene adducts have 
been studied, most of the work in this 
area is still unfinished. 

(eq 26) 
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SIGNIFICANCE OF COMMERCIAL 
AND ACADEMIC POTENTIALS 

A vast amount of work remains to be 
done on DHA's and their derivatives. 
Studies on the use of high pressures in 

Diels-Alder reactions are still in their in­
fancy. The work in Berkeley shows that 
one can avoid the use of the dangerous /3-
naphthylamine intermediate for the 
preparation of dyestuffs. Naphthalene 
compounds made available by the 
Berkeley group have led to many poten­
tially interesting commercial products 
and biologically active products, some of 
which were discussed in this article. Many 
newly discovered reactions were never 
p u rs u e d ;  e . g . ,  2 - m e t hyl-3-nitro­
naphthalene can be utilized in the new in­
dole synthetic reactions described by 
Leimgruber and Batcho32 (eq 28) to 
produce benzoindole. There is an open 
challenge in DHA technology to all 
chemists. 
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Could your reactions 
use a litt le Ph -SeX? 

PhSeX (X=Br, Cl  or  PhSe) 

The observation that a lkyl phenylselenoxides undergo 
el iminations at room temperature to form olefins 1• 3 

is the basis for a new and conven ient synthesis of 
al ly l ic alcohols, 4 al lyl ic ethers and acetates,5 and 
a,j3-unsaturated carbonyl compounds.6-8 Diphenyl 
di selenide is a yel low, odorless, ai r-stable solid which 
is easily converted into the h igh ly colored phenyl­
selenenyl hal ides. The oxidations are conveniently 
carried out at or below room temperature, using a 
variety of oxidants (peracetic acid , sod ium periodate, 
hydrogen peroxide, etc . ) .  
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Organic Synthesis via Organoboranes. I l l . 

Bster Reductions 
with Super-Hydride· 

Lithium tnethylborohydride (Super­
Hydride™) is an exceptionally p owerful 
borohydride reducing agent.2 Recent 
applications of Super-Hydride™ include 
the dehalogenation of alkyl halides3 and 
the regiospecific and stereospecific reduc­
tion of epoxides.4 Also, various sterically 
hindered trialkylborohydrides, e.g., our 
S electride® reagents, have found an im­
p ortant application in the stereoselective 
reduction of ketones.5 

This recent increased activity in the use 
of trialkylborohydrides for organic 
reductions is even more interesting when 
one realizes that this class of compounds 
was discovered over thirty years ago dur­
ing war research at the U niversity of 
Chicago. The results of this war research 
were finally made public in 1953 ,  6 but it 
took seventeen years before a reaction of 
synthetic importance was reported.7 
From 1953 to 19 70, the only reported in­
vestigation on the reactions of tri­
alkylborohydrides was in a Ph.D. thesis8 

where an extremely brief survey indicated 
that lithium triethylborohydride  is a 
stronger reducing agent than lithium 
borohydride. 

A number of reactions were reported in 
this thesis including a reduction of ethyl 
acetate, which appeared to occur quite 
read ily.9 However, only limited ex­
perimental details were given and the 
isolation of the reduction product from a 
preparative scale reaction was not 

reported. The following experimental 
procedures should now help to fill this 
definite void and should give some in­
dication of the selectivity of this extreme­
ly facile reduction of esters with Super­
Hydride.™ 

P r e p a r a t i o n  of 5-chloro-2-meth­
oxybenzyl alcohol 

A one-liter, three-necked , round­
bottomed flask equipped with a magnetic 
stirring bar , pressure-equalizing addition 
funnel, thermometer well, and reflux con­
denser connected to a mercury bubbler is 
flamed while flushing with dry, high­
purity nitrogen. After cooling to room 
temperature under a positive pressure of 
nitrog en, methy l 5 -ch loro-2-meth­
oxybenzoate (39ml, 250mmol) is added 
followed by IO0ml of tetrahydrofuran 
(THF) using a dry syringe  (note I ). The 
clear solution is stirred in an ice-water 
bath as 500ml of I M  Super-Hydride™ 

solution in THF (500mmol) is transferred 
to the calibrated add ition funnel using a 
F lex-need le™ (note I ). The Super­
H yd r id e™ solution is then added 
dropwise over a 2-3 hr period at such a 
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rate that the reaction temperature does 
not exceed 15° . After an add itional hour 
at 0- l0° , 50ml of water is add ed (note 2) 
followed by 190ml of 3N aqueous HCI , at 
such a rate that the reaction temperature 
d oes not exceed 15° . The THF­
triethylborane is then removed via bulb­
to-bulb distillation (note 3) using a water 
aspirator. After 1.5-2 hr, the vacuum 

removal of the volatiles is complete as 
noted by the condensation of water in the 
upper, cooler parts of the air condenser. 
The residue in the reaction flask is treated 
with 400ml of ethyl ether and 350ml of 
25% aqueous p otassium carbonate. The 
organic layer is removed , dried over 
anhydrous p otassium carbonate, filtered , 
and concentrated on a rotary evaporator 
to yield 43.2g of an oily, crystalline solid. 
This solid is purified by melting in I 00ml 
of hot hexane and then allowing to cool 
slowly with rap id stirring. T he resulting 
colorless crystals are collected by filtra­
tion and dried und er vacuum to yield 
40 . 7 g  (9 4. 4%) o f  5 - c hlor o-2 -
methoxybenzyl alcohol, mp 55-56° (un­
corrected), with ir and nmr spectra in ac­
cordance with assigned structure. 

ggama
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Preparation of 2-nitrobenzyl alcohol 

The reaction apparatus is assembled as 
described in the foregoing experiment 
and charged with 35.4ml (250mmol) of 
methyl 2-nitrobenzoate and 100ml of 
THF. The addition funnel is charged with 
500ml of I M  Super-Hydride™ in THF 
(500mmol). The ester-THF solution is 
stirred in an isopropyl alcohol bath as dry 
ice is added to the bath until the reaction 
temperature is -10° . The Super-Hydride™ 

solution is then added over a 2-3 hr period 
with sufficient dry ice cooling and at such 
a rate that a reaction temperature of -10 
to -5° is maintained (note 4). After anad­
ditional hour at -5 to 0° , 50ml of water is 
added (note 2) followed by 190ml of 3N 

aqueous HCJ at -5 to 00 . The THF­
triethylborane is removed via bulb-to­
bulb distillation and the residue in the 
reaction flask is treated with 400ml of 
ethyl ether and 350ml of 25% aqueous 
potassium carbonate. The aqueous layer 
is removed and the organic layer is ex­
tracted with water (2 x 50ml) and 
saturated aqueous sodium chloride (1 x 
50ml), dried over anhydrous potassium 
carbonate, filtered, concentrated to 
dryness on a rotary evaporator, then 
dried under vacuum to give 38.2g (99.7% 
yield) of 2-nitrobenzyl alcohol as a 
yellow, crystalline solid, mp 67-70° , with 
an ir spectrum identical to that reported 
for  t h e  a u t h ent ic  mater ia1. 1 0 
Recrystallization from hexane gave light­
yellow needles, mp 70-71° (uncorrected) 
(Lit.1 1  mp 74° ). 

Preparation of 2-aminobenzyl alcohol 

The reaction apparatus is assembled as 
previously described and charged with 
520ml of IM Super-Hydride™ solution in 
THF (520mmol) and the addition funnel 
is charged with 32.4ml (250mmol) of 

methyl anthranilate dissolved in 60ml of 
THF. The Super-Hydride™ solution is 
stirred in an isopropyl alcohol bath as dry 
ice is added to the bath until the reaction 
temperature is - I 0° . The ester-THF solu­
tion is then added over a I hr period with 
sufficient dry ice cooling and at such a 
rate that a reaction temperature of -10 to 
-5° is maintained (note 5). After an ad­
ditional hour at -5 to 0° , 175ml of 6N 

aqueous HCI is added at -5 to 0° . After 
0.5 hr, the organic layer is removed and 
discarded and the aqueous layer is ex­
tracted with ethyl ether (4 x 300ml) (note 
6). The aqueous layer is then made 
strongly alkaline (pH 10-11) with sodium 
hydroxide pellets and the resulting mix­
ture is saturated with potassium car­
bonate and extracted with THF (1 x 
300ml). The THF extract is dried over 
anhydrous potassium carbonate, filtered, 
concentrated to dryness on a rotary 
evaporator, and dried under vacuum to 
give 25.4g (82.5% yield) of2-aminobenzyl 
alcohol as colorless crystals, mp 73-76° , 
with ir spectrum identical to that reported 
for the authentic material.12 Re­
crystallization from heptane gave fine 
colorless needles, mp 82-83° (uncor­
rected) (Lit. 1 3 mp 83-85° ). 

Notes 
I) For a description of syringe and 

double-tipped needle transfers, please 
consult the bulletin "Handling Air­
Sensitive Solutions," which is 
available upon request from the 
Aldrich Chemical Company, Inc. 

2) Vigorous hydrogen gas evolution may 
occur. 

3) To facilitate the bulb-to-bulb distilla­
tion, the reaction flask is stirred in a 
25-35° water bath and the receiver 
flask is cooled in a dry ice/ isopropyl 
alcohol bath. The triethylborane-
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THF distillate is not pyrophoric and is 
most conveniently disposed of by 
combining with other waste solvents 
for eventual burning. 

4) The lower reaction temperature was 
found to be necessary to prevent an 
apparent reduction of the nitro group. 

5) The inverse addition procedure results 
in improved yield and purity of the 
crude 2-aminobenzyl alcohol. 

6) Since the HCI salt of the reduction 
product is soluble in the aqueous 
layer, the triethylborane is con­
veniently removed by extraction. 
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The Aldrich 
Pint System of 
Information Retrieval 

Since the Aldrich FIRST (Fragment 
Information R etrieval of STructures) 
system was introduced more than six 
years ago,1 we have processed thousands 
of inquiries for computer-generated lists 
of structurally similar compounds. 
Hopefully, this article will acquaint our 
readers with many of the advantages of 
using the Aldrich FIRST system. Lists of 
compounds for consideration as reagents 
in various research proj ects may be ob­
tained at n o  cost to the inquirer. 

CODING OF RING SYSTEMS 
A si gni fi cant structure fragment in any 

ring compound is the ring system i tself. 
Unlike the arbitrary code designations 
given to other structure fragments, ring 
systems are coded according to a definite 
set of rules: 

I )  A number is used to indicate the 
total number of atoms in a ring. 

2) Hetero atoms in a ring  system are 
represented by the element symbol which 
is placed directly ahead of the ring size  
number. 

3 )  I f  more than one hetero atom is pre­
sent in a ring, the element symbols are 
listed in alphabetical order. 

4)  I f  more than one non-fused ring is  
present in a molecule, the rings are listed 
in increasing order of size. 

David W. Griffiths 
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5 )  If a molecule contains at least two non-fused rings of the same size, the rings are listed in increasing order of hetero 
complexity. I f  the degree of hetero com­plexity is  the same, alphabetical order becomes the determining factor. 

6 )  Fused ring systems are coded by 
applying the rules for n on-fused rings j ust gi ven. 

7 )  I f  a molecule contains both a fused 
and a non-fused ring system, the non­
fused ring  is listed first. 

8 )  An asterisk (* ) is placed before the ring designation for a n on-fused ring and the letter R before that of a fused ring  system. 
Examples of ring designations in the Aldrich FIRST system are given in Table I .  

One immediate advantage of using the 
Aldrich FIRST system is that the more 
than 20,000 compounds being surveyed 
represent the most current listing of 
products available from Aldrich and its 
A lfred Bader Chemicals Division. At pre­
sent, there are approximately 800 Aldrich 
i tems and 2,000 Alfred Bader items in the 
Aldrich FIRST computer file that do n ot 
appear in "The Aldrich Handbook of 
Organic Chemicals" .  This gap will be 
reduced with the release of our newest 
catalog. However, because of the rate at 
which new compounds are added to our 
product lin e, a gap between catalog items 
and all available compounds will always 
exist. The Aldrich FIRST system helps to 
keep this gap at a minimum. 

Table. I. Ring Designationt 

The Aldrich FIRST system of informa­
tion retrieval is  based on the various 
structure fragments which an individual 
molecule contains rather than on i ts 
chemical characteristics. More than 250 
structure fragments have arbitrari ly been 
assigned a two-character code designa­
ti on . B y  mean s  of these code 
designations, one can request a listing of 
substances having a particular structure 
fragment or a combination of fragments, 
while at the same time excluding other 
coded fragments. 

Ring System Ring Code Rule 

0 

.Q 

CJ' • 

0-{J 
o�o 
crJ:J 
O=i 
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*I? 1 

*N5 2 

*NS5 3 

*56 4 

*6N6 5 

*N05NS5 5 

R46 6 

CX) 
0P 
0:::1· 
O::D. 
0:0 
rc:Do 

/ / : -/ 

R56& · 
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The value of these systematic ring 
d esignations will become apparent as the 
util ity of the Aldrich FIRST system is d is­
cussed. 
R E T R I E V A L  O F  B E N Z E N E  
DERIVATIVES 

It is p ossible  to p roduce l is ts of a wide  
variety of  benzene d erivatives by means 
of the Aldrich FIRST system. The 
benzene ring itself can be retrieved from 
our computer fil e  by m eans of its ring 
d esignation, the number 6. However, 
since cyclohexane, cyclohexene and 
cyclohexadiene all have the sam e  ring 
designation as benzene, these rings are 
normally excluded from any request for 
benzene d erivatives. This is done simply 
by excluding the arbitrary s tructure frag­
ment codes which were assigned to the 
three cyclohexane ring systems. 

The significant structure fragments in 
benzoic acid derivatives (in add ition to 
the benzene ring) are the carboxyl and 
conj ugated carbonyl groups. These 
fragments may be requested in order to 
obtain a l isting of all of our benzoic acids. 
For other benzoyl derivatives, the car­
boxyl group code is replaced by the cod e  
for the carbonyl derivative being sought. 
In this manner, one can obtain lists of 

· benz oyl hal ides, benzamides, benz­
ald ehyd es, phenyl k etones, benzoate es­
ters and benzoic acid hydrazides (see 
Table II). 

Cinnamic acid d erivatives contain an 
add itional structure feature which allows 
them to be d istinguished from benzo1 c  
acid derivatives by the Aldrich FIRST 
system. That feature is the double bond 
which is in conj ugation with both the car­
bonyl group and the benzene ring. B y  re­
questing this structure fragment along 
with the benzene ring and the carboxyl 
and conj ugated carbonyl groups, a l isting 
of all of our cinnamic acids may be ob­
tained. If the carboxyl group code is 
replaced by other carbonyl derivative 
codes, l is ts of cinnamoyl halides, cin­
namamides, cinnamaldehydes and cin­
namate esters may be obtained (see Table 
Ill). 

Although substituent orientation has 
not been encoded for all polysubstituted 
benzene derivatives, it is p ossible to 
specify orientation for certain nitrogen­
containing compounds by means of cod­
ed structure fragments such as N-C-C-N, 
N-C-C-C-N, N-C-C-C-C-N, N-C-C-O 

and N- C-C-S . A l is ting of o­
phenyl enediamines can be p roduced by 
requesting benzene derivatives which 
contain an amino function together with 
th e s tructure fragm ent N-C-C-N. 
S im ilarly, m-phenylenediamines and p 
phenylenediamines can be located by 

replacing the N-C-C-N fragment cod e  with those for the N-C-C-C-N and N-C­C-C-C-N fragments, respectively. The means by which lists of these and other nitrogen-containing benzene derivatives can be requested are summarized in Table  IV . 
Table II. Retrieval of Benzoyl J}erivatives 

Class of Compound Structure Fragments Required 
(other than benzene ring) 

bepzoic acids J�.l-c:c- . 
benzoyl halldes 

· benzamides 

benzatdehydes 

phenyl ketones 

benzoate esters 

benzoic acid hydrazides 

9. 0 
-0-N '&..--o-
P. 0 

-C-:-H' -k=o-

0 0 
H , H -c-<>v,-oe=c-
o 0 

�. -c�c=e-

Table Ifl. Retrieval of Cinnamoyl Derivatives 
Class of Compound Structure Fragments .Required 

( other than benzene ring) 
0 9. 

cinnamlc .acids �-o. -:0-C =C-, -<>O-C=o-

cinnamoyl halides 

cinnamamides 

cinnamaldehydes 

cinnamate esters 

9. 0 
-C-H -c!-c =C- -C=OC=C-• . 

Table IV. Retrieval of Specifically Oriented Benzene Derivatives 
Class of Compound Structure Fragments Required 

o-phenylenediamines 
m-phenylenediamines 
p-phenylenediamines 
o-aminophenols 
o�aminobenzenethiols 
o-nitroanilines 
m.:nitroaniliries 
p-nitroanilines 
picrytamines 
(2;4,6-trinitroanilines) 
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(other than benzene ring) 

-NH2 , N-C-C-N 
·NH2 , N·C·C·C•N 
•NH2 , N•C-C·C·C·N 
-NH2 , ·OH , N._C-C-0 
-NH2 , -SH , N-c-c.:s 
-NH2 ' -N02 ' N�c-c.:N 
-NH2 , •N02 , N·C-C·C-N 
-NH2 , ·N02 , N-C-C-C-C-N 
-NH2 , -N02 , N-C-C-N , N._C-C-C-N , 
N-C-C-C-C-N 



Additional structure fragments of par­
ticular utility in the retrieval of benzene 
derivatives are the phenethylamine 
(C6H5 -C-C-N) and benzhydryl (C6H5 -C­
C6H5) groupings .  With these fragments, it 
is poss ibl e  to  p rod uc e  lists o f  
phenylacetamides (which contain both 
amide and phenethylamine fragments), 
ph en ylac eto n i t ri l es (ni t ri le and 
phenethylamine fragments) and ben­
zophenones (ketone, conjugated car­
bonyl and benzhydryl fragments). The 
phenethylamine grouping is also present 
in many physiologically active benzene 
d erivatives such as ephedrine and 
norepinephrine. A listing of these and 
related compounds can be obtained by re­
questing the phenethylamine, hyd roxy 
and N-C-C-O fragments. 
RETRIEVAL OF HETEROCYCLIC 
COMPOUNDS 

The Aldrich FIRST system is also 
useful in the retrieval ofheterocyclic com­
pounds .  As discussed p reviously, 
heterocyclic ring  s ystems have been 
assigned specific ring  d esignations which 
can be used to retrieve systems of interest . 
M osi o f  the common monocyclics, as well 
as certain bicyclics such as indole, purine, 
quinoline and isoquinoline, also have 
been given arbitrary t wo-character code 
d esignations. This is necessary in ord er to 
distinguish between heterocyclic ring 
s ystems like pyridazine, pyrimidine and 
pyrazine, all of which have the ring 
d esignation *NN6. I t  is possible to 
p roduce lists of specifically substituted 
heterocycles by requesting a specific 
heterocyclic ring s ystem and certain other 
structure fragments as summarized in 
Table  V .  

Certain h eterocyclic alkaloids have 
characteristic structures which allow for 
their ready retrieval by the Aldrich 
FIRST system structure fragment ap­
proach. Compounds such as papaverine 
and laudanosine contain isoquinoline 
and phenethylamine fragments, which 
can be requested and subsequently 
retrieved . Harman alkaloids have a 
polycyclic fused ring system which in­
cludes an indole ring system, a pyridine 
(or piperidine) nucleus and the N-C-C-N 
fragment. These three fragments can be 
requested to produce a listing of barman 
alkaloids. 

Some fused ring h eterocycles which 
have not been assigned arbitrary two­
character code designations can be 
ret rieved by requesting  a coded 
h eterocyclic fragment and the specific 
ring code d esignation for the fused ring 
s ystem as shown in Table VI. 

Table V. Retrieval of Speeifieaily Sqbstituted Heteroeydes 
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Table VI. Retrieval of Fused Ring Heteroeyeles 

Class of Structure Fragments Class of Structure Fragments 
Compound Required Compound Required 

w 0 R6NN6 � c:) RN056 
qqinazolines benzoxazoJes 

ro C:) 0 (t;,O w RNN6NN6 I ...-.:: RN566 
pteridines carbazoles 

0:;J L N� RNN56 (:()CJ (X) R66N6 fl 
H 

. 

indazoles acridines 

O:"' 
,!I 

H 
c::j RNN56 O(�)[) C) R66NS6 

benzimidazoles phenothiazines 
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MISCELLANEOUS RETRIEVALS 

Many types of amino acid derivatives 
can be retrieved by the Aldrich FIRST 
system because they contain other 
characteristic structure fragments in ad­
dition to the amino acid fragment. For 
example, phenylalanines contain the 
phenethylamine grouping; serines and 
threonines contain the N-C-C-0 frag­
ment; cysteines, including penicillamines, 
contain the N-C-C-S fragment; and N­
carbobenzyloxy amino acids contain the 
carbamate ester grouping. 

A wide variety of a- and ,B-dicarbonyl 
compounds can also be retrieved. Some 
examples are shown in Table VII .  

Special mention should be made of a 
device used by the Aldrich F IRST system 
to insure that some listings of structurally 
similar compounds do not contain a large 
number of invalid items. When looking 
for malonic acids, one might request a 
listing of all compounds containing the 
carboxyl and ,B-dicarbonyl fragments 
(see Table VII). However, such a listing 
would also contain many ,B-keto car­
boxylic acids. In order to avoid this type 
of problem, the Aldrich FIRST system 
has been programmed so that either an 
exact or a minimum number of atoms of a 
particular element can be specified. Thus, 
in addition to structure fragment codes, a 
request for malonic acids will require that 
each valid compound contains a 
minimum of four oxygen atoms per 
molecule. This procedure can be used 
because the FIRST file contains both 
structure fragment codes and the 
molecular formula for each item listed. 
This also makes it possible to provide lists 
of compounds containing a particular 
element such as a listing of all of our 
organoboron compounds. Similarly, 
various elements may be excluded from a 
request. 

GUIDELINES TO USERS OF THE 
FIRST SYSTEM 

Some guidelines are given below for 
those who might wish to submit a com­
puter search request: 

I .  M ake your request as specific as 
possible. This is especially important 
when requesting such categories as 
benzene derivatives and chlorinated com­
pounds. We list several thousand com­
pounds in each of these categories, mak­
ing a total listing useless to the inquirer as 

well as costly for us to provide. To avoid 
producing such listings, we often make 
assumptions based on the structure of in­
terest which may have been included with 
the request. For example, if the structure 
does not contain any ring systems, we will 
exclude them unless given instructions to 
the contrary. 

2. Try to keep the number of variables 
in your request at a minimum. A seeming­
ly simple request for trisubstituted 
benzene derivatives can lead to an im­
posing number of individual requests if, 
for example, each of the three sub­
stituents could be three different func­
tional groups. We try to overcome this 
problem by providing a more general 
listing than that requested if in our opi­
nion such a listing would not be too large 
to diminish its usefulness. However, it 
would always contain compounds having 
the desired structure fragments. 

3 .  W h e n  requesting nitrogen­
containing compounds such as amines 
and amides, it is helpful to indicate the 
degree of substitution. Primary, secon­
dary and tertiary amines as well as 
primary, secondary and tertiary amides 
are each considered to be a separate struc­
ture fragment in the Aldrich FIRST 
system. 

4. If you are interested only in the 
specific compound included with your re­
quest, please indicate this. Such a request 
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can be answered immediately upon 
spection of our molecular formula 
This will also avoid the nuisance 
receiving a listing of our products 
contain all the structure fragments of 
particular compound of interest but 
the compound itself (if it should be 
available). 

5. If you receive a listing of 
products which does not appear to 
related to your request, please write 
concerning the problem. We will 
the particular structure fragment 
proach used on your request. Often, 
are able to use a modified approach 
on your additional comments which 
allow us to provide you with a 
useful list of products. 

Although many examples have 
given, these should not be considered 
represent all the possibilities. They 
been presented primarily to show 
general utility of the Aldrich 
system of generating lists of 
similar compounds. It is hoped that 
of our readers will avail themselves 
free service. 
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synthesis Via Boranes· 

Herbert C. Brown 
Research Professor 
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Robert A. Welch Foundation Con­
ferences on Chemical Research. XVII. 
Organic-Inorganic Reagents in Synthetic 
Chemistry," which was held in Houston, 
Texas, November 5-7, 1973. The Aldrich 
Chemical Company expresses thanks to 
Dr. W. 0. Milligan, Director of Research 
of the Robert A. Welch Foundation for 
permission to publish this paper. 
1 .  INTRODUCTION 

The original studies of the hydrobora­
tion reaction emphasized the application 
o f  the  parent reagent, borane­
tetrahydrofuran or other ether complex­
es. 1 Consequently, it was natural that the 
subsequent studies of the applicability of 
boron intermediates in organic synthesis 
e mphasized the utilization of the 
trialkylboranes,2 the usual products of 
such hydroborations. 

Instances arose where it was desirable 
to achieve hydroboration with better 
regioselectivity than could be achieved 
with borane itself. This led to the develop­
ment of a number of substituted boranes 
for hydroboration with improved 
regioselectivity. 

Some reactions of organoboranes, 

such as oxidation with alkaline peroxide, 
carbonylation to tertiary alcohols, and 
brominolysis to alkyl bromides, utilize all 
three groups of the trialkylborane, R3B.  
However, other reactions utilize only one 
or two groups. This made it desirable to 
utilize substituted boranes in these reac­
tions to minimize loss of valuable R 
groups. 

We have had considerable success in 
overcoming these difficulties with the 
new reagents. Consequently, it appeared 
that this symposium would provide an 
exceptional opportunity to review our 
work exploring these reagents. 

Developments in this area have been 
exceptionally rapid. Moreover, ex­
perience in working with organoboranes 
is not generally available. Consequently, 
we are faced with the major hurdle of 
teaching the chemistry to organic 
chemists interested in synthesis and of 
transmitting sufficient know-how to help 
create the confidence required to utilize 
this chemistry. To assist in this objective, 
I have prepared the manuscript for a new 
book, "Organic Syntheses via Boranes." I 
have also encouraged the Aldrich 
Chemical Company to set up a sub­
sidiary, "Aldrich-Boranes, Inc." to make 
available the various intermediates we 
have found to be valuable in utilizing the 
f a s c i n a t i ng c h e mistry  of the  
organoboranes, and to participate in 
transmitting the techniques for work in 
this field. The time appeared particularly 
appropriate, therefore, to discuss these 
new reagents and their interesting 
possibilities. 
2 .  H Y D R OB O R A T I O N  W I T H  
BORANE1 

Let us first take a few minutes to review. 
Hydroboration is broadly defined as the 
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addition of an H-B:: bond to multiple 
bonds of carbon with oxygen, nitrogen, 
and carbon. In this discussion we shall be 
concerned primarily with hydroboration 
involving the addition of the H-B::::. bond 
to carbon-carbon double and triple 
bonds. 

Hydroboration can be carried out very 
simply by starting with sodium 
borohydride (Fig. 1). 

For many purposes it is desirable to 
avoid the presence of the salt, sodium 
fluoroborate. This is now easily ac­
c o m p l i shed  by  us ing  b o rane­
tetrahydrofuran complex or borane­
methyl sulfide complex, both available 
from Aldrich Chemical Co., Inc. (Fig. 1). 
The use of borane-methyl sulfide com­
plex makes it possible to synthesize the 
desired organoboranes readily in 
hydrocarbon media, ethyl ether and other 
solvents, so one is no longer restricted to 
tetrahydrofuran as the operating 
medium. 

The reaction is essentially quantitative 
and instantaneous. It proceeds in an anti­
Markovnikov manner, and involves a 
clean cis-addition (Fig. 2). 

The addition takes place preferentially 
from the less hindered side of the double 
bond. No rearrangements of the carbon 
skeleton have been observed, even in 
molecules as labile as a-pinene (Fig. 3). 
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Finally, but perhaps most important is 
the fact  that olefins containing functional 
groups can be hydroborated (Fig. 3 ). 
Thus, for the first time we are in position 
to synthesize reactive organometallic in­
te rmediates  containing such functional 
groups. (Some people may object to con­
si de ri n g  the organ oboranes as 
organometallics; however, they have 
many similar characteristics and fi ll many 
of the same applications.) 

3 .  H Y D R O B O R A T I O N  W I T H  
BO RANE DERIV ATIVES2-4 

In an earlier work we converted the un­
saturated organic compound to the R3B 
derivative by treatment with borane and 
then uti lized the organoborane in subse­
quent reactions. In many cases we observ­
ed that in such subsequent reactions only 
two of the three R groups were being 
uti lized. Sometimes only one of these 
groups would be uti lized. C le arly, this 
could be a serious handicap i f  R was 
derived from a valuable intermediate. 
Consequently, we began to explore the 
possibi lity of synthesizing hydroborating 
agents that had only one or two reactive 
centers by achieving the partial alkylation 
of borane (Fig. 4). 

Thexylborane is the most readily 
avai lable monoalkylborane.10 Di­
siamylborane is perhaps the most readily 
available dialkylborane.10 Dipinylborane 
(di i sopin oc amphe ylborane) i s  an 
asymmetric dialkylborane. 1.4 9-BBN2-4 is 
the first dialkylborane which is  sufficient­
ly stable to the atmosphere to permit 
handling in air with precautions c om­
parable to those used with lithium 
alumi n um hydri de an d sodium 
borohydride. It i s  now commercially 
available from Aldrich C hemical C o., 
Inc. Finally, 3,5-dimethylborinane2.4 has 
found application in synthesizing the cor­
responding B-R derivatives for transfer 
of the R group in free radical reactions. 

An alternative approach would be the 
introduction of alternative substi tuents 
into the borane molecule. Dimethoxy­
borane is readily synthesized. U nfor­
tunately, it is not satisfactory for 
hydroborati on . P re sumably the 
resonance of the oxygen atoms with the 
boron atom so stabilizes the boron atom 
that it will not add to the c arbon-carbon 
double bond. Such resonance should be 
less favorable in a phenol derivative . In­
deed, c atecholborane2.4 proves to be a 
valuable hydroborating agent (Fig. 5 ). 



The reaction of boron trichloride with 
borane in the presence of an ether can be 
c o n t r o l l ed t o  y i e l d  either the 
d i c h loroborane etherates or  the 
monochloroborane etherates,2•4 which 
have valuable applications (Fig. 5). 

It is helpful to be familiar with these 
various reagents and their similarities and 
differences in directive effects. Some of 
the advantages of disiamylborane over 
borane are indicated in Fig. 6. 

Chloroborane etherate exhibits a high 
directive influence for the hydroboration 
of terminal olefins (Fig. 7). H owever, it 
does not exhibit the large steric factor 
that makes disiamylborane so useful in 
the hydroboration of internal olefins, 
such as 4-methyl-2-pentene (Fig. 7). 

9-BBN exhibits a remarkable directive 
influence, both for terminal and many in­
ternal olefins (Fig. 8). 

Obviously, the availability of these 
reagents facilitates the task of doing selec­
tive hydroborations at a particular 
double-bond or of doing regioselective 
hydroboration of many double-bonds. 

4. SYNTHESIS OF BORON IN­
TERMEDIA TES2,4 

These reagents can be utilized to syn­
thesize specific organoboranes (Fig. 9). 

It is interesting that only a few years 
ago it was thought that mixed 
organoboranes ( organoboranes with two 
or three different groups attached to 
boron) could not be synthesized and, if 
synthesized, would undergo spontaneous 
conversion  into the corresponding 
symmetrical molecules. H owever, 
hydroboration makes these "mixed" 
organoboranes readily available and they 
can be converted into other products 
without loss of the original structure. 

" . . . . . . . :Fi11tre , · 
·. S}j'fJ1�,�;>�t ao.ron .Intermediates 
· ·· ?, ,,:'.; • '.lJ!i;i�myll:iotane) 

t --s111,ecf,\cHtcH1C1 

_A­. v 
Optically active dipinylborane can be 

utilized to achieve asymmetric syntheses 
(Fig. 1 0). 

Since the a-pinene utilized was only 
90% optically active, hydroboratiori 
achieves an asymmetric synthesis almost 
as good as that induced by enzymes. 
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There are many promising reactions of 
dipinylborane. We used it to separate 3-
methylcyclopentene into its antipodes. It 
has been used to obtain optically active 
allenes. Finally, it has been used recently 
to prepare optically active prostaglandin 
intermediates. 

B o r a c y c l a n e s ,  s u c h  a s  3 , 5 -
dimethylborinane (Fig. 5) or borinane 
itself, can be used to hydroborate olefins 
to obtain the corresponding derivatives. 
(Fig. 1 1 ). 

Various derivatives of 9-BBN are 
readily synthesized (Fig. 1 2). These 
derivatives find valuable applications, to 
be described later. 

Catecholborane reacts more sluggishly 
than borane itself. In tetrahydrofuran at 
0° the borane reaction is often over in less 
than one minute. H owever, the reaction 
of catecholborane with representative 
olefins requires a temperature of 1 00° 

and reaction time of approximately one 
hour. Acetylenes are somewhat more 
reactive, so that one hour at 67° is usually 
adequate (Fig. 1 3). An advantage of this 
reagent is that the products can be readily 
hydrolyzed to the corresponding borinic 
acids. 
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In the case of dichloroborane etherate, 
the complex is so stable that hydrobora­
tion does not occur at any convenient 
rate. Unfortunately, a higher reaction 
temperature or a long reaction time does 
not solve the difficulty, since the products 
obtained are no longer the pure 
monoalkyldichloroboranes desired. For­
tunately, the addition of the reagent to a 
mixture of the olefin and boron 
trichloride in pentane at O" solves the 
problem and provides the desired RBCl2 

derivatives (Fig. 1 4). The synthesis 1s 
readily extended to acetylenes. 

Thexylborane is the most readily 
available monoalkylborane. In the early 
days we used it empirically and often en­
countered phenomena we could not un­
derstand. M ore recently, we undertook a 
systematic study of thexylborane as a 
hydroborating agent and established the 
conditions which provide first, the 
monoalkylthexylborane and then the 
dialkylthexylborane10 (Fig. 1 5). 

One of the valuable applications of 
t h e x y l b o r a n e  a s  a b i funct ional  
hydroborating agent, is the cyclic 
hydroboration of dienes. For example, 
the cyclic hydroboration of limonene 
controls the stereochemistry at three 
centers (Fig. 1 5) and provides a simple 
route to (-)-carvomenthol. 

I n  contrast to the behavior of 
dichloroborane etherate (Fig. 1 4),  
m o n o c h l o r o b o r a n e  et h e  r a t e  
hydroborates olefins and acetylenes 
readily at 0° . This provides a simple new 
route to dialkylchloroboranes and their 
corresponding borinic acids and esters 
(Fig. 1 6). In the presence of one mole of 
tetrahydrofuran, the reaction can be con­
trolled to yield the  monoalkyl­
chloroborane species (Fig. 1 6). 

These developments make readily 
available a large number of borane 
derivatives. Consequently, we have been 
exploring the chemistry of these 
derivatives with emphasis on their utiliza­
tion to facilitate organic synthesis. 
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( 5-L.) Carbonylation to ketones5 

R,B i,� � R,co 

tb 
( 5-M.) Carbonylation to tertiary alcohols5 
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For example, triethylborane reacts 
with lithium hydride to produce lithium 
triethylborohydride, apparently the most 
active nucleophile known. The cor­
responding derivative from tri-sec­
butylborane cannot be synthesized by 
direct reaction with lithium hydride, but 
can be made by reaction with lithium 
trimethoxyaluminohydride or potassium 
hydride. It exhibits remarkable selectivity 
for the reduction of ketones (Fig. 17). 
B oth of these reagents are now commer­
cially available from A ldrich C hemical 
C o., Inc., (Super Hydride® and S elec­
tride®) .  The related derivative from thex­
ylborane and limonene has been reported 
to be uniquely effective for the reduction 
of a prostaglandin intermediate. 

It is important to realize the power of 
these new methods. A t  one time it was a 
maj or task to prepare pure isomeric 
alcohols, such as cis- and trans-2-
m e t h y l  c y c l  o h ex a n o  l. H owever ,  
h ydroborat ion- ox i d at ion  of  1 -
methylcyclohex ene yields trans-2-
methylcyclohexanol. Oxidation to the 
ketone followed by reduction with S elec­
tride® yields essentially pure cis-2-
methylcyclohexanol ( 99.3%). C onse­
quently, it is no longer a problem to 
provide these derivatives in quantity. 
5 .  THE VERSA TILE ORGANO­
BORANESH,6,9 

The ready availability of the tri­
alkylboranes via th� hydroboration reac­
tion prompted research to explore the 
chemistry of these derivatives. This ex­
ploration has been exceptionally fruitful. 
Time will not permit a detailed discussion 
of the developments in this area.2-4 

However, it may be helpful to outline the 
main features (A-T). 
6. APPLICATIONS OF BORON IN­
TERMEDIA TES2-4 

It was not feasible here to attempt a 
detailed discussion of the remarkable 
chemistry of the versatile organoboranes, 
summarized in the previous section. It 
seems more appropriate, for the special 
obj ectives of the present treatment, to 
consider some of the advantages of the 
new boron intermediates in some of these 
reactions. 

The  reac t ion of iodine with 
organoboranes is greatly facilitated by 
alkali. U nfortunately, only one or two of 
the alkyl groups of the R3B intermediate 
react readily. S ince primary alkyl groups 
react far more readily than secondary, it 
is possible to utilize disiamylborane1 to 
achieve high yields of the desired iodide 
(Fig. 18). 

The cyclization reaction (5-D) ap­
parently proceeds through the formation 
of a dialkylborane intermediate formed 
in the thermal decomposition of the 
trialkylborane. U tilization of thexyl­
b or  an e 1 0 p rov ides  the  thex y l­
monoalkylborane directly for cyclization 
(F ig. 19). 
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A disadvantage in applying the car­
bonyl  at ion  react ion5 to simple 
trialkylboranes (5-L) is the loss of one of 
the three alkyl groups. The use of thexyl­
borane avoids this difficulty and makes 
possible the synthesis of ketones con­
taining two different groups (Fig. 20). 

The Pelter reaction (5-N), treatment 
with an alkali metal cyanide, followed by 
trifluoroacetic acid anhydride, provides 
an alternative route. 

Cyclic hydroboration of appropriate 
dienes with thexylborane, followed by 
carbonylation or cyanidation, provides a 
simple route from such dienes to the cor­
responding ring ketones (Fig. 2 1). 
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These reactions provide a new annela­
tion reaction of wide applicability10 (Fig. 
22). 

a-Bromination2,4 in the presence of 
water provides an alternative means of 
converting organoboranes into carbon 
structures (5-Q). Thus, the same cyclic 
hydroboration intermediate (Fig. 22) is 
converted through this reaction into a 
different carbon structure (Fig. 23) . 

It is possible to utilize a-bromination2,4 

to achieve the synthesis of tertiary 
alcohols, many of them not readily 
available by classical methods (Fig. 24). 

The Zweifel trans olefin synthesis 
provides a simple valuable route to the 
trans olefins.2-4 However, it suffers from 
the d i sadvantage of requHmg 
dialkylboranes as intermediates, and 
many of these are not readily available. 
Moreover, only one of the two alkyl 
groups in the dialkylborane is utilized. 
U se of the thexylmonoalkylborane cir­
cumvents these difficulties4, 10 (Fig. 25). 

The thexylmonoalkylboranes also 
provide a convenient new route to the 
monoalkylboranes, making these 
derivatives readily available for the first 
time.4, 10 Treatment of the borane with a 
tertiary amine of low steric requirements, 
such as pyridine, results in the formation 
of a simple addition compound. 
However, a base of larger steric re­
quirements such as triethylamine, results 
in the displacement of 2,3-dimethyl-2-
butene and the formation of the aminate 
of the monoalkylborane (Fig. 26). 
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The boron derivatives realized from 
allylic halides provide a simple route to 
cyclopropanes (Fig. 27). 9-BBN possesses 
advantages in this application because its 
high regiospecificity for the terminal car­
bon atom overcomes the unfavorable 
d irective i nfluence of the allylic 
halogen. 2-4 The relative openness of the 9-
BBN boron atom facilitates addition of 
the hydroxide ion leading to closure. 

A similar cyclization reaction of di-9-
BBN derivatives provides routes to the 
corresponding B-cycloalkyl-9-BBN com­
pounds (Fig. 28). Oxidation of the 8-
c y c l o p  r o p  y I d e r i v a t i v e  y i e l d s  
cyclopropanol i n  excellent yield. The 
parent 9-BBN derivatives are also 
valuable to transfer the B-R group to the 
a-position of ketones, esters, nitriles, etc. 
(5-P).7 

A highly useful reaction which should 
be in the repertoire of every chemist 
engaged in organic synthesis is the con­
version of the B-R-9-BBN derivatives 
into the corresponding aldehydes2,4,5 

(Fig. 29). 

It should be recalled that in this reac­
tion, as in many others which have been 
mentioned, many functional groups can 
be accommodated (Fig. 30). 

The 8-alkyl- and B-aryl-9-BBN 
transfer selectively the B-R group to the 
a-position of a-halo ketones, esters, 
nitriles, etc. (5-P).2,4,7 Moreover, this 
reaction, as do practically all which have 
been studied, proceeds with retention at 
the migrating center (Fig. 3 I ). 

I n  free radical reactions involving 
organoborations, such as the conjugate 
addition (5-S), secondary and tertiary 
alkyl groups participate in preference to 
primary.2,4,s Therefore, in such reactions, 
the B-R-9-BBN derivatives are un­
satisfactory. Fortunately, the borinane 
derivatives are entirely satisfactory for 
many of these free radical reactions4 (Fig. 
32). 

The 8-alkylcatecholborane derivatives 
are readily reduced to the corresponding 
boranes.2,3 This provides an alternative 
route for the synthesis of mono­
alkylboranes (Fig. 33). 

The B-vinylcatecholborane derivatives 
react rapidly at 0° with mercuric acetate 
to produce the corresponding mercurials 
with complete stereospecificity2,4 (Fig. 
34). This approach has been utilized in 
the Pappo prostaglandin synthesis.4 
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The B-vinylcatecholborane derivatives 
are readily transformed into the cor­
responding vinyl halides. The reactions 
can be directed to achieve the replace­
ment of the boronic acid grouping either 
with inversion or with retention4 (Fig. 
35). This reaction has also been utilized in 
a prostaglandin synthesis.4 



Figure 3$ . <>f Cat!!cholborane (Vinyl 
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The synthesis of peroxides from 
organoboranes can be improved by utiliz­
ing the alkyldichloroborane etherate 
(Fig. 36). This avoids loss of one of the 
three alkyl groups and the need to 
separate the peroxide from the accom­
panying alcohoJ.2,4 
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Dialkylborinic acids are especially 
valuable as intermediates in the a­
bromination reaction (5-Q). While a few 
dialkylboranes (e.g., disiamylborane, 
dicyclohexylborane) are readily available 
through hydroboration, many others are 
not. Fortunately, chloroborane provides 
a simple route to such borinic acids, as il­
lustrated for the synthesis of dicyclopen­
tylchloroborane and its conversion to 1 -
cyclopentylcyclopentanol in 97% yield2,4 

(Fig. 37). 
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The greater acid strength of the R2BCI 
and RBCl2 derivatives over the parent 
R3 B compounds greatly facilitates the 
reactions with diazo derivatives and 
makes it possible both to extend the reac­
tion to hindered groups and to achieve a 
higher utilization of the groups2-4 (Fig. 
38). 
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The related reaction with alkyl or aryl 
azides provides a stereospecific route to 
secondary amines (Fig. 39). 

Figure 39 
Applicati1,n of Chloroborane (Reaction with 

Organic Azides) 

The hydroboration of acetylenes with 
chloroborane provides a direct route to 
the dialkenylborinic acids and greatly 
facilitates the Zweifel synthesis of 
cis,trans-dienes4 (Fig. 40). 

The power of these new methods is il­
lustrated by their utilization for the 
stereospecific synthesis of aziridines4 

( Fig. 4 1 ) .  I n  this synthesis the 
stereochemistry of the two centers of the 
ethylenimine ring can be controlled as 
well as that of the R' group attached to 
the nitrogen atom. 

The ready availability of the borinic 
acid derivatives through selective 
hydroboration to the dialkylborane or 
through reaction with chloroborane can 
be combined with the base-induced reac­
tion with dichloromethyl methyl ether 
( DCME) (5-0) to provide a versatile, new 
synthetic route to ketones (Fig. 42). 

7. CONCLUSION 
The facile hydroboration of olefins was 

discovered in 1956. For the next decade 
we were engaged primarily in the study of 
this fascinating new reaction. This reac­
tion made the organoboranes readily 
available. Consequently, we then began 
to shift our emphasis from the study of 
hydroboration to a study of the chemistry 
of organoboranes. 

This proved to be an extraordinarily 
rich, albeit largely virgin, unexplored 
area. 
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In this lecture I could present only a 
part of the remarkable chemistry of the 
organoboranes that we and others have 
uncovered. Clearly, these developments 
will have a major impact on synthetic 
organic chemistry. The problem is how to 
transmit this information to the workers 
in the field who hesitate to utilize 
organoboranes because of their inex­
perience with them. 

One approach I have taken is to write a 
book, "Organic Syntheses via Boranes," 
which will give a) reviews of the 
chemistry, b) detailed procedures for the 
various syntheses, and c) a detailed 
description of the laboratory techniques. 
A second approach has been to persuade 
Dr. Alfred R. Bader of the Aldrich 
Chemical Company to set up a sub­
sidiary, Aldrich-Boranes, Inc., to make 
readily available the basic chemicals and 
intermediates and certain specialized 
pieces of apparatus to facilitate applica­
tion of these new methods by chemists. 

Before us lies the utilization of these 
methods for the synthesis of complex 
molecules, such as natural products and 
pharmaceuticals. Before us lies the ex­
ploration of the applicability of this 
chemistry for the synthesis of fine 

chemicals. Before us lies the exploration 
of the utility of this chemistry in the 
petrochemical area. 

But this is only the beginning. Before us 
also lies the exploration of the reaction 
mechanisms involved in the remarkably 
clean reactions of the organoboranes. 
The spectroscopy of organoboranes is in 
its infancy. Structural effects have yet to 
be explored systematically. 

Clearly it will require another genera­
tion of chemists to conquer fully this new 
continent. 
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INTRODUCTION 

Addition compounds of lithium 
hydride and sodium hydride with 
trialkylboranes were first discovered in 
the course of War Research in the period 
of 1942-45 at the University of Chicago 
by Professor H.C. Brown, the late 
Professor H.I. Schlesinger with their 
coworkers1 ( eq I and 2). 

However, relatively little research was 
devoted to these derivatives. A brief study 
indicated  that  lithium triethyl­
borohydride is a stronger reducing agent 
than the parent compound, lithium 
borohydride. 2 There was no reason to an­
ticipate that these compounds would 
possess highly useful properties. 
However, developments within the past 
two years at Purdue University have 
altered this situation. This review sum­
marizes the discovery of the exceptional 
properties of trialkylborohydrides, the 
various methods that have been 
devel o p ed for the synthesis of 
trialkylborohydrides and their utility in 
organic synthesis. 

THE DISCOVERY O F  EXCEP­
TIONAL PROPERTIES OF LITHIUM 

TRIETHYLBOROHYDRIDE (SUPER 

HYDRIDE®)3 
The author may be permitted to 

describe how an unusual experimental 
observation, noticed in the exploratory 
program dealing with the carbonylation 
of organoboranes led to the discovery of 
exceptional characteristics of lithium 
triethylborohydride. 

Li thium tri-tert-butoxyalumino­
hydride is a very mild reducing agent, 
stable indefinitely in tetrahydrofuran at 
25° . However, we observed a puzzling 
feature in applying this reagent to the car­
bonylation of B-alkyl-9-BBN detivatives 
(to give the corresponding homologated 
aldehydes)4 (eq 3). 

To obtain a good yield, it was important 
that the reagent be added concurrently 
with the uptake of carbon monoxide. If 
the  r eagent was added to the 
organoborane prior to the introduction 
of carbon monoxide, the yield of the 
aldehyde decreased sharply. 

Investigation soon revealed that the 
addition of an equimolar amount of 
triethylborane to a 0.5 M solution of 
1 i thi um tri-tert-butoxyaluminohydride 
(L TBA) resulted in a very rapid loss of 
hydride, 72% of the active hydride dis­
appearing in 5 min.3 Upon hydrolyzing 
the reaction mixture, an equivalent quan­
tity of 1-butanol was found. A catalytic 
quantity of triethylborane was also effec-
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tive. The reactions were essentially com­
plete in 3 hr (Figure 1). Thus, 
triethylborane induces a rapid, essentially 
quantitative reductive opening of the 
tetrahydrofuran ring at 25° ( eq 4). 

Surprisingly, triethylborane fails to in­
duce a similar reductive cleavage of THF 
by the otherwise more powerful reducing 
agent, lithium trimethoxyalumino­
hydride. The significance of this will be 
discussed later. 
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How could even trace quantities of 
triethylborane cause the mild reducing 
agent L TBA to open THF, impervious to 
the most powerful reducing agents 
previously known? Further research in 
this area indicated that the reaction 
proceeds through the formation of a new 
type of hydride, lithium triethyl­
borohydride (LiEt3BH), and possibly the 
h i t h e r t o  u n k n o w n  mo n o m e r i c  
aluminum-tert-butoxide, a n  exceptional­
ly powerful Lewis acid capable of coor­
dinating with the oxygen atom of THF5 

(eq 5). 

The highly active hydride reagent 
LiEt3 BH then reacts ( by displacement) 
with the polarized carbon-oxygen bond 
to open the ring and to regenerate 
triethylborane (eq 6). 

These investigations led us to believe that 
l ithium triethylborohydride should 
possess enormous hydride transfer abili­
ty. Accordingly, we undertook a major 
new program to synthesize a variety of 
l i thium trialkylborohydrides with 
different alkyl substituents and to study 
their chemistry. Because of their superior 
hydridic property, these are named 
"super-hydrides", a term truly represen­
tative of their activity. 

APPROACHES TO THE SYNTHESIS 

OF SIMPLE AND STERICALLY 

H I N D E R E D  T R I A L K Y L ­

BOROHYDRIDES 
As mentioned earlier, trialkyl­

borohydrides were first prepared by 
Professor Brown and the late Professor 
Schlesinger at the University of Chicago. 1 
In the period 1 956-60, Dr. A. K huri of 
our laboratory (a graduate student of 
Professor Brown) carried out a detailed 
study of the reactions of alkali metal 
hydrides (LiH and NaH) with trimethyl­
and triethylboranes in a variety of 
ethereal solvents in vacuum lines.2 

I n  1 968  Professor Koster and 
coworkers reported the synthesis of a 
variety of trialkylborohydrides and some 
of their properties.6 U nfortunately, the 
majority of their reactions have been 
carried out neat or in aromatic hydrocar-

bon solvents reqmnng rather drastic 
reaction conditions (eq 7 and 8). 

H owever, a systematic research 
directed towards the synthesis of various 
trialkylborohydrides in our laboratory, 
revealed that in tetrahydrofuran solvent 
lithium hydride reacts with a variety of 
simple organoboranes under mild con­
dit ions to give l i thium trialkyl­
borohydrides in quantitative yield7 ( eq 9). 

Lithium hydride reacts quantitatively 
with triethylborane even at room 
temperature ( 24 hr). The corresponding 
deuterium derivatives are readily syn­
thesized from lithium deuteride ( eq I 0). 

\.ID -t: &ta8 0•:1™� · Ul!t38D 100% ( eq 10) 

Unfortunately, with the hindered 
trialkylboranes such as tri-s-butylborane, 
we encountered a major synthetic dif­
ficulty. The reaction is very sluggish and 
incomplete ( eq 1 1  ). 
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H owever, the preliminary experiments 
soon made it clear that the stereoselectivi­
ty achieved in the reduction of ketones 
with trialkylborohydrides increases 
remarkably with the steric bulk of the 
trialkylborane. Consequently, synthesis 
of highly hindered trialkylborohydrides 
was a necessity. 

Professor Corey and coworkers also 
found that thexyllimonylborane8a (a 
hindered trialkylborane derived from 
limonene and thexylborane) fails to react 
with lithium hydride in THF.8b They cir­
cumvented the difficulty by using tert­
butyllithium, which yields the correspon­
ding trialkylborohydride (eq 1 2). 

We were also actively exploring the 
methods for the synthesis of hindered 
trialkylborohydrides. Finally, after ex­
tensive research, we discovered that the 
addition of one mole equivalent of any 
trialkylborane (simple or hindered) to a 
THF solution of lithium trimethoxy­
al uminohydride (LTMA) at room 
temperature results in a facile and rapid 
displacement of aluminum methoxide to 
produce the corresponding lithium 
trialkylborohydride in quantitative yield9 

( eq 1 3). The reaction is highly general and 
aluminum methoxide does not interfere 
in the further reactions of LiR3BH. 

At that time Professor Charles A. 
Brown at Cornell U niversity was un­
covering many remarkable and unique 
characteristics of potassium hydride. For 
example, potassium hydride exhibits un­
precedented reactivity toward weak 
organic acids, such as amines, sterically 
hindered alcohols, etc. 10 Further, he 
found that unlike lithium hydride and 
s odium hydride, potassium hydride 



reacts rapidly and quantitatively with the 
hindered trialkylboranes, such as tri-s­
butylborane, yielding the corresponding 
potassium trialkylborohydride under 
mild conditions1 1  (eq 14). 

Re cently Professor Hooz and 
coworkers have reported the synthesis of 
l i t h i u m  d i me s i t y l b o r o h y dr i de 
bis(dimethoxyethane)1 2  (eq 15). 

The discovery of the hydroboration 
reaction in 1956 has made possible the 
synthesis of organoboranes with a wide 
variety of structures. 1 3  These can now be 
readily converted to the corresponding 
t r ialkylborohydr ides and dialkyl­
borohydrides. 
R ED U C T I V E  C L E A V A G E O F  
CYCLIC ETHERS3 

T he l i th ium t r i - ter t -butoxy­
aluminohydride-triethylborane system, 
discussed earlier, has been found to be 
one of the most active reagents currently 
available for the reductive cleavage of 
cyclic ethers. To our knowledge, no 
reducing system currently available is 
capable of achieving the reductive 
cleavage of THF so rapidly and cleanly. 
B o t h  m o n o g l y me ( M G )  a n d  
tetrahydropyran (THP) dissolve the 
L TBA-Et3B system. At 25° monoglyme 
yields 47% 2-methoxyethanol. However, 
the reductive cleavage of THP is very 
slow as we observed only 17% of 1-
pentanol after 24 hr. Consequently, we 
used this as the solvent for the following 
interesting synthetic transformations ( eqs 
16-19). 

97% 

L I T H I U M  T R I E T H Y L B O R O ­
HYDRIDE AS A SUPERNUCLEO­
PHILE.  FACILE DEHAL OGEN­
A TION OF ALKYL HALIDES14 

Lithium triethylborohydride has been 
found to be an extraordinarily powerful 
reducing agent, far more powerful than 
lithium aluminum hydride and lithium 

borohydride, as revealed by the rates  of 
reduction of n-octyl chloride represented 
graphically in Figure 2. Further, kinetic 
studies reveal that the reagent is con­
s ide r a b l y  more power fu l  than 
nucleophiles such as thiophenoxide and 
alkyl mercaptides, previously considered 
to be the most powerful simple 
nucleophiles available for SN2 dis­
placements ( eq 20). 

f'1-;rf2.Ji�t-,;-0tred11ction of n-ot:tylchloride 
{IJ;�� ·� �itll representative complex metal 
'-YdtidesJO;S'#) jn tetrahydrofuran at 25°' 

> > ·. · . i. . . (eq 20) 
•· '(Et3SH)/11(c.Hss) =20 

. l!�J3B11)/(t-lo,f::101 

1ttt38H)/l!(BH.)' >= to' 
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T he rea ct ion exhibits typical 
characteristics of a nucleophilic displace­
ment of the SN 2 type. S imple primary 
alkyl bromides and allylic and benzylic 
bromides are reduced almost instantly 
(eq 21 and 22). 

Super Hydride® reduces cleanly and with 
remarkable ease, even neopentyl bromide 
and cycloalkyl bromides which are highly 
resistant to SN2 displacement reactions 
( eqs 23 and 24). 

Lithium triethylborodeuteride provides a 
simple means of introducing deuterium 
with clean stereochemical inversion at the 
substitution center ( eq 25). 

Unlike lithium aluminum hydride , 1 5  

Super Hydride® is inert toward aryl 
halides and should therefore be valuable 
for the reduction of alkyl halides without 
simultaneous attack on aromatic halogen 
(eq 26). 

). ·. LiEt3'§f,T.HF -.· ·r•.·5· .r· t'..;_. (eq 26) ArX . . . .. : •- - -• 

REGIOSPECIFIC AND STEREO­
SPECIFIC R E D U C T I O N  O F  
HINDERED AND BICYCLIC EPOX­
IDES16 

Lithium triethylborohydride in THF 
possesses remarkable ability for the 
facile, regiospecific and stereospecific 
reductive opening of epoxides to give the 
Mar kovnikov alcohol in excellent 
isomeric purity. The reaction is very 
general, applicable to epoxides with a 
wide range of structural features. S imple 
mono-, di- and trisubstituted epoxides 
are completely reduced in 2-5 min with 
this reagent, yielding the more sub­
stituted of the two possible isomeric 
alcohols in l00% isomeric purity (eq 27 
and 28 ). 



Such reactions are far faster and 
cleaner than those involving lithium 
aluminum hydride, L i-ethylenediamine, 
etc. ( eq 29). 

The advantage of Super Hydride® is 
especially evident in the reduction of 
labile bicyclic epoxides. Thus, benzonor­
bornadiene oxide which invariably gives 
rearranged products with conventional 
reducing agents undergoes facile reduc­
tion with Super Hydride® yielding 93% of 
exo-benzonorbornenol in > 99.9% 
isomeric purity ( eq 30). 

The h igh regio- and stereospecificity of 
the reaction, especially with the labile 
epoxides, enable us to use this reaction as 
a chemical tool to determine precisely the 
stereochemistry of epoxidation of such 
labile bicyclic olefins. 1 1 
ENZYME-LIKE STEREOSELECTIVE 
REDUCTION OF KETONES 

One of the remarkable features of the 
trialkylborohydrides is their unusual 
ability to introduce steric control into the 
reduction of cyclic ketones. This ability 
was first recognized in our laboratory 
with lithium perhydro-9b-boraphenalyl 
hydride (PBPH). 18 Reduction of ketones 
with trisubstituted borohydride proceeds 
rapidly even at -78° and the yields of the 
corresponding alcohols are quantitative19  

(eq 31 and 32). 

The discovery was quite timely as 
demonstrated by its immediate applica­
tion in one of the stereoselective syntheses 
by Professor Ireland20 (eq 33). 

Conventional reducing agents gave only 
the more stable equatorial isomer. 

These results stimulated our further in­
terest in this area. Consequently, we un­
dertook examination of the influence of 
the steric bulk of the trialkylborohydride 

on the stereoselectivity of the ketone 
reduction.2 1 F or example, examination 
of LiEt3 BH, Li-n-Bu3BH and Li-i-Bu3 BH 
clearly revealed that, unlike lithium 
trialkoxyaluminohydrides, increasing the 
s ize  of the alkyl substitution on boron 
enhances the stereoselectivity (towards 
the less stable isomer). I t  appeared that a 
more hindered trialkylborohydride might 
improve the stereoselectivity. 

I ndeed our prediction became a reality 
when we first synthesized lithium tri-s­
butylborohydride (L-Selectride®), the 
first simple and high ly h indered 
trialkylborohydride.9 I t  exhibits essen­
tially an enzyme-like stereoselectivity in 
the reduction of cyclic and bicyclic 
ketones, unequalled by any other 
previously known reducing agents. 
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Hinder ed ketones, such as 2-
m eth y l cyc lo  h exanone, 2-methy l­
cyclopentanone, camphor, etc., are 
reduced rapidly and quantitatively with 
this new reagent, with over 99.5% 
stereoselectivity to the corresponding less 
stable epimers. The new reagent coupled 
with hydroboration-oxidation provides 
the synthesis of both the isomeric 
alcohols in h igh stereochemical purity 
( eqs 34-36). 

Even ketones with an alkyl group 
relatively remote from the reaction 
c e n t e r ,  s u ch a s  3- a n d  4-
alkylcyclohexanones, are predominantly 
(>90%) reduced from the equatorial side. 
The remarkable effectiveness of this 
reagent is demonstrated by the h igher 
selectivity observed with L-Selectride® 

than with an enzyme in the reduction of 4-
tert-butylcyclohexanone22 (eqs 37-39). 

Th e cor r es p o nding potassium 
derivative (K-Selectride® ) prepared by 
Professor Charles A. Brown is equally 
effective for stereoselective reductions' 1 
(eq 40). 



Recently, Professor Hooz and 
coworkers have reported that lithium 
dimesitylborohydride bis(dimethoxy­
ethane) complex (DMBH) also reduces 
cyclic ketones with exceptionally high 
stereoselectivity comparable to that of 
the S electrides®12 (eq 41). 

Interestingly, unlike the trialkyl­
borohydrides, this reagent reacts very 
sluggishly with hindered ketones such as 
camphor. 
APPLI CATIONS OF HINDERED 
TRIALKYLBOROHYDRIDES I N  
PROST AGLANDIN SYNTHESIS 

M a n y  o f  t h e s e  h i n d e r e d  
trialkylborohydrides are finding attrac­
tive applications in the stereoselective 
synthesis of prostaglandins, where the use 
of other known reducing agents has 
failed. Professor Corey and coworkers 
first initiated work in this area by their 
elegant application of lithium thexyl­
limonylborohydride (TLBH) to the 
stereoselective reduction of the C1 5  car­
bonyl group;8h later this was remarkably 
improved by utilizing an exogenous 
directing group23 ( eq 42). It should be 
noted that the use ofNaBH4 or Z n(BH4)2 leads to a I :  I mixture of 15S and 15R 
alcohols. 

Further, the stereoselective conversion 
of prostaglandin E2 to Frn has been 
achieved using TLBH and PBPH. N o  
F2/3 could be detected24 ( eq 43 ). 

O rs. Miyano and S tealey have selec­
tively reduced C1 5  carbonyl without affec­
ting the C9 carbonyl group in the total 
synthesis of prostaglandin E i

25 ( eq 44). 
Dr. Weiss and coworkers have exten­

sively uti lized PBPH for stereoselective 
synthesis of various prostaglandin in­
termediates, especially I I-substituted 
derivatives of 11-deoxyprostaglandin 
Fm26,27 ( eq 45). 
TR IALKYLALKYNYLBORANATES. 
VERSA TILE INTERMEDIATES FOR 
THE SYNTHESIS OF CARBON 
STRUCTURES 

Alkali metal trialkylborohydrides 
react rapidly and quantitatively with ter­
minal acetylenes to yield the alkali metal 
trialkylalkynylboranates28 ( eq 46). 
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t{ �H · • ·• 

(eq 42) 

(eq 43) 

(eq 45) 



These are highly versati le i ntermediates 
for the synthesis of carbon structures 
(Scheme I ). Preliminary experiments in­
dicate that it should be possible to syn­
thesize functionalized alkynyl-"ate" com­
plexes. 29 
CONCLUSION 

I n  197 1  we first recognized the excep­
t i onal charact er i stic s of tri a lkyl­
borohydrides, especially lithium triethyl­
borohydrid e. 30 S ince then, further 
research in our laboratory a nd elsewhere 
has led to  the synthesis of a number of 
trialkylborohydrides with different struc­
tural features and their application to 
organic synthesis. All prove to  be highly 
active nuc leophilic selective reducing 
agents. Many of these derivatives p ossess 
extremely attractive properties, such as  
the reduction of cyclic ketones with 
enzyme-like stereoselectivity. Research 
underway in our laboratory is leading to  
the discovery of many more attracti ve 
uses for these new reagent s  in organic 
synthesi s.3 1  I n  addition to their reducing 
properties, we  are discovering certain 
new aspects of these reagents, useful for 
the regio- and stereoselective synthesis of 
carbon structures.32 These new, exciting 
developments will be reviewed lat er. 
Finally, it should be pointed out that we 
are only in the beginning of the explora­
tion of a vast new area of synthetic and 
theoretical interest. Conti nued research 
in this area together with the understand­
i ng of  t h e  st r uc t ur e-r eac t i vity 
relationship should facilitate the develop­
ment of highly specific reducing agents, 
similar to  the enzymes developed by 
Nat ure, to achieve highly specific 
biological transformations. 
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