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INTRODUCTION 

The reactions of recoil halocen generated by nuclear 

processes, such as the radiative neutron capture (n,r) 

or the isomeric transition activation process, have been 

b · t '" 1 b f · t · t · 1 - 11 ~in su Jee 1,,0 a arge nu::i er o inves iga ions. 

gaseous systems it ha3 been found that primary products 

are predorninently foF~ed by abstroction and replacement 

occuring by djrect mechanisms, whereas in condensed 

systems direct replaciment and cacing mechanisms have 

been con3idered. The cage effect has oeen postulated 

as the rosult of the increase in product yields with 

inc re as ing de ,1s i ty in the gas to 1 iquici to sol id trans i-

tion in recoil halo£;c:1 reactions. 

The studies on toe substitution o :' recoil halot;en 

f h 1 t . b t 1 ?- 16 h h or a ocen a a :yrnmc tr1c car on a oms ave s own 

that in the gas ;)hasc, the exchanGe occurs predominantly 

with retention of' conf'iguration, while in the condensed 

phase the stereospecificity decreases. The lesser deeree 

of stereospecificity observed in coinc from the gas to 

liquid to the solid phase has been generally ascribed 

in the past to the radical-radical cace combination 

reactions, allowlng racemization uf the intermediate 

radical. HoweveP, recently Stocklin et ai. 17 observed a 

pronounced effect of the nature of the solvent on the 

1 
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stereochemistry of 38c1 for Cl substitution in 

diastereomeric 2,3-dichlorobutanes. This result leads 

these authors to suggest a conformational effect in-

cluding a hot one-step substitution which occurs via a 

collision complex that can be collisionally stabilized 

and has a life time sufficiently long to allow inversion 

of configuration. 

Since it appears that this solvent effect which has 

so far been observed only in one systerr. with a very 

limited number of solvents present could also be 

explained by other mec~anisms, such as caging, in which 

case the course of the reaction is influenced by the 

interactio.1 between the intermediates with the surrounding 

solvent molecules, we have focused our attention on the 

solvent effects on the stereochemical course of hot 

halogen substitution in diastereomers and optical isomers 

of haloalkanes in an effort to obtain a better under-

standing of the mechanism of this substitution process. 



CHAPTER I 

BASIC PRINCIPLE OF HOT ATOM CHEMISTRY 

A. Introduction 

Atoms which possess high translational energit s are 

called "hot" atoms. The study of their chemical reac-

tions is descrjbed a3 hot atom chemistry. The reactions 

of hot atoms a1·e different from ordinary reactions where 

the system is at or near thermal equilibr-ium. In c 

thermal reaction a ~inimum a~ount of enerey known as 

activation energy is generally required. In many cases, 

at this energy level only a very limited number of 

reaction paths are available. However, in the hot ntom 

reaction, in most ca3es, suffici3nt enert;y is available 

to open many more pa thwa~'s. This leads to a variety of 

products which are not formed in systems at thermal 

equilibrium. The field of hot-atom cheriistry is there-

fore concerned with the study of reactions of atoms over 

the entire kinetic energy range in which chemical roac-

t ions occur. 

Hot atoms can be generated by nuclear ti·ansfor r,ation. 

radiolysis, photolysis, arc, and beam accele;·ation. The 

technique used in this research is the method of nuclear 

transformation. There are three chief advantages of 

nuclear recoil as a source of hot atoms: (1) the product 

J 
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atom is rQdioactive; it allows subsequent tracer detec-

tion of the labeled products produced by the reactions of 

these atoms, (2) the detection techniques for radioactive 

species are extremely sensitive so that a very small 

amount of radioactive species is sufficient for analysis, 
8 (3) in a typical nuclear reaction, only about 10 hot 

20 atoms will be produced in the presence of 10 molecules 

of substrate so that the chances of two hot atoms reacting 

with the same rr.olecule to forrn a (:oubly substituted 

product are very unlikely, nor will there be any inter-

action between two hot atoms or their respective reaction 

products. 

The chemical reaction initiated by a nuclear recoil 

was first studied by L. Szilard a~d T. A. Chalmers 19 in 

1934. They observed that ofter the neutron irradiation 

of liquid ethyl iodide, part of the radioactive 1281 

could be extract2d from the e~hyl iodide with an aqueous 

solution containing a trace of free iodine as a carrier. 

This result indicated the fac~ that the bond between 
1 ''7 carbon and iodir.e was broken .-rhen an c_ I nucleus was 

tr~nsformed by rieutron capture to 1281. In 1936 Glueckauf 

anci Fay20 found that recoil halogens which formed in the 

neutron irradiation of alkyl halice could enter into 

organic combination to form a new carbon halogen bond, 
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some of the products appeared in the same chemical form 

as the parent compound, and some in a variety of new 

forms. This was the first evidence for the high chemical 

reactivity of the newly formed atoms. Since then, a 

great deal of work has been done in the field of hot atom 

chemistry. 

B. Formation of Hot Atoms by Nuclear Recoil Xethods 

If, for example, a neutron is impinged on an atomic 

nucleus, the neutron may be captured with the resulting 

formation of an excited compound nucleus. The energy 

increase arisec; from the bind t_nr; en.~rr,y of the eztra 

neutron and the kin1~tic enerr;y of th·~ neutron. \·Ji thin a 

very short time ("'10- 15 sec.), the C•)rnpound nucleus may be 

de-excited by e~issjon of either neuLron, proton, ~-

particle, or photon. The type of ca~ture reaction depends 

upon the enerey of the jncident neutron and on th0 mass of 

the target nucl1:us. The capture of :1eu tron with high 

kinetic energieJ will provide the nucleu3 with sufficient 

energy to eject a neutral or chareed particle. But the 

probability of Jarticle emission decreases with the 

increasinc atorr:ic number of the struck nucleus. As the 

result of the e:~ission of the chareed particle, the newly 

formed nucleus undergoes recoil with considerable kinetic 

energy. Thus, these nuclear reactions lead to 
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the formation of energetic recoil species. 

According to the law of energy and momentum conserva-

tion the average kinetic energy of the recoil atom, E8 , 

formed in a A(X,Y)3 nuclear reaction can be calculated by 

the followins equation: 

E = B 

My + :--:B 
--.-( -Vi--+-; i - M ) 

Y B X J } ( 1 ) 

Where EX = ,~nerg)' of the incident p:irticle, r,~X' My = the 

mass of the incid(,;t particle and emitted particle, 

respectively, MB = the mass of the recoil atom, and Q = 
the enercy change in the nuclear rea~tion,which can be 

calculated from the mass differe;1ce between the reaction 

products and that of the reactants. 

In the case where Ex is small compared to the Q 

value, the equation (1) can be simplified to: 

E = q • B 

The recoil energy impai·ted to the particles forrr.ed in 

a nuclear reaction usually ranges from KeV to a few MeV. 

Thus, if the target atom ha~ been incorporated into a 



7 

molecule, the newly formed recoil atom will break the 

chemical bonds and leave the molecule in which it was bound. 

In a thermal neutron reaction, the energy increase 

of the nucleus is about 6-8 ¥ieV. This amount of energy 

generally is insufficient to eject a particle and the 

excitation energy i~ dissipated by the e~~ision of one or 

more r-rays. Hence, the reactions are generally of the 

(n,r) type. A r-ra~ of energy Ey has a momentum of 

Pr = E-y/C. Due to the conservation of momentum, the 

recoil a tom must have an equal mor1entum. Therefore, the 

recoil energy is ER = P,_2/2M = E-y2/2KC2 • Where M is the 

mass of the atom and C is the speed of light. For M in 

atomic mass uni ts and E in .r-;ev we have ER = 537 Er 2 /I-r. eV. 

This is under the assumption that the excess energy is 

emitted as u single r-ray. Since Y-ruys are emitted in 

cascade and in different directions, ~ome cancellation of 

recoil momenta may occur. As a result, the effective 

recoil enercy available is considerably smaller, but 

usually still large enou8h to break chemical bonds. In 

most (n,r) processes, the recoil energy is in the range of 

100 to 1000 eV. As an example, the nuclear reaction 

37cl(n,r)38c1 is described in detail in Fi3ure I. 

The yield of a nuclear reaction, R, can be calculated 

by the following equation: 



17 p 
20 N 

R3coil Energy 

8 

17 p 
21 N 

~I 
Er= 6.11 MeV 

1 7 p 
21 N 

1,;37 Ey2 
ER = ---- = 528 eV (max) 

M 

Figur•: 1. 37 Cl(n, y)33c1 Nuclear Heaction. 
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Where CJ = the cross section of the reaction, ¢ = flux of 

particles, N = the number of target atoms, >.. = decay 

constant of the nuclear species produced, and t = the 

irradiation time. 

Table I outlines the properties of some recoil 

halocen induced by neutron capture which is an interesting 

aspect of the study of hot ntom che~istry. 

c. The Principle of Isomeric Transition 

The radioactive decay of radionuclide by o<-rarti-

cles, p-partjcles, electron capture, etc. may result in 

the formation of a metastable nucleus. ':'his roetr;.stable 

nucleus will subsquently stabilize itself by de-excitation 

to a more stable state or to its eround 0tateo The excess 

energy in each step is relea~;ed by the enission of /-rays. 

If s11ch a metastable state has a half-life long 

enouch to allow chemical handling, t~10n it is corr.ri1only 

called a nuclear isomer. Its transition to a lower ener-

getic state is known as isomeric transition (I.T.). For 

example, when brornine is irradiated with neutrons both 

BOmBr and 82mBr are produced. The small letter m following 

the mass number is used to indicate the rretastablc state. 

The decay of BomBr to 80sr is illustrated in Figure 2. The 

transition of BomBr to a lower excited state occurs by 



Table I. Properities of Recoil Halogens Induced by Neutron Capture. 

Nuclear Neutron Cross Half Recoil Decay & Energy 
Isotope Reaction Enerey Section Life Energy r-:ode (MeV) 

(Barn) 

18F 19F(n,2n) 18F 15.0 }ieV 0.061 11 0 min 700 Kev /3+' EC 1.65 

38Gl 37cl(n,r-)38c1 thermal 0.43 37.3 !r.in max /3 4. 91 
530 eV 

80mBr 798 ( ;-) 80rr.Q r n, .....,r therrnal 2.7 4.4 hr IT 0.085 -"' 
0 

8oBr 79 Br(n,r-) 80sr ther:";al e.2 17. 6 rr:in rr:ax /-3: 
417 e\' /3 ' 

-...!., 2.02 .L'-1 

82m8 r 81 3 ( r- , 8 21": :::< .,., r n, , ~~ 
+.',...., C"l~•-n-.,., v ~ ... - .. ' .............. 3.0 6. 1 r.in IT, /3- 0.046 

82Hr 81 Br(n,r-) 82Br thermal 0.26 35.5 hr max /3- 3.092 
360 eV 

1281 127I(n,r)1251 ther;-r;al 6.2 25.0 r.; in max /.3~' EC 1.27 
180 eV /3 2.14 



80m 8 r ( t 112 - 4.4 hr. ) 

0.049 tv1 eV 

Y 0.036 MeV 

80 
Br(t112 - 18 min.) 
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ernittine; a 1~9 KeV Y-rays with a h;:lf-life of about 4.4 
21 hours. A further de-excitation to cround state ,)QBr 

follows with a half-life of 7 .I~ nanosecond. Usually the 

recoil cnerGY associated with the nuclide formed as a 

result of isomeric transition is not enouch to break the 

chemical bond involved. However, the r-rnys enitted in 

the transition are stroncly internally converted, creating 

inner shell vacancies. The vacancies are subsequently 

occupied by electrons from outer shells. The enercy 

created in this process may be emitted a: x-rnys or may 

b(~ used in :.in internal photoelectric process in which 

additional elect;:-ons frorri out,;r shells [.11'e errlltted. This 

pPocess of repea,ed reshuffli1c and ejection of el( ctrons 

is knN:n as the . uger Effect. The time i·ec:tuired to com-

plete this proce:·:~ is very short, ccncrally less t!;an 

10- 15 second. ,,:J a result, the decayin.:; nuc:ide ;--,ccumu-

lates a hie:_~h positive ch:.irge. This hich i)osit.Lve c~.aq;e 

ca:-1 be partially neutralized by in trarnol·3 cular elc : tron 

transfer creatine; another po3itive center within t.e mole-

cule. Due to stronc Coulombic repulsion bet1-:ecn l~kewise 

charged ~ons, the molecule virtu·1ll:/ explodes, producing 

h . · 1 . . •ti.-. 'd bl k. t' 22 ign y c11arr,ec ions w1 i~ cons1 era e i:1e ic energy. 

D. Charre State of Recoil Ato~~ 

The species initially prodl.ced by nuclear transfor-
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~ation with very high kinetic enercy ranged from several 

hundred c 1/ to 8. few EeV are usuall;y positively charged. 

These energies are well in excess of chemical bond 

energies and do not allow any chemical reaction to take 

place. After collision de-excitation with ils chemical 

environment, the specie~; reach :i 101·cr energy range (10-

50 eV), in which chemic~l reactions become possible. 

However, durinc the energy degrudat:on process the ionic 

character will usually change by ch~rge exchange with the 

mediUI'l. Therefore, it is important to know what is the 

charge state of the hot species when it enters chemical 

combination, i.e. whether the recoil atom reacts as 

neutralized or ionic atom. 

The adiabatic p·inciple2 7 or resonance rule has been 

used successfully fo1· predicting the charge [;tate of the 

recoil species. Thi:; principle states that the proba-

bility of an electronic transition on collision is 

maximum when the tin:•) of coll is ion equals the period of 

the transition. The maximum probability of transition 

occurs when 

a 6E/hV = 1 max 

Where a is t.he averace relative dista:ice of travel during 

the collisic n, 6E is the energy of th• transition, h is 
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Planck's constant, and V is the relative velocity of max 
the particles. The maximum kinetic energies for various 

exchange processes in a medium can then be calculated by 

Ernax = 1/2 mVmax· This hypothesis has been applied for 

predicting the charge state of recoil T, 24 11 c, 25 39c1, 26 

and 127r, 27 when it reaches the chemical region ("'-'10 eV) 

in various media. Generally, high energy ("'104 eV) 

recoil species which are produced by the particle emission 

process, such as (n,2n), (n,p), et.c. can be expected to 

reach chemical energies as atoms. However, for species 

produced by (n,r) process havin£ recoil energies of only 

hundreds of electron volts, the possibility exists that 

some of them remain charged until they react. 

Recoil chlorine atoms produced by LOAr(r,p)39c1 

possess recoil energy of up to 0.?.7 MeV. With such a high 

recoil er.ergies 39c1 will eventually react as neutral 

ground sttte atom. A comparison of yields of 38c1 and 

39c1 labeled Sl)ecies have shown no differences. 28 This 

indicates that 38c1 atom3 which are produced by a (n,Y) 

reaction do react as neu~ral atoms. 

Other evidence supporting the contention that 38c1 

reacts as an a~om but not as an ion is that n- and iso-

propyl chloridl) do not isomerize in their reaction with 

recoil 38c1. 29130 



15 

In the cose of bromine, it has been found that the 

reactive bromjne species generated via the (n,r) nuclear 

process are atoms but not ions.31 ,32 However, the bromine 

species formed as a result of isomeric transition are 

highly cnarged and were found to react as (singly) charged 

ions. Hot brm'1ine ions carrying charge of up to +13 have 

been obsnrvect. 22 

E. Criterion for Hot Atom Reactions 

The high idnetic energy associated with the fcrma tion 

of the recoil atom in a nuclear reaction can be dissipated 

by the hot aton collisions with its sureounding molecules. 

At energjes lc~s than 20-50 eV chemical reactions mny 

take place. S'ich reactions arc con side 'ed as hot reac-

tions. However, not all recoil atons r8act while t1ey 

still have excess energy. Eventually some of these recoil 

atoms will reach and react at thermal energy levels. 

There are various criteria that can be used for 

distinguishing r.ot from thermal reactio;is. 

(1) The acdition of a small amount of radical 

scavengers will suppress or eliminate thermaljzed hot 

species whose reaction otherwise would interfere with the 

results, but have little effect on hot reactions. ~he 

use of a scaveng8r is possible because the reactions of 

hot atoms have high collision efficiencies. 'Phe 10·.-1 

concentration of scavengers in the reaction system will 
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not significantly effect hot reactions since a hot atom 

is unlikely to encounter them in the few collisions of 

its chemically effective existence. 

In the recoil halogen reactions, the scavenbers that 

most often have been used are oxygen, bromine, and iodine. 

They can react effectively both with thermalized halogen 

atoms and other radicals produced by the radiation pro-

cesses. Figure 3 shows an example of scavenger effect.33 

The percent of BOmBr labeled organic products was plotted 

as a function of concentration of Br2 scaven0er folloHing 

neutron irradiation of ethyl bromide. This result 

indicates that in the presence of small amount of Br2 , 

the thermal reaction can be eliminated almost completely. 

The hot products can be estimat<d by extrapolating the 

line back to zero Br2 concentration. 

(2) In the cas phase, inert moderator~ may also 

serve to distinguish hot and thermal renctions. In 

this case the excess kinetic energy of the hot atom will 

be removed in collisions with the moderator. Generally, 

noble gases are often used as moderators due to their 

chemical inertness. Collisions between the inert gas 

atoms and the hot atoms have been considered as elastic. 

Thus, the maximum amount of enerr,y that a hot atom c<n 

transfer in an elastic collision can be calculated bJ 
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using the followinc equation: 

(2) 

Where E- = the kinetic energy of the incident atom, m = 
l 1 

the mass of the incident atom, ~nd m2 = the mass of the 

struck atom. From equation (2) it can be seen that if 

the incident atom and struck atrJrn have the same mass, the 

maximum arr.aunt of enerey will b: transferred from the hot 

atom to the other nuclide. Thu~, in this case it will 

undergo the smallest number of collisions before it reaches 

thermal eCiuilibrium with its sui·roundincs. Therefore, 

Ne, Ar, Kr, and Xe will be the 1Jest choice as moderators 

for 18F, 33c1, 80Br, and 1281 s.rsteP1s, respectively. 

The oddition of a moderatot' not only cnn remove energy 

from the hot atom but also can 1·educe the number of colli-

sions of the hot atom with the ·eactive species at the 

appropriate energy range. Thus, if the yield of a given 

product decreases and is finally elimin11ted by the presence 

of increasing amounts of moderator it can cenerally be 

assumed th;t t the product wa:-; formed by hot reactions. 

(3) In a thermal rcac~ion, the reaction will proceed 

via a pathway which require.s the le[tst amount of activa-

t ion enere:;, so usunlly there is only a small number of 
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possible reaction pathways. However, in a hot atom 

reaction, the initially formed hot atom possesses a very 

high kinetic enerey, which allows the reaction to proceed 

via many more pathways as schematically shown in Figure 

4. Therefore, the formDtion of any product which is not 

observed in a thermal reaction may be ass~~ed to be 

formed by a hot reaction. For example, the formation of 

CH318F from the hot reaction between 18F and CH4 is 

unknown in the thermal reaction. 

(4) Hot reactions are in eeneral tHmperature 

independent, since the energy required i~; supplied by the 

hot species. However, if a particular product yield shows 

temperature dependence, this does not ne<~essarily inGicate 

that a hot reaction is not involved. FoP example, the 

primary products of hot reaction may undergo seconda~'Y 

reaction which is a temperature dependenc process. 

F. Types of Hot !~tom Reactions 

\'Ii th hi 1~h recoil energy, hot atoms can react in 

several ways. In this section, the discussion will focus 

on the type of reaction of recoil haloeen. 

1. Abstraction Reaction 

( ·y·::•j 1 ., RH ) HY·:~ + R• ( 3) 

[ • y·::·J ~ .,.. RX xy·::- + R• (4) 
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Recoil halogen can abstract hydrogen and halogen 

according to equations (3) and (l+), but the abstraction 

of hydrogen by fluorine and chlorine are not typical hot 

reactions. As shown in Table II, thermal fluorine and 

chlorine atoms also favor hydrogen abstraction due to 

their exothermicity. 

2. Substitution Reaction 

Recoil halogen atoms are able to substitute for 

hydrogen, halogen or a functional group as shown in 

equations (5), (6), and (7). 

[ .y* J + :\H RY* + H• 

l·y·::- J + HX RY~· + x· 

[ • y·::- ] + HR1 
RY.;:- + R1 • 

(5) 

(6) 

( 7 ) 

The exci tcd product molecule RY· .. · can either decompose or 

become collisionally de-excited. 

RY 
RY ----.. 

..__-~> decomposition products 

In the hot halogen substitution reaction it is a 

general trend that the yield of subst~tuted products 
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Table II. Enthalpy Change ~H~5 (kcal/mole) in 

Various Types of Hydrogen Abstraction 

Reaction by Halogen.* 

Bond Type F Cl Br I 

Primary C-H -55 -4.9 10.6 26.6 

Secondary C-H -58.5 -8.6 7. 1 2 3. 1 

Tertiary C-H -62 -11.9 3.6 19.6 

* From reference 91. 
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increase from gas to liquid to solid transition. The 

increases in yield in the condensed phase are due to the 

ease of dissipation of excitation energy and also to the 

cage effect which allows radical recombination reactions. 

The effect of bond strength on the yields of 18F 

substitution reaction has also been investicated.34 It 

was found that the yield of R18F increases as D(R-X) 

decreases, where X = F, Cl, Br, or I. The same trend 
8;? . . ' 

~as observed in the reaction of Br witn cnlorofluoro-

methanes .35 It has been shown that higher yields are 

associated with the Br for Cl reaction than 3r for F. 

3. Addition to C=C or c=c Bonds 

Hot halogen atoms can react with unsaturated hydro-

carbons to form addition products. However, these hot 

addition reactions are usually accompanied by abstraction 

or substitution. 

For example, the reaction of near therm~l hot 18F 
1 9 1 8 atoms produced from F(n,2n) F nuclear reaction with 

acetylene36 follows three pathways: 

(a) Substitution of 18F for 1i 
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(b) Abstraction of H 

18F + CH:CH 

(c) Addition to the n Bond 

•CH=CH18F 

The addition product •CH=CH18F is in the hiGhly 

excited state, so it will either decompose to CH:c18F 

and CH~CH or collisionally stablize to •CH=CH18F followed 

by hydrogen abstraction from its ~;urrounding molecule.3 

to form the stable product CH2=cH18F. 

G. Stereochemistr:r of Hot Subs ti t..ution Reactions 

The substitution reaction of recoil atoms at asy~-

metric carbon atoms may result in inversion, retentio~, 

or racemization of the configuration at the asJlmnetric 

atom. The study of these reactions will provide informa-

tion on the basic mechanism of the hot atom reaction. 

The replacement of hydrogen by recoil tritium has been 

investigated by several groups with the results shown 

that the subs ti tut ion is accompanied \-:i th nearly complete 

retention of configuration at an asymmetric carbon in 

both condensed and gaseous phases. Diastereomers as well 

as enatiomers have been used in these investigations. A 

summary of these experimental results is shown in Table III. 
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Table III. Pr·evious Results of !\ecoil Tri ti urn for 

Phase 

Solid 

Liquid 

Jydrogen Substitution at tsymmetric Carbon 

Atoms. 

Sys terr. 
Studied 

Glucose 

L-Alanine 

d,l DCB~:-

Glucose 

d,l DCB 

d,l DCDFE· . .-· .. · 

me so DCDFE 

d,l DCDFE 

me so DCDFE 

Substitution 
Product 

Glucose 
Galactose 

L-Alanjne 
D-Alanine 

d,l DCB 
rneso DCB 

Glucose 
Galactose 

d,l DCB 
me so DCB 

d,l DCDFE 
me so DCDFE 

rr.e 30-DCDr: ;~ 
d,l DCDF.C: 

d,l DCDFE 
me so DCDFE 

me so DCDFE 
d,l DCDFE 

Retention Reference 
( c; ) 

I~ 

99 Ii 1 

95 40 

95.5 38 

90 40 

97.7 38 

80.4 39 

94 39 

80 18 

92 18 
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Table III (continued) 

Systel'1 
Studied 

Substitution Retention Reference 
Phase Product (%) 

Gas 0-2-Bu. tanol D-2-Butn.nol 90 37 
L-2-Butanol 

::,-2-Butanol L-2-Butanol 95 37 
D-2-Butanol 

c:, 1 DCB d,l DCE 93 38 
me so DC3 

l"leso DCB me so DC3 80 38 
d,l DC2 

d,l DCDFE d,l DCI: i•~E 97.6 39 
me so DC;JFE 

me so uCDFE me so DC:YFE 99.5 39 
d,l DCDicE 

d,l DCDFE d,l DCD>'I: 96 1 8 
me so DCDFE 

ir.eso DCDFE me so DC JFE 96 18 
d,l DCDi·'E 

* DCB= 2,3-Dichlorobutane 

-::-{:· DCDFE = 1, .?-Dichloro-1, 2-d ifluroethane 
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Based upon the fact that no inversion occurs in a 

tritium substitution reaction and the observation that 

HT/RT ratio increased as chain length increases in a 

reaction between tritium and alkanes, Wolfgang ana his 

coworker38 proposed the "impact model". This model 

suggested that the product distributions depend on the 

point and d]r.:ction of impact.. '.''he time of impact was 

estimated to be approximately e~ual to 10- 14 second. 

This is in the same order as C-H bond vibration. A~: a 

result, the collision is localized and only one or two 

bonds tend to be broken. 

According to this model only thr~e modes of substi-

tution and abstraction are poss1ble for the reaction of 

tri tiurr. and alkanes, as shown in Figt.:t•e 5. 
When the hydrogen atom attacks directly fro~ the 

"front" side at the central carbon, the atom or croup on 

the opposite side will be expected to be expelled which 

leads to a replacement product with invErsion of configu-

ration. This is the so-called Walden inversion. However, 

there are some inertial factors to be considered. From 

the extension of a general form of the Frank-Condon 

principle, the so-called golden rule of hot atom cherr.is-

try, it is stated: "Hot atom reactions requirine nt.:clear 

motions wtich are slow relative to the time of colli3ion 
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oo 

Figure 5. Modes of Reaction of Hot Hydrop,en Atoms. 
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tend to be forbidden. n42 Therefore, if t:1e th1·ee atoms 

or groups not replaced are heavy, substitution with the 

Walden inversion will be forbidden. For example, since 

the vibration time for OH and CH 3 is in the magnitude of 

10-13 second. These groups will not be able to invert 

themselves within the time of collision {10-14 second), 

and there will be no vacant orbital nvailnble on the side 

of the carbon atom which the tritium is attacking. As a 

result the tritium is not captured and will escape as 

shown in Figure 5a. 

When the recoil tritium attacks at a wide angle, 

within the time of collision the hydrogen atom can be 

expelled which leads to substitution without inversion 

(Figure 5b). However, when the tritium attacks along the 

bond axis, it can only form an abstraction product, HT 

{Figure 5c). 

Such a glancing colli~;ion, al though only small 

momentum or energy is tran~ferred to the struck molecule 

if the collision is sufficiently close, will result in 

an abstraction by the stripping process {Figure 5d). 

Unlike tritium substitution reactions, most of the 

stereochemical studie~; of the recoil halogen for halogen 

substitution were donn with diastereomers. Since the 

recoil halogens of interest usually have relative short 
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half lives (see Table I), one cannot afford the long 

resolution and degradation procedure which is usually 

required when optically active molecules are used. 

Diastereomers, however, differ appreciably in both 

boiline point and dipole moment and can be readily 

separated by gas chromatography. 

For many years, the experimental investigations of 

the stereochemistry of the halogen for halogen substitu-

tion have shown that in the cas phase the substitution is 

predominate with retention of configuration, whereas in 

the condensed phase the stercospecificity decreases, i.e. 

the retention/inversion ratio decreases. 

The almost complete retention of configuration in 

the gaseous pha~e has been explained based on the impact 

model. It 3ssurnes a direct i·eplacement process and the 

time for bond formation is less than time required for 

the motion of the substituent groups during the inversion 

process. Furthermore, these rapid motions involve so 

much vibrational excitation energJ that the molecules 

thus formed will undergo decomposition within about 10-10 

second. 

The somewhat smaller stereospccificity observed in 

the condensed phase has been (;enerally ascribed to a 

contribution from radical-radical c~ge combination 
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reactions, allowing racemization of the intermediate 

radical. 

Cage reaction was first introduced by Franck and 

Rabinowitch43 to account for a situation created in 

solution when two radicals or atores are formed simul-

taneously in the same location. Due to the slowness of 

the diffusion process in liquid, the orcinal partners 

remain together for about 10- 10 second, and this increases 

greatly the probability of their mutual interaction. 

The Rabinowitch cage has lone; been considered a 

central concept in condensed phase hot ntom chemis-

try.1 'h4,45 Recently, Richardson and Wolfgane46 

approached the investigation of cace effects by studying 

the influence of a continuous increase in density from 

gas to a close packec liquid o~ solid on the yields of 

. d t Ab 1 t . 1 - f' CH 1 ()F d CF ,.., 1 8~ maJor pro uc s. so u e y1e os o 3 an .i2 r t 

from the reaction of 18F with cH 3F were measured for 

densities from o.001Li g cm-3 (cac ut 1.1 atm) to 1.1 

- 3 B th c·- 1 8F d c·· F 1 e., - . . . g cm • o :. 3 an n 2 r snov: snarp rises in 

yield starting f:-om the lowest ens ·1ensi ties and leveling 

off at abo 1.tt 0.2 r, c111-3 (S0-100 atm). 'I'i1is indicates 

that due to increased co].lision de-1~xci l'.1tion at increased 

densities, the highly excited prima~y products are 

stabilized. At higher densities a seco~d rise in yie~ds 
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was observed. ~his phenomenon was described as the 
18 result of caeing reactions involving the hot F atom 

and organic radic:1ls which has produced in the medium. 

1here are two types of immediate caged radical-

radical reaction which occur either followi~g t~e hot 

displacement of a halo~en atom by a recoil atom with 

excess kinetic energy 

{ R • + X • y·::·; + • cage 

or the hot one-step substitution after excitation 

decomposition of the first formed product. 

r .. , RY· .. ·. 
L J ex c. 

---3"' RY·::· 

{ R • + • y·::· ~ 
)cage 

If the time scale for recombination of the radicals 

in the solvent cage becomes co~parable to the time 

required for the radical to achieve planar conficuration, 

the subsequEnt recombination would lend tv the formation 

of products with both retention and inversion of configu-

ration. This two-step cage reaction was the only 

mechanism consi 1 iered in the early work of condensed phase 

hot atom reactions. 
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In the study of hot chlorine for chlorine substi-

tution in liquid 2,3-dichlorobutane, Stocklin and 

coworkers 17 observed a pronounced change on the conficu-

ration of substituted products by changing the type and 

the concentration of the solvent. By usine infrared 

spectroscopy, the influence of the solvent on the 

relative equilibrium concentration of the rotational 

isomers was studied. 7hey found that there is a correla-

tion between equilibrium concentration of conformers and 

the stereochemical course of the substitution reaction. 

On the basis of this result the a~thors believed that 

a hot one-stup process was involv0d, since two-step 

radical processes should not be affected by the conforma-

tion of the original substrate molecule. They sugeested 

that the hot one-step substitution occurs via a collision 

complex which is collisionally stabilized and has a life 

time sufficiently long to allow also inve1·sion of 

configuration. 

The pressure dependence of the stereochemical course 

in hot chlorine for chlorine substitution in meso and 

d,l 1,2-dichloro-1,2-difluoroetha11e has also been studied 
18 by the same authors. They found that substitution with 

inversion of configuration is almost negligible in the 

gas phase and substitution shows a strong phase effect. 
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From this study they derived at the same conclusion 

namely that the substitution occurs via a cage complex. 

Pettijohn, Rack, and Wolf1 ~7 have investigated the 

hot chlorine for chlorine substitution reactions with 

R- and S-2-chloropropanoyl chloride. This is the first 

experiment in which enantiomoric molecules have been used 

as substrates in the study of the stereochernical course 

of halogen for haloeen substitution reactions. 81% 

inversion of configuration was found in the gas phase. 

This result is quite intcrestinc, since previous results 

with diastereomeric compounds all indicate that substitu-

tion in the cas phase proceeds with almost complete 

retention of configuration. A list of prc:vious studies 

on the stereochemical course of hot tialogcn for halogen 

substitution is given in Table IV. 

In summary, tritium for hydroeer: subctitution pre-

dominantly occurs with retention of conficuration either 

in gas rhase or in condensed phase. These results 

indicate that cacinc is here unimportant. In the case of 

halogen substitution reactions, previous results show the 

stereospecificity decreases fro~ the gas phase to the 

liquid p~ase transition. Two mechanisms have been sug-

gested to explain the lower degree of stereospecificity 

observed in the liquid phase. (1) ~'he two-step mechanism 



Table IV. Previous Results of Recoil Halogen for Halogen Substitution 

at Asy:r~ctric Carbon Atoms. 

Recoil Sys tern Substitution Retention Reference 
Phase Saloeen Stuci:ezi Product (;~) 

Solid 38Cl d,l DC31 d,l DCB 50 14 
me so DCB 

38Cl me so DC3 me so DCB 60 14 
d,l DCB 

VJ 

38Cl (S)-CPC? (S)-CPC 49.2 47 
Vl. 

(R)-CPC 

Liquid 18F d,l DCB thero FCB3 73.3 1 7 
erythro FCB 

38Cl meso DCB meso DCB 70 14 
d,l DCB 

38Cl d,l DCB d,l DCB 74 14 
meso DCB 

38Cl d,l DCB ct,1 Dea 74.5 1 7 
meso DCB 



Phase 

Liquid 

Recoil 
:-: a l o ~;::: :--i 

Ji.JmCl 

34mc1 

38Cl 

8om8 r 

8om 8 r 

8om8 r 

80mBr 

8om8 r 

Table IV (continued) 

Syste:;; 
Studied 

(S)-CPC 

(R)-CPC 

(S)-CPC 

d,l DC3 

meso DCB 

d,l DCB 

meso DCB 

d,l DC3 

Substitution 
Product 

(S)-CPC 
(R)-CPC 

(R)-CPC 
(S)-CPC 

(S)-CPC 
(R)-CPC 

threo BC34 
erythro-BCB 

erythro BCB 
threo BCB 

threo BC3 
erythro BCB 

threo BCB 
erythro BCB 

threo BC5 
e!'ythro BCB 

Retention Reference 
(%) 

53 47 

53.4 47 

52.7 47 
\.....> 
Cf' 

92 12 

95 12 

58.3 17 

71~ 1 3 

72 1 3 



Table IV (continued) 

Recoil Sys terr. Substitution Retention Reference 
Phase Ealogen Studied Product (%) 

Liquid 82Br meso DCB threo BCB 54 1 3 
erythro BCB 

82Br d,l DCB erythro BCB 52 13 
threo BCB 

126! d,l DCB threo !CBS 54 17 
erythro ICB \,...) 

-.J 

Gas 18p d,l DCDFE6 d,l DCDFE 90 16 
meso DCDFE 

1 oF meso DCDFE meso DCDFE 90 16 
d,l DCDFE 

38Cl d,l DCB d, 1 DCi::3 93 15 
meso DCB 

38Gl meso DCB meso DCi.3 95 15 
d,l DCB 

38Cl C.,l DCI3 d,l DCB 93 12 
meso DCB 



Table IV (continued) 

Recoil System Substitution Retention Reference 
Phase Halogen Studied Product (%) 

--
Gas 38Cl meso DCB meso DCB 95 12 

d,l DCB 
38Cl d,l DCDF:2: d,l DCDFE 91 18 

meso DCDFE 
38Cl meso DCDFE meso DCDFE 92 18 

d,l DCDFE VJ 
CD 

38Cl (S)-CPC (S)-CPC 17.7 47 
(R)-CPC 

38Cl (R)-CPC (R)-CPC 20.0 47 
(S)-CPC 

3u.rr.Cl (S)-CPC (S)-CPC 18.8 47 
(R)-CPC 

3',..., 4l··c1 (R)-CPC (R)-CPC 21.3 47 
(S)-CPC 

80mBr d,l DCB threo BCB 90 14 
erythro BCB 

8oBr d, 1 DCB threo BCB 71 48 
erythro i3CE 



Table IV (continued) 

Recoil Sy.st e:11 Substitution Retention Reference 
Phase Halogen Studied Product ( % ) 

~ ~ - Boor me so DCB erythro BCB 73 48 Uc1.::> 

three BCB 

1. DCB= 2,3-Dichlorobutane 

2. (S)-CPC = 2(S)-Chloropropionyl Chloride 

3. FCB = 2-Fluoro-J-chlorobutane 

4. BCB = ~-bromo-3-chlorobutane 
5. ICB = 2-Iodo-J-chlorobutane 

6. DCDFE = 1,2-Dichloro-1,2-difluoroethane 
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which involves the radical-radical combination in the 

solvent cage and (2) the one-step substitution processes 

which may proceed via a caged complex. However, the most 

fundamental question that still has not buen answered is 

the role of the solvent in determing the mechanism of 

liquid hot reactions. Is it an indirect effect on the 

conformer population of the substrate molecule as indi-

cated by St&cklin or a direct eff~ct of the solvent by 

participating in the de-excitation st11bilization of th3 

excited intermediate? This problem has been studied in 

the present research by undertaking the investigation of 

the solvent effect on the stereochemical course of 2,4-

dichloropentane, 2,J-dichlorobutane, and 2-chloro-1-

propanol. 



CHAPTER II 

EXPERIXENTAL 

A. Preparation and Purification of Initial Materials 

1. meso and raceric 2,)-Dichlorobutane 

A diastereomcric mixture of 2,)-dichlorobutane was 

obtained from Aldrich Che~ical Company. The meso and 

racemic forms of 2,)-dichlorobutane were separated by 

gas chromatocraphy with purity greater than 99%. The 

separation conditions are shown in Table V. 

2. meso and race~ic 2,4-Dichloropcntane 

58.0 g of thionyl chloride were added slowly to 1).0 e 

of 2, 4-pen taned iol in the pre::, ence of a smal 1 arnoun t of dry 

pyridine at o0 c. After refluxing for 3 hours, the excess 

thionyl chloride was destroyed with ice water. The mixture 

was then extracted with ether. The organic extracts were 

washed with a~ueous sodium bicarbonate solution and water, 

and dried over anhydrous maenesiurr. sulfate. Pure 2,4-

dichloropentane was distilled at ~;l:-S5.)0 c at 20 torr. The 

yield was 10.u g (61.3%). m:R (neat) o 1.1+5 (d,J = 6 Hz, 

), -CH 3 ), 2.10 (m, 2, -CH2-), 4.21 (m, 2, -CE-). 

The products were separated by gas chromatoeraphy 

into the pure meso and racemic for~s. Table V shows the 

separation conditions. 



Table V. Conditions U3ed in Gas Chromatography for Separation 

of Diastereorneric 2,3-Dichlorobutane and 2,4-
Dichloropentane. 

Stationary phase 

Solid support & 
particle size 

Col wne lent:; tr, 

Colu.111n diarieter 

Effluent 

Flow rate 

Colunn te~perature 

Detector temperature 

15% Igepal C0-800 

Chronosorb 'd-Al1! 
60/80 r.esh 

25 foot glass tubing 

1/4" i.d. 

HeliuPl 

Bo ml/r;,in 

65°C 

100°c 

2,h-Dichloro0cn'c-ane 

,~~ Jrn~al co-Boo ,..)1- c.,~ J/ 

Chromosorb ':i-A1;.J 
60/80 mesh 

25 foot glass tubing 

1 /4 fl i . d. 

He 1 i U.'il 

Bo ml/rnin 

8o0 c 

120°c 
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3. 2(S)-(+) and 2(R)-(-)-Chloropropanoyl chloride50,51 ,52 

~4.5 erams (O.S mole) of high optical purity alanine 

was dissolved in 450 ml of 6N HCl at o0 c. The tempera-

ture of the solution was then adjusted to -5°c with an 

ice-salt freezing mixture. To this solution 57 crarr.s 

(0.83 mole) of crystalline sodium nitrite was added slowly 

with rapid stirring at such a rate that the temperature of 

the reaction mixture did not exceed o0 c, and the evolution 

of brown fume~ did not become too vigorous. Stirrinr was 

continued for 10 hours at o0 c aftei· the addition of the 

sodium nitrate was finished. The solutjon ~as then 

extracted overnight with ether by using a continuous 

extractor. The extract was dried over 1nhydrous sodium 

sulfate. The solvent wns removed by rotary evaporaUon. 

The S or R-2-chloropropnnoic acjd was distilled at 104-

1060c at 35 torr. 

The acid (about O.':? mole) was ther; mi.xed vrith J).1 g 

(o.25 mole) of benzoyl chloride in a roLnd-bottomed flask 

surmounted by the fractionating column. The distill&tion 

apparatus was connectec to the vacuum. The mixture i,·as 

stroncly heated to distill the ucid chl0ride out of 

the reaction mixture as fast as possible by carefully 

controlling the pressure. The distillate which contained 

most of the acid chloride with a small amount of 



44 

dissolved hydrogen chloride and benzoyl chloride was 

redistilled. b.p. 108-109°c. NMR (cc1 3n) 8 1.80 

(d,J = 8 Hz, 3, -CH 3 ), li.62 (q,J = 6 Hz, 1, -CH-). The 

amount of the other isor1er varied from 2 to 5% for S-

2-chloropropanoyl chloride, and 7 to 10% for R-2-

chloropropanoyl chloride as determined by the method 

discussed in Section D. 

4. 2(S)-(+)- o.nd 2(R)-(-)-Bror;1opropanoyl bromide)O 

The :;ame procedure was followed as described for the 

preparation of 2(S)-(+)- or· 2(R)-(-)-chloropropanoyl 

chloride, except 6N HBr and benzoyl bromide were used 

instead of HCl and benzoyl chlo~ide, respectively. b.p. 

68-69°C at. 30 torr. N:-rn (CC1 3D) 0 1.96 (d,J = 8 l-iz, "' .) , 
-CH 3 ), 4 (. 6 . ( ' ( q, J = 6 Hz, 1 , -CH-). The amount of the 

other isoner Wa:J found to be va;'iecl from 85 to 8(%. 

). 2(S)-(+)- and 2(R)-(-)-Chloro-1-propanol52 

A solution of 12.7 g (0.1 mole) of either 2(S)- or 

2(R )-chloroprop:moyl chloride was addeu drop by drop to 

2.28 g (0.06 mole) of lithium aluminum hydride in 100 ml 
0 of dry ether at 0 C. A period of about 20 ~inuteG was 

required for this procedure, and the stirring was continued 

for 30 minutes. The excess hydridr wa~ destroyed with 

water and then with 10% sulfuric acid. The upper layer 

was separated and the aqueous layer wan continuously 
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extracted isopropyl ether for 2 hours. The extracts 

were combined with the orcanic layer and dried over 

Drierite. The distillation at 90 torr gave 6.1 g (65%) 

of 2-chloro-1-propanol. b.p. 76.5-77.5°c. NMR (cc1 3n) 

0 1.)0 (d,J = 6 Hz, ), -cH3 ), 2.43 (s, 1, -OH), ).68 

(m, ), -cH2-), lt-.11 (m, 1, -CH-). The amount of S 

isomer of synthesized 2(S)-chloro-1-propanol was fauna 

to be from 90 to 9h'::. 

6. 2(S)-(-)- or 2(R)-(+)-Acetoxy-4-methylvaleryl 

chloride53,54 

High optically pure S-leucine, 37.6 g (0.287 mole), 

was dissolved in 400 ml of 1N 1;2so4 solution at o0 c. To 

this solution 33 e (0.478 mole) of NaN02 was added slowly 

over a period of 2 hours, so that the te~perature was kept 

between 0 and 2°c. After the addition was completed, the 

solution was stirred for 2 hours at o0 c and for 3 hours 

at room te~perature. The solution was extracted over-

night with ether by using a continuous extractor. The 

ether extract was dried over mar,nesium sulfate. Following 

removal of the ether by rotary evaporation, 47 g 

(0.6 mole) of acetyl chloride was stirred into the crude 

product of leucinic acid at o0 c. The reaction was con-

tinued with stirring for 10 hours. To the reaction mixture 

35 ml of thionyl chloride was added slow1y at o0 c. The 
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solution was allowed to stand overnight at room 

temperature. The excess thionyl chloride and acetyl 

chloride was removed by distillation at 760 torr. The 

residue was fractionally distilled under reduced pressure 

to give 12.9 g of 2(S)-acetoxy-4-methylvaleryl chloride. 

b.p. 77-80°C at 5 torr. NMR (CC1 3D) ~ 0.98 (q,J = 3.2 

Hz, 6, two -ctt3 ), 1.80 (m, 3, -CH-CH2-), 2.75 (s, 3, 

COCH3 ), 5.40 (t, J = 5 Hz, 1, OCH-). The fu,oUnt or 

7. Compounds obtained commercially 

Iodine was obtained from Aldrich Chemical Company 

and bromine was ;)urchased from J. 'I'. Baker Chemical 

Company with a 99.8% purity and were uced without further 

purification. CF3Br ~nd o2 were ojtained from Matheson 

Chemical Company with a stated purity level greater than 

99.0%. The solvents used in this 3tudy were obtained 

from various companies and dried and purified when 

necessary. (S)-(+)-valine methyl ester was purchased 

from ICN Pharmaceuticals, Inc. 

B. Sample Preparation and Irradiation 

1. Liquid phase reaction 

Liquid samples were prepared by introducing the 

desired amount of substrate and various amounts of solvents 
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together with about 2 mole percent of r 2 as scavenger, an 

amount which was found as sufficient to suppress thermal 

diffusive reactions, into small quartz ampoules. The 

quartz ampoules were used in order to minimize the forma-

tion of long half-life 22Na {t112 = 2.58 years) during 

the irradiation. The amount of 2,3-dichlorobutane, 2,4-

dichloro~entane, 2-bromopropanoyl bromide, or 2-chloro-1-

propanol used in each experiment was about 15 mg. The 

ampoules were then attached to the vacuum line, thoroughly 

degassed by freeze-thaw techniCiue, and sealed under 

vacuum. The sample was immediately subjected to neutron 

irradiation. The neutron irradiation was carried out at 

the VPI&SU nuclear reactor with a neutron flux of 1.3 x 

1012 n cm- 2 sec-1 for 2 to 5 minutes at 40°c. 

2. Gas phase reaction 

In the study of the decay induced 80Br exchange 

reaction in gas phase, CF 3Br was preferentially used as 

the 80Br source because of its ionization potential of 

12.3 eV, which lies above that + of Br and thus would not 

interfere with the Br+ reaction by charge transfer. 

About 35 milligrams of CF3Br were trapped and sealed 

in a quartz capillary using n liquid nitrogen trap under 

vacuum. The c:uartz capillary was abou~ three inches long 

and had a one millimeter internal diam·~ter. The CF 3:3r 
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sample was irradiated at a neutron flux density 01' about 
12 -2 -1 0 10 n cm sec for one houP at 50 c. After the 

irradiation, the sample was scored behind a lend shield 

for two hours to allow the decay of radioactivity to an 

acceptable limit for handling. The contents of the 

quartz capillary was then subjected to gas chromatocraphic 

purification on n 10 foot Poropak Q column. The separa-

tion conditions are listed in Table VI. 

The CF3Br fraction, containing BomBr-, SOBr-, nnd 

82Br- labeled CF3Br formed dur·ing the irradiation, was 

trapped and transferred by vacuum line technique into 

a reaction vessel. The other radioisotopes of bromine 

produced diG not impose any problems, since they decayed 

to stable daughters. 

The reaction was carried out in ~ spherical, specifi-

cally designed pyrex glass vessel with a total volu"Tle of 

500 ml. In- and outlet valves were Kontes' greaseless 

high vacuum valves. The ves~el was filled by the 

standard vacuUir. line technique with the desired amounts 

of reactants and additives. The reaction was kept in the 

dark for about 40 minutes at room temperature to permit 
80Br to obtain equilibrium with BomBr. 



Table VI. Gas Chromotographic Purification of Neutron"".'irradiated CF3sr. 

Packing material 

Particle size 

Column length 

Column d.iameter 

Effluent 

Flow rate 

Colum,:n temperature 

Detector temperature 

Parapak Q 

80/100 mesh 

10 foot glass tubing 

1/4" o.d. 

Helium 

40 ml/min 

100°c 

120°c 

~ 
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C. Sample Analysis 

1. System of 2,J-dichlorobutane (DCB) and 2,4-dichloro-

pentane (DCP) 

When a dichloro-compound such as DCB or DCP is 

subjected for neutron bombardment 38c1 is produced. The 

reaction of J8c1 with DCB or DCP gives various products. 

Among these, two products form as ~he result of 38c1 for 

Cl substitution in the parent molecule. Figure 6 shows 

a typical example of neutron irradiation of meso DCP. 

After irradintion, about 108 hot 3Ucl atoms are produced 

in the presence of 1020 molecules of su1 strate DCP. The 

reaction of hot 38c1 with DCP gives abs,raction product, 

H38c1, decomposition products such as Ci. 3CHC1CH2 38c1, 

CH3 38c1, etc •• Only about 5% of the generated 38c1 forms 

substituted products with either rctent~on or inversion 

of configuration. The inversion at one optical center 

produces the d,l DCP from meso DCP. 

The irradiated samples were transfl!rred to a vial 

containing about 1 ml of ether and 0.5 nl of 10% aqueous 

solution of a 1 : 1 mixture of Na 2so3 a 1d Na 2co3 • The 

organic layer wn~ separated, transferred to another ·1ial, 

washed with distilled water and dried with a~1ydrous 

After addition of a mixture of inactive car~iers 

the organic products were subsequently analyzed by gas 



H H 
I I 

CH -C-CH -C-CH 3 I 2 I 3 
Cl Cl 

meso DCP 

(1020 molecules) retention 

inversion - ---------

H H 
I I 

CH 3-~-CH2-9-cH 3 
Cl Cl 

Inactive meso DCP (~10 20 molecules) 

H38c1, CH 3CHC1CH 238c1, CH 338c1, etc. 

decomposition products (2 x 108 molecules) 

H H 
I I 

CH 3-C-CH2 -C-CH3 
8 1 I 

3 Cl Cl 

38c1-meso-DCP (7 x 106 molecules) 

H 
I I 

CH3-9-cH2-7-c:3 
H Cl 

38c1-d,l-DCP (3 x 106 molecules) 

Figure 6. Typical Example of Neutron Irradiation of 

meso DCP. 
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chromatography. Several columns were used in this study 

for the separation of the products formed in the neutron 

irradiation of 2,4-dichloropentane and 2,3-dichlorobutane. 

The column p~ckings and operating conditions for the 

separation of the irradiated products of 2,4-dichloro-

pentane and 2,3-dichlorobutane systems are given in Tables 

VII and VIII, respectively. 

The 38c1 labeled products separated by gas chromate-

graphy were absorbed in charcoal directly from the 

effluent gas stream at one minute intervals. The rela-

tively low 38c1 activity made it necessary to use a dis-

continuous technique. The radioactivity of the products 

was subsequently measured in a well type scintillation 

counter. 

The 38c1 decays by gamma-ray emission with radiation 

energy of 1.64 KeV and 2.17 MeV which wos detected with 

a NaI (TI) scintillation counter. 128I formed as the 

consequences of the neutron irrndiation of iodine which 

was added in the sample as radical scavenger also decays 

by gamma-ray emission with enercies of 0.44 r:ev and 

0.53 MeV. Therefore, energy di8crimina~ion was required 

and was applied to avoid interferences in the mea8urement 

of 38 c1 activities by 128I activities. 

The radioactivity decay was accounted for by using 



Table VII. Gas Chromatographic Separations of Products Formed in 

Neutron-irradiated 2,4-Dichloropentane. 

% Liquid phase 

Solid support & 
particle size 

Column length 

Colmnn diB.me ter 

Effluent 

Flow rate 

Column temperature 

Detector temperature 

1)% DEGS 

ChroMosorb W-AW, 
60/80 mesh 

35 foot stainless steel 

1/411 i.d. 

Helium 

80 ml/min 

100°C 

\Tl' \.i.) 



Table VIII. Gas Chromatographic Separations of Products Formed in 

Neutron-irradiated 2,3-Dichlorobutane • 

.Qglumn A Column B 

% Liquid phase 15% Igepal 00-800 15% DEGS 

Solid support & Chromosorb W-A1:.J Chrornosorb W-AW 
particle size 60/80 mesh 60/80 mesh 

Column length 25 feet 35 feet 

Column diameter 1/4" i.d. 1/4" i.d. \n 
+:"" 

Effluent Hel iu.rn Helium 

Flow rate So ml/min 80 rr.l/min 

Column temperature 10°c 65°0 

Detector temperature 100°0 100°0 
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-~t the decay equation A = A0 e , where A is the radioac-

tivity at time t, A is the decay constant which can be 
0.639 calculated by A = 
t1/2 

decaying nuclide. 

from the known half-life 

A0 is the amount of 

radioactivity at time zero. 

2. System of 2-chloro-1-propanol 

The irradiated 2{R)- or 2(S)-chloro-1-propanol was 

first purified by gas chromatoeraphy usinG a 25' stainless 

steel column (1/4" i.d.) with 9% DEGS on Anakrom 80/90 

mesh at 70°c and 75 ml/min He flow. As shown in Figure 7, 
the 38c1 for Cl substitution of optically active 2(R)-{-)-

chloro-1-propanol may result in 38c1 labeled 2(S)-(+)-

chloro-1-propanol and 2(R)-(-)-chloro-1-propanol through 

retention or inversion of configuration, respectively. 
38 Because of the short half-life of Cl (t112 = 37 

minutes) the resolution has to be fast and efficient. 

Among sev0ral types of resolution methods, the conversion 

of enantiomers into diastereomers by reaction with a 

chiral recent followed by chromatoeraphic sepcration of 

the diastereomeric mixture proved to be un excellent and 

the most suitable method for this study. The use of 2-

(S)-(-)-acetoxy-4-methylvaleryl chloride as resolving 

agent in the formation of diastereoners is shown in 

Figure 8. 



Retention of 
Configuration 

1-1 
I 

Cl-13-y-Cl-f201-1 
Cl 

2(R)-(-)-chloro-1 - propanol 

3 7 C I ( n, r )3 8 C I 

Inversion of 
Configuration 

2( R )-( - )-chloro-1-propa nol 2( S)-(+ )-chloro-1-propanoJ 

Figure 7. 35c1 for Cl Substitution in 2(R)-(-)-Chloro-

1-prop:-,.nol. 



C l-t3C 1-1CIC1-1201-t 
2(RS) Chloro-1- propanol 
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C 1-1- C - C 1-t - C - C - CI 
3 I 2 1 

Cl-t3 OAc 
2( S)-Ac0t oxy-4-Met hylva I e ryl Ch Io ride 

I ~ 
1-1 0 OAc 1-t Cl 0 OAc H 

I 11 I I I II I I 

Cl-t-C-Cl-l O-C-C-Cl-i -c-c1-1 
3 1 2 I 2 I 3 
Cl 1-1 Cl-t3 

Cl-1-C-Cl-I 0-C-C-CH -G-Cl-t 
3 I 2 I . 2 I 3 

1-1 1-1 CH3 
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To the purified 2-chloro-1-propanol, about 100 Ml 

CH2c12 and 30 pl of pyridine were added. To this solution, 

an amount of 30 _µl 2(S)-(-)-acetoxy-4-methylvaleryl 

chloride was slowly stirred in at o0 c. After the reaction 

mixture was warmed up to So0 c for 2 minutes, a few drops 

of methanol were added. The solution was washed with 

distilled water and the organic products extracted with 

ether then dried with anhydrous magnesium sulfnte. The 

products were injected into a gas chromatograph for 

analysis. The column and separation condition3 are 

included in Table IX. 

3. System of 2-bromopropanoyl bromide 

After irradiation 2(R)- or 2(S)-bromopropanoyl 

bromide was resolved into diastereomers with (S)-(+)-

valine methyl ester as shown in Figure 9 then separated 

by gas chromatography. 

The irradiated 2(R)- or 2(S)-broITJopropanoyl bromide 

was added to a solution of 0.05 G of (S)-(+)-valine 

methyl ester hydrochloride, dissolved in 0.5 cc of 

chloroform at o0 c. 0.1 cc triethylamine wrs slowly 

stirred in. After 5 minutes, 0.1 cc of methanol was 

added, the solution was then washed with water, extracted 

by ether, dried with anhydrous magnesium sulfate, and 

injected into a gas chromatograph. 



Table IX. Conditions Used in Gas Chromatography 

for Separation of (2-ChloroiJropyl) 

2-Acetoxy-u-~ethylvalerate. 

Stationary phase 

Solid st:pport & 
partic~8 size 

Colu~n length 

Col urrin d iarr.e ter 

Effluent 

Flow rate 

Colllf'"in temperature 

10% DEGS 

Chrorr.osorb p-NA~ 
60/30 rr.esh 

15 foot glass tubing 

1 /u" Lct. 

Heliurn 

80 ml/min 

130°c 

150°c 
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/,0 
CH -CH-C :;-

3 I 'Br 
Br 

2(S)-{+)-Bromopropanoyl Bromide 

Retention 

H 
I 7 o 

cH3-c-c 
I 'Br 
Br 

H 0 
I II 

S-Valine 
Viethyl Ester 

CH -C-C-NH-R 
3 I 

Br 

81 82 Br(n,r) Br 

Inversion 

Br 
I 1/0 

CH -C-C 
3 I 'B H r 

S-Valine 
l'-'.ethyl Ester 

Br 0 
I 11 

CH -C -C-NH-R 
3 I 

H 

Figure 9. Resolution of Neutron Irradiated 2-

Bromopropanoyl Bromide by S-{+)-Valine 

Methyl Ester. 
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82 The Br labeled products separated by gas chromate-

graphy were collected at one minute intervals conseau-

tively on charcoal directly from the effluent gas stream. 

The counting was carried out 24 hours after collection by 

using a well type NaI detector. The 24 hours waiting 

period allowed the complete decay of 80Br or 80mBr. Thus, 
82 the activity counted was solely due to Br decay. 

In the case of decay induced 80Br substitution 

reaction with 2-bromopropanoyl bromide, CF3Bom3r was used 
80 as Br source. After the reaction time of about 40 

minutes, the residual radioactive CF3Br was removed and 

stored for complete decay. The contents of the reaction 

vessel were transferred to a vial containing one ml of 

chloroform as solvent. The solution was allowed to react 

with (S)-(+)-valine methyl ester to form diastereomers 

and was subsequently separated by gas chromatography. 

The effluent from the gas chromatograph was collected 

discontinuously in vials containing 10 ml of toluene 

scintillator solutions. The scintillation solution was 

prepared by dissolving 4 g of PPO (2,5-diphenyloxazole) 

and 0.2 g of POPOP 1,4-bis-2-(5-phenyloxazolyl)-benzene 

in toluene to make 1000 ml solution. The 80Br counting 

was done by liquid scintillation spectrometry with the 

appropriate energy discrimination. The appropriate 
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decay corrections were made. 

D. Determination of Optical Purity 

When a solution of optically active compound which 

contains enantiomer R1 with a small amount of opposite 

isomer s1 is allowed to react with a mixture of 

enantiomers {resolving agent) R2 and s2, four different 

reactions will take place: 

{a) R1 ·i- R 2 ? R1R2 

(b) s1 + S2 > S1S2 

( c) R1 + s2 > R1S2 

{d) s1 + R2 ) S1R2 

R1R2 and s 1s 2 are enantiomers, thoy are not distinguish-

able by gas chromatography. The same is true for R1s 2 

and S1R2. Therefore, the resolution of R1R2 , S1S2' R1S2, 

and S1R2 in eas chromatography should cive t~o peaks. 

One of the two peaks contains both the R1R2 and s1s2, 

the other contains R1s2 and s1R2 • The percentage of 

R1R2 + s 1s 2 and R1s 2 + s 1R2 can be determined from the 

integration of the two peaks. If we ar3urr.e that R1R2 + 

s1s2 =A%, then the% of isomer {~') to be determined can 

be calculated by the following equation: 
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F = _.,..A...,__-___ x __ 
100 - 2X x 100 (8) 

Where X is the known percentage of the opposite isomer 

in the resolving agent, unless X is 0.5 or close to 0.5. 
The optical purities of the synthesized 2-chloro-

propanoyl chloride, 2-bromopropanoyl bror1ide, and 2-

acetoxy-4-methylvaleryl chloride were determined by 

equation (8) by resolution with s-valine methyl ester. 

Using the same method, the optical purity of 2-chloro-

1-propanol was determined with 2-acetoxy-4-m.ethyl valeryl 

chloride. 

E. Determination of Retention/Inversion Ratio 

Under present experimental conditions it is 

difficult to obtain n meaningful result of the absolute 

radiochemicr,l yields of the reaction products. Because 

in a soluticn rc::action, the solvent molecules will 

compete witL th\, solute for hot 38Cl atom and react with 

them in the forrintion of a variety of products. Geissler 

and Willard55 have shown that there arc more than ten 

organic 38c1 products formed by 37Cl(n,')"')38c1 activation 

of n-c3H7c1 in 99.9% n-pentane solution. It is clearly 

iMpractical to identify all these products resulting 

from the reaction of 38c1 with solvent and solute. 

Therefore, no attempt was made to determine the individual 



64 

radiochemical yields in each experiment. The radio 

halogen-labeled compound formed under retention of 

configuration was compared to the product formed under 

inversion of configuration and the ratio of their radio-

chemical yields was determined. 

In the case of 38c1 for Cl exchange in diastereo~ers 
such as meso 2,4-dichloropentane, the substituted 

products are formed either via retention of configuration 

or inversion of configuration as shown in Figure 6. 

After reaction a small amount of inactive d,l DCP was 

added as carrier. The solutions were separated by gas 

chromatography and submitted to radioactivity determina-

tion. Figure 10 represents a typical example of mass 

and activity trace. The radioactivity peak which 

corresponds to the mass peak of starting material 

indicates the amount of 38c1 substituted products formed 

with retention of conficuration. On the other hand, the 

radioactivity peak which correoponds to the mass peak of 

inactive carrier indicates the amount of 38c1 products 

formed with inversion of configuration. The retention/ 

inversion rntio was then determined by the following 

equation: 



meso DCP 

Inactive d,l DCP added as 

carrier after reaction 

A 

;:>-. 
+-' .,.., 
> 

·.-l 
+,) 
() 
a.1 
0 ..... 

'O B a;j 
ir. 

Time · ) 

R/I 

Figure 10. Relation Between Masn nnd Activity 

'l'race. 
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radioactivity of 38c1-for-Cl substituted 
Retention product with retention or configuration 

Inversion = radioactivity or 38c1-for-Cl substituted 
product with inversion of configuration 

In order to determine the relative percent yields of 

retention or inversion of 3801-for-Cl or 80ar-, SOmBr-, 

and 82ar-for-Br substitution reaction in each enantiorner, 

the optical purity of the starting material and resolving 

agent must be known. It was determined by the method 

discussed in the previous section. If the starting 

material contains A1 fraction of R1 with small amount 

A2 fraction of impurity s1 and the resolving agent 

contains B1 fraction of R2 with a2 fra.ction impurity of 

s2• Assuming that in the course of svbstitution reaction, 

R fraction of the reaction takes place with retention of 

configuration, then (1 - R) fraction of the reaction 

must take place with inversion of configuration. There-

fore, the fraction of products formed with the same 

configuration as R1 is equal to R(A1 ) + (1 • R)A2• On 

the other hand, the fraction of products formed with the 

same configuration as the optical impurity, s1 , is equal 

to R(A2 ) + (1 - R)A1 • The products are separated by 

formation and subsequent gas chromatographic resolution 

of the diastereomers. The radioactivity is measured by 
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the use of proper radiation counters.. If the fraction of 

activities in the peak which corresponds to the mass peak 

ot R1R2 + s1s2 is equal to c, then C is given as: 

After expansion and rearrangement, one can get equation 

(9) which gives the percent of retention of configuration 

in a substitution reaction •. 

C - A2B1 - A1B2 
R = ---------- x 100% 

(A1 - A2 ) (B1 - B2) 

With a pure resolving agent the above equation can be 

simpified to: 

R = 

(9) 

The determination of optical purity and relative 

retention yield as discussed in Sections D and E requires 

that the mixture of enantiomers be quantitatively con-

vertible into a pair of diastereomers. The mixture of 

diastereomers must be chemically and stereochemically 

stable under the conditions employed in the gas chroma-

tography. 
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The test was performed by the reaction of 2(RS)-

bromo-propanoyl bromide and 2(RS)-chloro-1-propanol with 

(R)-valine methyl ester and 2(R)-acetoxy-4-methylvaleryl 

chloride, respectively. In each case the products 

produce two peaks in gas chromatography. The first peak 

contained RS + SR diastereorners, the second peak contained 

both RR + SS diastereorners. rrhe areas under these two 

pea.ks were equal within experimental error. This result 

indicated the enantiomers have been quantitatively 

converted into diastereomers under the experimental 

conditions. 

Since the sa.'lle ratio of the two mass peaks was 

observed before and after irradiation, no radiation 

induced racemization had occur during the neutron 

irradiation. 

A further test for the accuracy of the applied 

experimental procedure was the determination of the 

percent retention in the substitution reaction which 

should be identical within experimental error, when either 

R or S enantiomers were used as starting materials. 



CHAPTER III 

RESULTS 

A. 38c1 for Cl Substitution in d,l and meso 2,4-

Dichloropentane 

The retention/inversion ratios obtained in 38c1 

for Cl exchange in d,l 2,4-dichloropentane and meso 

2,4-dichloropentane, in the presence of different types 

of solvent with various concentrations, are summarized 

in TablesX and XI, respectively. These data represent 

the arithmetic mean of the results of two to three 

experiments. The retention/inversion ratios are further 

plotted as a function of molefraction additive for the 

various solutions containing d,l and meso 2,4-dichloro-

pentane in Figures 11 and 12, respectively. 

These results clearly indicate that the retention/ 

inversion ratio is strongly influenced by the type and 

concentration of the solvent. The addition of bromine 

causes a drastic increase in retention/inversion ratio, 

whereas in the case of methanol and cyclohexanone this 

ratio also increases but to a lesser degree. However, 

cyclohexane and n-heptane reduce retention/inversion 

ratio below the value observed in the pure liquid d,l or 

meso 2,4-dichloropentane. This is in agreement with the 

69 
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Table x. 38c1 for Cl Substitution in d,1-2,4-

Dichloropentane in Solution. 

Retention 
Additive Mole Fraction Inversion 

Bromine 0.16 2. 7 =o .1 
0.28 3.0 :0.1 
0.37 3.1 :-0.2 
O.l+O 3.4 !0.3 
0.54 3.3 !0.3 
0.61 3.7 !O.J 
o.68 3.9 !O.J 

Methanol 0.14 2.3 :±0.2 
0.18 2.6 ±0.1 
0.32 2.82±0.07 
0.47 3.1 ±0.1 
o.65 3.3 ±0.2 
o.85 3.5 ±0.2 
0.90 3.8 ±0.1 

Cyclohexanone 0.12 2.5 ±0.2 
0.30 2.6 ±0.1 
0.50 2.6 ±0.'2 
0.66 2.7 ±0.2 
0.81 2.8 ±0.2 

n-Heptane 0.21 2.2 ±0.2 
0.51 1 • 9 ±0.1 
0.74 1 .6 ±0.1 
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Table X (continued) 

Additive Mole F'raction 

Cyclohexane 0 .16 

0.37 
0.53 
0.67 
0.80 
0.84 

Retention 
Inversion 

2 .1 ±0 .1 
2.0 ±0.2 
1 • 7 ±0.1 
1 • 6 ±0 .1 

1.48±0.07 
1 • 3 ±0.1 
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Table XI. 38c1 for Cl Substitution in meso-2,h-

Dichloropentane in Solution. 

· Additive Mole Fraction 

Bromine 0.15 
o. 31 
0.39 
0.50 
0.58 

Methanol 0.10 
0.17 
0.28 

. 0.49 
o.86 

Cyclohexanone 0.16 
o. 31 
0.48 
o.68 
0.80 
o.85 

n-Heptane 0.22 
0.50 
0.79 

Cyclohexane 0.12 
0.25 
0.47 
o. 71 
0.91 

Retention 
Inversion 

2.4 ±0.2 
2.7 ±0.2 
2.6 ±0.2 
2.8 ±0.3 
2.9 ±0.3 

2.2 ±0.1 
2.2 :tO. 1 

2 .4 ±0 .1 
2.4 :t0.2 
2.7 ±0.2 

2.3 ±0.2 
2.5 ±0.2 
2.2 ±0.2 
2.7 ±0.2 
2.4 ±0.2 
2.4 ±0.2 

1 .4 ±0 .1 
1.2 ±0.1 
o.8S:ro.05 

1 .6 ±0 .1 
1.60±0.08 
1 .31 ±0.05 
1.07±0.07 
o.52±0.05 
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results previously observed in the 2,3-dichlorobutane 

systems. 13• 18 

B. 3801 for Cl Substitution in Diastereomeric 2,4-

Dichloropentane and 2,J-Dichlorobutane in the 

Presence of 90% Solvent 

ln order to correlate the retention/inversion ratios 

to the physical .and chemical properties of the solvent 

present, the investigation was extended by using a large 

number of different solvents to study the solvent effect 

in both the diastereomers of 2,3-dichlorobutane and 2,4-

dichloropentane. 

Samples were irradiated at about 40°c for 2 to 5 
minutes in a solution containing 90 mole % solvent, and 

in the presence of a sufficient amount of 12 as scavenger. 

The results are listed in Tables XII, XIII, XIV, and XV. 

These data represent the average of two to three 

experiments. 

c. 80Br, SOmBr, and 82Br for Br Substitution in 2(S)-(+)-

and 2(R)-(-)-Bromopropanoyl Bromide 

The BOmBr and 82Br for Br substitution in liquid 2-

bromopropanoyl bromide were carriea out by neutron irradia-

tion or the substrate in the presence of 12 as scavenger. 
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Table XII. 38c1 for Cl Substitution in d,l 2,4-

Dichloropentane in the Presence of 

90% Additive. 

Additive 

.Methanol 

Ethanol 

n-Propanol 

2-Propanol 

i-Butanol 

t-Butanol 

n-Pentanol 

n-Hexanol 

n-Heptanol 

Acetic Acid 

Propanoic Acid 

Cyclohexanone 

Carbon Disulfide 

Cyclohexane 

n-Heptane 

Bromine 

Retention 
Inversion 

3.8 ±0.1 

3.7 ±0.2 

3.2 ±0.1 

3.5 ±0.1 

2.1 ±0.3 

2.6 :t0.2 

3.2 ±0.3 

3.1 ±0.1 

2.7 :tO .1 

3.0 ±0.1 

2.7 ±0.1 

2.8 :t0.2 

2.!+6±0.06 

1.28±0.06 

1.3 ±0.1 

4.2 ±0.J 
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Table XIII. 38c1 for Cl Substitution in meso 

2,4-Dichloropentane in the Presence 

of 90% Additive. 

Additive 

Methanol 

i-Propanol 

Carbon Disulfide 

Cyclohexanone 

Acetic Acid 

Propanoic Acid 

Cyclohexane 

n-Heptane 

Bromine 

Retention 
Inversion 

2.7 ±0.2 

2.2 ±0 .1 

1.79±0.08 

2.8 ±0.2 

2.7 ±0.1 

1.8 ±0.1 

0.54-t0.05 

0.6010.04 

3.0 ±0.) 
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Table XIV. 38 Cl for Cl Substitution in d,l 2,3-Dichloro-

butane in the Presence of 90% Additive. 

Additive 

Methanol 

Ethanol 

n-Propanol 

2-Propanol 

n-Butanol 

2-Butanol 

t-Butanol 

n-Pentanol 

n-Hexe.nol 

Carbon Disulfide 

Acetic Acid 

Propanoic Acid 

Butyric Acid 

Benzene 

Toluene 

Ethyl benzene 

t-Butylbenzene 

n-Pentane 

n-Hexane 

Acetonitrile 

Bromine 

Retention 
Inversion 

4.3 :t0.3 

3-93±0.04 

3. 3 ±0 .1 

3. 3 ±0 .1 

3. 3 ±0.1 

3.18±0.02 

J.14t0.04 

).10±0.08 

3.oL~±o.05 

1 • 9 ±0 .1 

2.7 ±0.2 

1.4J±0.04 
1.58±0.04 
1 .48:tO .05 
1 .6 ±0 .1 

0.77±0.05 

0.79±0.07 

2.4 ±0.2 

5.8 ±0.J 
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Table XV. 38c1 for Cl Substitution in meso 

2,J-Dichlorobutane in the Presence 

of 90% Additive. 

Additive 

Methanol 

Carbon Tetrachloride 

Benzene 

Nitrobenzene 

n-Pentane 

Carbon Disulfide 

Acetic Acid 

Acetonitrile 

Bromine 

Retenti.on 
Inversion 

3 .1 :tO .1 

1. 5 ±0.1 

2.55±0.05 
3.0 ±0.1 

1 • 8 ±0.1 

2.3 ±0.1 

2.17±0.08 
2.2 ±0.3 

5.7 ±0.2 
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The BOmBr species were generated via the 79Br(n,1) 80mBr 

nuclear process, whereas 82ar species were either produced 

via 81 sr(n,r} 82ar or by isomeric transition of 82mBr. 

The results are shown in Table XVI. 

The gas phase substitution reaction was also studied. 

In the gas phase the complicated cage effect can be 

eliminated. Thus, it may provide some important informa-

tion on the reaction mechanism. Energetic 80Br ions were 

generated via the SOmBr(IT) 80Br nuclear process using 
80m CF) Br as source. As discussed in Chapter I Section C, 

in this case 80Br is formed as an ionic species. 'rhe 

results are also listed in Table XVI. 

It is important to point out that in the analysis of 

the irradiated sample, the opposite isomer is not needed 

as a carrier, because the small impurity of the opposite 

isomer in the sample can serve as an intrinsic carrier. 

However, it was found that when the opposite isomer was 

added after the termination of the reaction, the percentage 
Bo of Br labeled products with R or S conriguration showed 

a strong dependence on the amount of isomer present in the 

solution. '11his finding clearly indicates that thermal 

or chemical exchange rather than the hot reaction was 

involved. 



Table XVI. 80ar, BomBr, and 82ar Substitution in 2-

Bromopropanoyl Bromide. 

Recoil Irradiation Inversion 
Enantiom.er Bromine Phase Time (%) 

s 8om8 r Liquid 2 min. 8J.0±5.6 

R 80mBr Liquid 2 rnin. 76.2±4.5 
en 

s 82Br Liquid 30 
-Jo 

min. 74.6±2.8 

R 82Br Liquid 30 min. 80.5±7.5 

s Bo Br Gas 60 min. 86. 2±5.1 

R 80Br Gas 60 min. 89 .1:t6.3 
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D. 38c1 for Cl Substitution in 2(S)-(+)- and 2(R)-(-)-

Chloro-1-propanol 

T'ne retention/inversion ratios obtained in 38c1 for 

Cl exchange in enantiomeric 2-chloro-1-propanol in the 

presence of different types of solvent with various 

concentrations are shown in Table XVII. The retention 

of optical configuration in neat 2(S)-{+)- and 2(R)-(-)-

chloro-1-propanol in liquid phase are equal to 53 ± 3%. 
For comparison with the results obtained in 2,3-dichloro-

butane and 2,h-dichloropentane systems, the retention/ 

inversion ru.tios are plotted as a function of the mole 

fraction of the solvent added. A similar trend of sol-

vent effect as obtained in diastereomeric systems is 

shown in Figure 13. 
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Table XVII '38c1 for Cl Substitution in 2(S)-(+)-

Chloro-1-propanol. 

Additive Mole Fraction 

ti;e thanol 0 .19 

Methanol 0.36 

Methanol 0.}+9 

f.'~ethanol 0.75 
Methanol 0.90 

n-Pentane 0 .1 3 
n-Pentane 0.24 

n-Pentane 0.90 

Cyclohexane 0.53 
Cyclohexane 0.90 

Methylene Chloride 0.1 b 

Methylene Chloride 0.45 
Chloroform 0 .15 
Carbon Tetrachloride 0.34 
Neat Solution 

Retention 
Inversion 

1 • 1 ±0 .1 

1 • 2 ±0.1 

1 ~ ·-- ±0 .1 

1. 5 ±0.2 

1 • 6 ±0.J 

1 .h ±0.2 

1 • 2 ±0 .1 

1 • 0 ±0 .1 

1 • 1 :tO .1 

1 • 0 ±0 .1 

1 • 3 ±0.2 

1 • 2 ±0 .1 

1 • 3 ±0 .1 

1 .2 ±0 .1 

1o16±0.05 
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CHAPTER IV 

DISCUSSION 

A. Conformational Analysis 

As shown in Figures 11 and 12, the retention/ 

inversion ratios obtained as a result of 38c1 for Cl 

substitution in diastereomeric 2,l~.-dichloropentane show 

a strong dependence on the type and concentration of 

the solvent. 

In order to ascertain whether a conformational 

effect is controlling the stereochemical course of the 

reaction, the relative concentration of conformers of 

2,4-dichloropentane in the reaction mixture was analyzed. 

Based on the staggered molecular model, the struc-

ture of low energy conformers of d,l and meso 2,4-
dichloropentane is presented on Figures 14a and 1Lb, 

respectively. 

Earlier works5b-59 suggested the presence of only 

one form in the meso DCP, namely the TG conformer. 

Calculations using the "staggered approximation" pre-

dicated the relative energies for the next stable 

conformers to be (in kcal/mole) 18.6 for TT, 39.4 for 

TG', and l.1.0. 2 for Ga60 , whereas the preferred forv1s for 

d,l DCP are predominantly TT, and also GG with some 

probabilities. 
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From these results one would hardly expect any 

significant solvent effects, i.e. changes in the relative 

conformer concentrations upon addition of a solvent. 

This is in line with the results58- 60 of 'IR. investiga-

tions of the pure liquid and in cyclohexanone which did 

not reveal any noticable changes in the IR spectra, a 

result which was further supported by NMR studies of the 

pure liquid DCP .and DCP solutions in carbon tetrachloride 

and chlorobenzene.56 

However, more recent NMR and IR investiga tion~;61 of 

meso DCP revealed in addition to TG the possible existence 

of other conformers such as TT, TG', and GG, whose energies 

(relative to TG) were calculated to be (in kcal/mole) TT 

2.9, TG' 1.7, and GG 2.8. 60 In the d,l DCP system, the 

most preferred conformer is TT form, with three minor 

conformers. Of these, the most favored one is GG, 

followed by TG and very small amounts of GG'. The ener-

gies relative to TT for these conformers were semiempiri-

cally calculated (in kcal/mole) as GG 1.5, TG 2.5, and 

GG' 3.7. 

A quantitative experimental determination of the 

conform.er concentrations by means of NMR and IR techniques 

is very difficult because of the relatively large number 

of conformers to be considered in the evaluation of these 
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spectra. Thererore, the solvent effects on conformer 

population were estimated from semiempirical calculations 

based on Onsager's theory. 62-64 
If two conformers are in equilibrium and the popula-

tion of these two conformers in any solvent are NI and 

NII' then the relative distribution of two conformers in 

a solution can be calculated from the following equation: 

( 10) 

Where f I/flI is the ratio of the partition functions of 

the two conformers. It can be assumed to be approxi-
. solution . mately unity, ~EI/II is the energy difference between 

the two rotational isomers ~n the solution, R is the gas 

constant and T the absolute temperature. 

According to Onsager, when a molecule of dipole 

moment JA is transferred from vacuum into a medium of 

dielectric constant E, the potential energy is lowered 

by: 

E - 1 

2E - 1 

Where a is the radius of the solute molecule, it can be 

estimated from its density, d, molecular weight, M, and 

avogadro number, N, according to the following equation: 
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Therefore, AEsolution can be obtained from the following I/II 
relation: 

AEsolution = 6 Egas _ 
I/II I/II 

E - 1 

2€- + 1 
( 11 ) 

AE~i~r is the energy difference between the two conformers 

in the gas phase. Their values are obtained from refer-

ence 60, and listed in Table XVIII. The dipole moment of 

the various conformers were approximated by vector additive 

method65, 66 from the structure of the conformers (as shown 

in Figures 14a and 14b) by considering the bond angles as 

tetrahedral and the dipole moments for the C-Cl bond 

1.85 D, c-CH3 = -0.4 D, and C-H = 0 D. 

As an example, the calculation is illustrated for the 

case of the TT conformer of meso 2,4-dichloropentane. 

First let us place the molecule on an arbitrarily chosen 

coordinate axes and label the atoms as shown in Figure 15. 

Secondly, find the projections of the vector of each group 

moment on the x, y, and z axis: 
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Table XVIII. Energy Differences Between the 

Rotational Isomers of 2,4-

Isomer 

meso DCP 

d,l DCP 

{l-Dichloropen tane in Gaseous State. 

Energy Difference Value (kcal/mole) 

Egas 
TT-TG 2.9 

Egas 
T'r-TG' 1 • 2 

Egas 
TG '-TG 1 • 7 

Egas 
GG-TT 1.5 

Egas 
TG-TT 2.5 

Egas 
'l'G-GG 1 .o 

~:· Obtained from reference 60. 
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Figure 15. Scheme for the Calculation of the Dipole Moment of 

T'r cont'ormer meso 2,h-Dichloropentane. 
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Cl ( 1) Mx = 0 

M y = -1.85 cos 109 • .5/2 

Mz = 1. 85 sin 109.5/2 

Cl (2) M = 0 x 

My = -1.85 cos 109. 5/2 

Mz = 1. 85 sin 109.5/2 

M = -0 .Li sin 109.5/2 x 

My = -0.4 cos 109.5/2 

Mz = 0 

Mx = 0.4 sin 109 • .5/2 

My = -0.4 cos 109.5;2 

M z = 0 

Therefore, the momenta in each axis are: 

EM = O; x rM = -2.60; y 

Thus, the dipole moment,,,a, of TT comformer of meso 2,4-
dichloropentane is equal to: 

By using the same method, the dipole rnoment of the low 

energy comformers of d,1 and meso 2,4-dichloropentane 

were calculated. The results are listed in Table XIX. 



94 

Table XIX. Calculated Dipol~ Moment for meso 

and racemic 2, l~-Di.chloropentane. 

Isomer 

meso DCP 

d,l DCP 

Conformation 

TG 

TT 

TG' 

TT 

GG 

TG 

TG' 

Dipole Moment (D) 

2.60 

3.9[1 

2.20 

2.60 

2.60 

2.20 

3.98 
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By substituting appropriate values into equations 

(10) and (11), the concentration of various conformers 

can be estimated as a function of the solvents with a 

wide range of dielectric constants. For instance, the 

relative population of TG and TT conformers of meso 2,4-
dichloropentane in methanol at 25°0 can be calculated as 

follows: 

",,.,,solution _ ".,..,gas 
u~TG/TT -Ll~TG/TT -

= -2.9 -

E: - 1 

2E + 1 

32.6 - 1 

2 x 32.6 + 1 

= -1.7138 kcal/mole 

x (2.60) 2 (3.98) 2 
5.258 x 10-23 

Substituting the above number into equation (10}, the 

relative concentration of TG and TT is equal to: 

By using the same method, the relative concentration of 

TG' and TT conformers of meso 2,4-dichloropentane in 

methanol at 25°c can be calculated: 
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= o.67 

Thus, the relative population of TG, TG', and TT at above 

metioned conditions are: TG : TG' : TT = 18.07 : 0.67 : 1 

or TG 91.5%, TG' 3.4%, and TT 5.1%. The relative popula-

tion of major conformers of d,l and mesa 2,4-dichloro-

pentane in the presence of different solvents was also 

estimated, the results are shown in Table XX. 

The validity of these calculations has been checked 

with the results published by Flory and Williams. 67 
Based on the statistical weight paraneters obtained in 

the stereochemical equilibration of 2,4-dichloropentane 

in DMSO, they calculated the major conformer populations 

for d,l and meso isomers in DMSO at 70°c. The comparison 

between their results and the results obtained by using 

this calculation for the same condition is given in 

Table XXI. The agreement between these data seems to 

support the validity of this approach. 

From Table XX it appears that the presence of 

solvents with widely different dielectric constants has 

only a negligible eff'ect on the relative amounts of the 

preferred form present in the mixture. Significant 

changes are only observed in the ratios of the conformer 
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Table xx. Equilibrium Concentrations of the 

Rotational Isomers in 2,4-Dichloropentane. 

Solvent 

Dielectric 
Constant 

Methanol 

32.6 

d,l DCP TT(%) 91.8 

GG(%) 

TG(%) 0.9 

meso DCP TG(%) 91.5 

TG' (%) 3.4 

TT(%) 5.1 

Cyclo-
hexanone 

18.3 

91 .8 

0.9 

91 .8 

4.7 

Cyclohexane 

2.02 

91.6 

0.9 

4.4 

1.6 
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Table XXI. Percent Conformation Population in 90% 

DMSO at 70°c. 

% Conformation Population 
Isomer Conformation A* B** 

meso DCP TG 86.3 87.8 

TT 7.6 

TG' 5.0 

d,l DCP TT 88.6 

GG 9.8 

TG 1.6 

* Results obtained by this calculation. 

**Data from reference 67. 
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population of the two minor components, e.g. GG and TG, 

if d,1 2,4-dichloropentane is the substrate, where the 

ratios change from approximately CGG : CTG = 8.1 in 

methanol to 6.6 in cyclohexane. However, the absolute 

amounts of these two conformers are less than 9% of the 

conformer population. All of these results indicate the 

relative conformer population of 2,4-dichloropentane is 

not affected to any significant degree by the nature of 

the solvent. 

B. Solvent Effects on Stereochemical Course 

The results of 38c1 for Cl substitution in d,l and 

meso 2,4-dichloropentane in solution are given in Tables 

X and XI, respectively. It indicates that the stereo-

chemical course of the substitution exhibits a pronounced 

solvent effect. As shown in Figures 11 and 12 the ratio 

of retention to inversion is strongly dependent on the 

concentration and nature of the solvent added. An 

increase in this ratio with increasing bromine concentra-

tion was observed. With 90% bromine present the retention/ 

inversion ratio increases from initially 2.1 for pure d,l 

2,4-dichloropentane and 1 .6 for pure meso form to !+ .• 2 and 

3.0, respectively. Similar trends with smaller degree 

increases have been found for the case of methanol and 

cyclohexanone as solvent. However, n-heptane and 
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cyclohexane reduce the ratio to 1.3 and 0.6 for d,l and 

meso systems containing 90% n-heptane or cyclohexane, 

respectively. 

Furthermore, this strong solvent effect was also 

observed in the study of the stereochemistry of 38c1 for 

Cl exchange in diastereomeric 2,J-dichlorobutane and 

2,4-dichloropentane in the presence of 90% solvent. The 

results are shown in TablesXII and XIV for 2,4-DCP and 

2,3-DCB systems, respectively. 

As discussed in the previous section, the relative 

conforrner population of 2,4-dichloropenta.ne is not 

significantly affected by the presence of solvents with 

different dielectric constant. Thus, we can conclude 

that the strong solvent dependence of the retention/ 

inversion ratios observed cannot be correlated with the 

conformational composition of the reaction mixture. 

This conclusion is further supported by the results 

obtained in neutron irradiation of neat diastereomers of 

2,J-dichlorobutane in solid (crystalline) state. 

On the study of conformational structure of stereo-

isomers of 2,3-dichlorobutane, Schneider and coworkers 68 

have found that in the case of meso form, the population 

of conformer MT (the conformational structure o.f 2,J-

dichlorobutane is shown in I<'igure 16) in which the two Cl 



Cl Cl 
1-f Cl 

me so 

Cl-13 1-f CH3 I 1-i 
Cl CH3 

MT MG 
Cl CJ Cl 

1-1 Cl H Cl 

d, I 
1-1 H 

Cl 

RT RG 

F 1 / ,... f' > • -. o. ~on.orm~t1onsi Struc~u~e of 2,3-



102 

atoms are in trans position increases in the transition 

from the solid to liquid phase, whereas in the d,1 form, 

all three conformers are present in liquid state, but 

with a high population of RT. In the solid state RT 

disappears and only RG and RG' remain. Thus, one would 

expect distinct changes in the retention/inversion ratio 

in the neutron irradiation of a neat sample going from 

the liquid state to the solid state if there is a confor-

mational effect in the stereochemical course of substitu-

tion reaction. However, only small changes in the 

retention/inversion ratios were observed in the solid 

state as compared to the liquid state result, e.g. in 

d,l DCB: liquid 2.78, solid 2.57; in meso DCB: liquid 

2.45, solid 2.21. These slight differences could be 

attributed to the concomitant variations of the dielectric 

constants with temperature. If conformational changes 

were responsible for this result an opposite trend in the 

retention/inversion ratios should be observed in the case 

of d,l system. 

This result is clearly in disagreement with St~cklin's 

argument, who related the solvent dependence of the 

retention/inversion ratio to the conformational composition 

of the substrate in solution. In their study of the 3801 

for Cl substitution in liquid diastereomeric 2,3-dichloro-
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butane they found that the stereochemical course can be 

drastically influenced by the nature and concentration 

of the solvent present in the reaction mixture. IR 

spectra and theoretical calculations provided coincidence 

that the presence of these additives causes a pronounced 

change of the relative rotational isomer concentration 

of 2,)-dichlorobutane in these solutions. In the case 

of d,l form there are three rotational isomers, namely 

RT, RG, and RG' (see Figure 16). In the presence of 

nonpolar solvents such as cyclohexane the nonpolar RT 

forrn is stabilized, while the polar RG and RG' forrns are 

destabilized, whe.reas in polar sol vent, methanol, t:1e 

opposite effect was observed. Furthermore, by using 

steric argument they suegested that the recoil chlorine 

attacks from the opposite side of the halogen to be 

replaced can only be successful at the RT and especially 

at the RG form, where the asymmetric carbon a.toms are 

relatively free. But in the RG' form the carbon atoms 

are obscured by the methyl groups for back side attack. 

The front side attack can occur with all three forms 

leading to retention of configuration. Therefore, they 

believed that the stereochemical course in hot halogen 

for halogen replacement at asymmetric carbon atoms depends 

on the conformation of the substrate. However, our 
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results clearly indicate that the stereochemical course 

is not controlled by the conformational effect but rather 

by a direct effect, which the solvent exerts on the 

intermediates involved in the substitution process. 

In the following the physical and chemical proper-

ties of the solvent which could be resoonsible for the 

drastic changes inflicted upon the stereochemistry of 

38c1 for Cl substitution in dichlorinated alkanes were 

examined. Several molecular parameters of the solvents, 

such as density, surface tension, viscosity, polarization, 

dipole moment, polarizability, ionization and first 

excitation potentials, molecular diameter, and dielectric 

constant were considered. Among these parameters only 

the latter property of the solvent showed a reasonably 

good correlation with the experimental data. 

As shown in Figures 17 and 18, a smooth correlation 

between the retention/inversion ratios and (E - 1)/ 

(2E - 1) for most of the solvents studied was observed. 

In this study 29 different solvents were utilized, they 

are: 1. methanol, 2. ethanol, 3. n-propanol, 4. 2-

propanol, 5. n-butanol, 6. 2-butanol, 7. 2-methyl-2-

propanol, 8. n-pentanol, 9. n-hexanol, 10. n-heptanol, 

11. carbon tetrachloride, 12. nitrobezene, 13. carbon 

disulfide, 14. benzene, 15. toluene, 16. ethylbenzane, 
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17. tert-butylbenzene, 18. n-pentane, 19. n-hexane. 

20. n-heptane, 21. cyclohexane, 22. cyclohexanone, 23. 
d,l 2,3-dichlorobutane, 24. meso 2,3-dichlorobutane, 

25. acetic acid, 26. propanoic acid, 27. butyric acid, 

28. bromine, 29. acetonitrile. However, this correla-

tion does not hold when Br2 and CH3CN were used as 

solvent. The strong deviations observed in the presence 

of highly reactive Br2 as solvent are probably not the 

result of the physical properties of this "solvent" but 

they apoear to be the consequence of a chemical inter-

ference with the reactant. This may be due either to 

highly efficient scavenging of the 38c1 (in the cage) by 

Br2 or caused by the different reaction channel by which 

BrCl, formed as an intermediate, reacts with substrate 

molecules. The source of deviation caused by the presence 

of acetonitrile is not clear. It might be due to the 
. [ 1+ -----1. + -format1on of a complex CH3c.::NIJ Cl ,- CH3C:NI + Cl 

which then interferes or suppresses one of the reaction 

channel. This complex was proposed by Popov and co-

workers69, 70 in order to explain the fact that in the 

presence of iodine monochloride in pure acetonitrile, the 

electric conductance increased with time and the visible 

absorption spectra changed. 

c. The Physical Significance of(~ - 1)/(2E + 1) 

The parameter {E - 1)/(2E + 1) can be related to the 
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magnitude of the intermolecular interaction between the 

reactants and the surrounding solvent molecules. 

An estimate of the magnitude of these interactions 

may be obtained from the free energy change which occurs 

when a solute molecule is transferred from a vacuum to a 

solvent. The free energy change71 is mainly controlled 

by two terms: the cavity term and perhaps more impor-

tantly by the interaction term. The cavity term repre-

sents the energy required to separate the solvent molecule 

from one another to create a hole in the liquid which is 

a function of surface tension, whereas the interaction 

term is due to the action of the medium on the molecule 

when a solute molecule is introduced into the hole. This 

term is related to the dipole and multipole moments of 

the solute molecule, its molecular volume a3 and the term 

{ E - 1 ) I ( 2f + 1 ) • 

Thus, if the magnitude of interaction between solute 

and solvent molecules can indeed be represented by this 

free energy change, one might expect to see for a given 

solute molecule a correlation between individual product 

yields or, as in this case, between the retention to 

inversion ratio and (f - 1)/(2E + 1). 

Such a correlation is borne out in Figure 17 for the 

d,l diastereomers of 2,3-dichlorobutane and 2,l~-dichloro­

pentanes, and to a lesser degree in Figure 18 for the 
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corresponding meso systems. 

Similar attempts to correlate the solvent-solute 

interaction with E and other parameters have previously 

been made by Nakajima.72-75 From fluoresence and absorp-

tion spectra of pyrene, he observed a strong solvent 

dependence of vibronic band intensities. In the presence 

of polar solvents there is an enhancement in the intensity 

of the 0-0 band at the expense of others. In an attempt 

to correlate this intensity enhancement with the proper-

ties of the solvent, Nakajima investigated several parame-

ters of the solvent, such as the solvent dielectric 

constant, E, Grunwald's parameter CE - 1)/(2~ + 1), and a 

factor, f', that takes into account the polarizability of 

the solvent dielectric by the permanent dipole moment of 

the solvent when the dielectric is present in a high-

frequency field (region of visible light) 

2 
f' = ,5 -1) _ X· {n - 1) 

(2E + 1) (2n2 + 1) 

Where x is a variable parameter and n is the refractive 

index on the solvent. A correlation between the intensity 

of the 0-0 band and CE - 1)/(2E + 1) was observed. 

However, an even better correlation was obtained between 

the intensity and f' with .X= 0.5. 
The solvent effect on the absorption bands appears 
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to be a general case. 76 ,77,78 Suppan79 has studied the 

solvent effect on the absorption spectra of 4-nitro-

aniline. The result indicated that the only property of 

the solvent which showed a reasonable degree of correla-

tion with the transition energy is the static dielectric 

constant, E, or more precisely a function of it as in 

equations (12) and (13): 

f (E) = 2 {E .. 1 ) 
~E + 1 ( 12) 

( 13) 

These results indicate that the solvent-solute 

interaction plays an important role in determining the 

intensity of the absorption and fluorescene spectra 

which resembles our case in so far as in both studies 

excited molecular states may be involved. 

We used several of the above parameters to correlate 

the retention/inversion ratios with the solvent parame-

ters, however, none of them provided any significant . 

improvements over the correlation shown in Figure 17. 

D. Mechanism of 38c1 for Cl Substitution in Solution 

In the previous study12- 16 of the stereochemistry of 

hot halogen for halogen substitution in liquid phase, a 

one-step substitution mechanism as well as a two-step 
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mechanism involving the radical-radical recombination in 

the solvent cage have been suggested: 

1. One-step molecular reaction or hot direct replacement 

..._ __ __,,,decomposition products 

e.g. elimination 

The primary hot substitution product [RY]* with high 

kinetic energy can either decompose or stabilize through 

collisional de-excitation. 

2. Caged radical-radical combination 

The radical-radical cage reaction occurs either 

following a hot displacement of a halogen atom by a recoil 

atom with excess kinetic energy 

or a hot one-step substitution after excitation decom-

position of the first formed product 
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r ~~ J .f l •y" + RX --10-? [RY->t-) exc. 

--- RY~: .. 

A cage effect has been postulated by Richardson and 

Wolfgang46 in their study of density effect on the yield 
18 of hot F reacts with CH 3F. Experimental results have 

shown that there is a sharp increase in the yield of 

cH318F and CH2F18F from the lowest gas densities, this 

increase levelling off at intermediate densities. At 

higher densities a second rise was observed and ascribed 

as cage effect. The identical behavior has been shown in 

the subsequent investigations such as JBCl/CHFClCHFCl, 18 

80Br/CH3F,80 123I/C2H6, 81 128I/C2H2,a2 and 18F/CH3CF383 

systems. This density effect on substitution product 

yield is illustrated in Figure 19. This phenomenon has 

been explained by assuming that in a system with low 

density (region I), the yield increases with increasing 

density due to enhanced de-excitation-stabilization of 

the highly excited primary products which are formed by 

direct substitution reaction. The yield levels off when 

all excited species has been stabilized (region II). At 

higher densities (region III) the yield increases further 

due to caged radical-radical recombination. Recently, 

Manning and Root84 have studied the 18F for F substitution 
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reaction in CH3cF3 and CH3CHF2 by using a combined 

density-variation, mechanism-elucidation technique. With 

this procedure, they found that all five hot 18F substitu-

tion channels in CH3cF3 and CH3cHF2 exhibit caging at 

high densities. The total caging yields at 195°K was 

estimated. 

The decrease of stereospecificity from gas to liquid 

phase in the recoil halogen for halogen substitution at 

asymmetric carbon atoms12- 14, 17, 18 was in the past fre-

quently used as evidence for a caged radical reaction 

which allows the racemization of the intermediate 

radical, and the early work of hot halogen reactions in 

the condensed phase only the caging mechanism was con-

sidered. 1144, 45 

However, it has been postulated17 that fluorine and 

chlorine atoms formed as a result of the breakup of the 

primary reaction products should immediately be scavenged 

via H abstraction from one of the hydrogen-containing 

solvent molecules. This should occur because the activa-

tion energy for gas phase hydrogen abstraction of a 

primary hydrogen by a chlorine atom is about 1 kcal/mole, 

whereas by a fluorine atom it is approximately equal to 

zero. Thus, due to the fast competing hydrogen abstrac-

tion, fluorine and chlorine atoms may not be subject to 
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cage radical-radical recombination re.action. This argument 

was used in the past to exclude the presence of caged 

radical-radical recombination. But more recently, the 

efficiency of this self-scavenging process has been seri-

ously questioned. 85 It has been found that in the 18F 

reaction with a liquid mixture of CH3cF3!H2S system even 

the efficient F-to-HF processes do not interfere with the 

primary 18F cage effect. 84 Thus, self-scavenging may not 

always be that highly efficient and caged radical-radical 

recombination may indeed occur in some of the systems 

under study. 

As mentioned above, Stocklin et al. 17 who studied the 

stereochemical course of 38c1 for Cl substitution in liquid 

diastereomeric 2,3-dichlorobutane suggested on the basis 

of the observed solvent effect and additional evidence 

that the substitution occurs via a direct replacement with 

collisional stabilization of a "caged complex". Additional 

evidence supporting the "caged complex" model was presented 

by Rack et al •• 82 In their study of the reaction of hot 

iodine species with acetylene, they found a sharp increase 

of combined c2H5I and c2H3I product yield with decreasing 

normalized intermolecular distance (A/a), where A repre-

sents the intermolecular distance between centers of 

spheroidal molecules of diameter u. FUrthermore, a 
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decrease in the number of products from the gas to 

condensed phase transition rather than increase was 

observed. Therefore, the enhanced yield was suggested 

to be due to the caging of the "electronically excited 

complex". 

Although the experimental evidence from the present 

investigation unambiguously indicates that the stereo-

chernical course is not controlled by the conformational 

composition of the reaction mixture, it does not rule out 

the possibility of a hot one-step reaction mechanism which 

may involve a direct replacement step or a "caged complex 11 

or for that matter a caged radical-radical recombination 

mechanism. Thus, it seems interesting to see whether and 

how the present results can be interpreted in ter1ms of 

either of these two models. 

In the case of a hot one-step mechanism one could 

assume that a strong interaction between the excited 

substitution product and the solvent could prevent the 

former from decomposition, or in other words the strong 

interaction could lead to enhanced collisional de-

excitation-stabilization of the intermediate product. 

Therefore, if one assumes two or more energy dependent 

reaction channels for the formation of the retained and 

inverted product, respectively, the ratio in which these 
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products are formed will depend on the relative cross 

section for these processes as a function of energy. 

This is illustrated in Figure 20, where certain arbi-

trary assumptions about the energy dependence of these 

reaction channels are being made, which could explain 

the observed results. 

More information about the validity of these hypothe-

sis could be obtained by measuring independently the radio-

chemical yields of the retained and inverted product. 

Unfortunately, however, as discussed in Chapter II 

Section E, the absolute radiochemical yields of the 

substitution products cannot be determined, and only the 

retention/inversion ratios were measured. So it is not 

clear whether the variation in these ratios is caused by 

an increase of the yield of the retained form or by a 

reduction of the inverted product or by both. This 

inherent deficiency of solution experiments makes it 

difficult to draw any final conclusions as to whether 

it is justified to interpret the experimental results 

in terms of a hot one-step mechanism. 

However, in the density variation studies of 

diastereomeric 1,2-dichloro-1,2-difluoroethane system, 18 

the results indicated that the reaction channel leading 

to an inverted product is low energetic, this could be 
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because the inversion process is relatively slow, so only 

low energetic 38c1 will remain long enough in the vicinity 

of the substrate molecule to react with the substrate 

after inversion has occured. The yields of the retained 

product increase monotonically with increasing density, 

due to the more efficient excitation-stabilization at 

higher density of the higher energetic reaction channel 

yielding the retained product. 

Therefore, the fact that the retention to inversion 

ratio increases with (E - 1)/(2E + 1) could then be 

interpreted by assuming that in those cases where the 

reactants interact strongly with the surrounding solvent 

molecules, the excess energy of the retained product 

formed in a hot one-step substitution at higher energies 

is quickly dissipated and the product stabilized. This 

explanation is demonstrated in Figure 20. Whereas in 

those solvent which have a low dielectric constant, the 

energy dissipation proceeds less rapidly and less of 

the retained product formed in a high energy substitution 

becomes stabilized. Thus, the retention/inversion ratio 

remains small or even drops. 

Alternatively, in terms of the immediate caged 

radical-radical recombination or the type 
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R-X + y" ---)RY-:~ 

recombination may occur following 38c1 for Cl substitu-

tion and subsequent break-up of the excited intermediate 

state. This can occur either by retention or by inversion 

of configuration. The degree of retained or inverted 

product formed depends mainly on the time factor· of the 

recombination of the radicals in the solvent cage. If 

the time scale for recombination of the radicals becomes 

comparable with the time required for the organic radical 

to achieve planar configuration, the subse~uent recombina-

tion will lead to the formation of a mixture of the two 

diastereomers. In the case of strong interaction between 

the intermediate radical and the surrounding molecules 

the radical will most likely not achieve planarity before 

recombination takes place and recombination will occur 

resulting in a labeled molecule which maintains the same 

configuration as it achieved in the primary step, the 

direct displacement process. This is schematically 

demonstrated in Figure 21. 

The results in Figure 17 and Figure 18 which show a 

drastically higher retention/inversion ratio for strongly 

interacting solvents would thus indicate that the primary 

step is the substitution via front side attack leading to 
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retention of configuration. 

In the case of weakly interacting solvents, race-

mization of the intermediate organic radical may 

eventually be achieved. As in the 2,3-dichlorobutane 

system, two conformers can be postulated for 3-chloro-2-

butyl radical as shown in Figure 22. Because of lesser 

crowding between the methyl groups, one would expect 

conformation (I)' to be more stable and hence more 

abundant than (II). The preferred attack from the bottom 

of conformation (I) by the chlorine atom which keeps the 

two chlorine atoms as far apart as possible in the transi-

tion state, would yield the meso product. Since the same 

3-chloro-2-butyl radical is formed regardless of whether 

meso or d,l 2,3-dichlorobutane is used as the substrate, 

one should observe the same equilibriu..~ concentration of 

d,l and meso in both systems if the planarity is reached. 

Indeed, when we calculated this value by using a retention/ 

inversion ratio of 0.77 observed in the d,l DCB system in 

n-pentane solution and an average retention/inversion 

ratio of 1.8 observed in the ~eso DCB system in n-pentane 

and n-hexane solutions, an equilibrium population of 56% 

rneso DCB, 44% d,l DCB and 64% meso DCB, 36% d,l DCB was 

found, respectively. The average of these two sets was 

60% meso DCB and 40% d,l DCB. This is very similar to 

the product distribution obtained in the photochlorination 
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86 of 2-chlorobutane. In the case of 2,4-dichloropentane 

system, the corresponding values are: 40% meso DCP and 

60% d,l DCP. This value was calculated from an average 

retention to inversion of 1.29 found in d,1 DCP (an 

equilibrium population of 43% meso and 56% d,l DCP) and 

0.57 in meso DCP (an equilibrium population of 36% meso 

and 64% d,l DCP) when n-heptane and cyclohexane were used 

as solvent. These numbers also compare favorably with the 

equilibrium concentration previously observed by Flory et 

ai. 67 which is 36.4% meso DCP and 63.73 d,l DCP. 

As shown in Figure 23, where the retention/inversion 

ratios for d,l DCB and d,l DCP are plotted as a function 

of (1/c>) x (E - 1 )/(2E + 1) it appears that a suitable 

combination of both the molecular diameter, ()1 and the term 

which would be indicated of the magnitude of interrr.o1ecular 

interaction, CE- 1)/(2E+ 1), r.my best fit the experimen-

tal results. The molecular diameter87 and dielectric 

constant88 used in this study appear in Table XXII. 

In the Monte-Carlo simulation of the photochemical 

reaction of I 2 with cc14, Bunker and Jacobson89 have 

suggested that the cage recombination is strongly influ-

enced by recoil energy, solvent molecule size, and inter-

molecular forces. Our experimental results correlate 

well with their finding. 

As shown in Figure 18, there is a less pronounced 
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Table XXII. Molecular Diameter and Dielectric 

Constant of Solvent. 

Solvent 

Methanol 

Ethanol 

n-Propanol 

2-Propanol 

n-Butanol 

2-Butanol 

t-Butanol 

n-Pentanol 

n-Hexanol 

Carbon Tetrachloride 

Carbon Disulfide 

Benzene 

Toluene 

Ethybenzene 

n-Pentane 

n-Hexane 

n-Heptane 

Molecular*0 
Diameter (A) 

4.430 

4.777 

5.221 

5.034 

5.448 

5.427 

5.167 

5.88 

6.26 

5.478 

4.641 

5.359 

5.746 

60060 

5.741 

6.105 

6.439 

Dielectric~· 
Constant 

32.63 

24.3 

20.1 

18.3 

17 .1 

15.8 

10.9 

13.9 

13. 7 

2.238 

2.641 

2.284 

2.379 

2.412 

1.844 

1.890 

1.924 
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Table XXII (continued) 

Solvent 

Cyclohexane 

Acetic Acid 

Propanoic Acid 

Bromine 

Acetonitrile 

Molecular 0 
Diameter (A) 

·s.619 
5.170 
5.355 
4.268 

5.345 

* Obtained from Reference 87. 
** Obtained from Reference 88. 

Dielectric 
Constant 

2.023 
6 .15 
3.44 
3.09 
37.5 
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dependence of the retention/inversion ratio on the 

interaction energy in the system compared with the 

corresponding values for the d,l diastereomers. This 

appears to occur in the case of the mesa isomer, when 
8 a smaller nun1ber of the primary 3 Cl for Cl replacement 

lead eventually to substitution via frontside attack to 

give a smaller a.mount of product with retention of con-

figuration than in the d,l isomer. Thus, even in the 

presence of strongly interacting solvents, the retention/ 

inversion will remain relatively small as compared with 

the d,l system. Alternatively, in terms of the caged 

radical-radical recombination model, one can argue that 

the radical formed by the break-up of the excited mesa 

J8c1-product shows less inter•action with the suri'ounding 

solvent molecules and therefore achieves planarity more 

easily than the corresponding radical formed by the 

fragmentation of the excited d,1 38c1-product. However, 

it is not certain that the easier frontside attack in d,l 

isomer is due to the steric effect nor that the easier-

to-achieve planarity of the radical formed by the break-

up of the excited rneso 38c1-product is due to the 

different thermodynamic stability of two stereoisomers. 

In order to minimize the steric effect and to over-

come the difference in thermodynamic stability between 
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the initial and final state of the reaction, the investi-

gation was further extended by using enantiomeric mole-

cules as substrate. 

As shown in Table XVI, the 80Br, BomBr, and 82Br for 

Br substitution in R- or S-2-bromopropionyl bromide gave 

about 80% inversion product either in gas or in liquid 

phase reaction. Tnis result was later found partly due 

to the exchange of radioactive bromine in the form of 

inorganic bromide with bromine atom attached in ~ carbon 

of propionyl bromide in the gas chromatographic column. 

This finding is in accordance with the result found by 

Cowdrey and co-workers. 90 They studied the exchange 

reaction of 2-bromopropionic acid with lithium bromide 

which contains a proportion of radioactive bromine in 

acetone solution at 22°c. They found that the dis-

placement is accompanied by inversion in every bromine 

substitution. The instability of the bromine atom next to 

the carbonyl group and the high column temperature (,.__,170°c) 

employed in the separation of diastereomeric 2-bromo-

propionyl bromide valine methyl ester apparantly caused 

the exchange in the column. This obscured the true 

stereochemical course of decay-induced bromine for 

bromine substitution reaction. 

The exchange problem was solved first by using 2-
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chloro-1-propanol as substrate. In this compound the 

C-Cl bond is stronger than the C-Br bond, furthermore it 

is attached to C-OH instead of to an active carbonyl 

group (c=o). Secondly, the inorganic chloride formed as 

a result of the neutron irradiation of substrate mole-

cules must be removed. This can be insured by low-

temperature gas chromatographic purification of irradiated 

2-chloro-1-propanol before subject to resolution via 

diastereomer formation and gas chromatographic separation. 

The results of 3801 for Cl substitution in enantio-

meric 2-chloro-1-propanol are shown in Table XVII. The 

retention of optical configuration in neat R or S form 

of the solution is equal to 53 ± 3%. This result seems 

to suggest that the reaction is via a radical process 

leading to racemization, even though a hot one-step 

substitution mechanism cannot be completely ruled out. 

However, from the steric point of view, it is very unlikely 

that the chlorine atom can have the same probability of 

attacking 2-chloro-1-propanol from the back and the front 

side. 

Due to the relative long postirradiation analysis 

procedure (~150 minutes) and the competetion of 38c1 

between solute and solvent molecule, the 38c1 labeled 

2(R)- or 2(S)-chloro-1-propanol has a low radioactivity 
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by the time the activity is measured. Together with the 

fact that the gas chromatographic resolution is less than 

100%, the interpretation of the result is rather difficult 

especially in the presence of a high concentration of 

solvent. However, generally the same trend of solvent 

effect in stereochemical course as in 2,4-dichloropentane 

and 2,3-dichlorobutane systems was observed. 

As shown in Figure 13, the ratio of retention to 

inversion of 38c1 for Cl substitution in enantiomeric 2-

chloro-1-propanol in solution is affected by the concen-

tration and nature of the solvent added. An increase of 

methanol concentration causes the retention/inversion 

ratio to increase, while n-pentane and cyclohexane addi-

tives show almost no effect. 

In the presence of a strong interacting solvent, 

methanol, the :radical formed as a result of the break-up 

of the excit,ed intermediate has probably not been able to 

achieve planarity before recombination takes place. 

Thus, the recombination will occur resulting in a labeled 

molecule with retention of its orginal configuration. 

However, in the case of weakly interacting solvents, i.e. 

n-pentane and cyclohexane, the radical may eventually 

reach the planarity. Since there is no energy difference 

between R and S form of 2-chloro-1-propanol, we should 
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expect the same amount of each enantiomer will be formed. 

Indeed, the formation of 50% of each enantiomer was 

observed. 

E. Summary 

The results presented in this study clearly indicate 

that the stereochemistry is predominantly and directly 

governed by the properties of the solvent and not by 

an indirect solvent effect on the relative rotamer 

populations of the substrate molecule. The pa1•ameters 

most likely responsible are related to the intermolecular 

interactions between reactants and the surrounding 

solvent molecules. They are in particular the dielectric 

constant and to a minor extent the size of the solvent 

molecules. 

Although the experimental results do not allow a 

conclusive distinction between the relative contribution 

of the hot one-step substitution mechanism and the caged 

radical-radical conbinetion model, they strongly suggest 

that the latter mechanism is preferred in liquid phase 

hot substitution reactions. In terms of the caged 

radical-radical recombination model the strong solvation 

will prevent the intermediate radical from obtaining 

planarity and recombination will result in a labeled 

molecule having the same configuration as the product 
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formed in the primary displacement step (retention). 

Whereas in terms of the hot one-step substitution 

mechanism the strong interaction between solvent and 

reactants may enhance a rapid transfer of excitation 

energy and thus excitation-stabilize the product formed 

via retention of configuration. 
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ON THE STEREOCHEMICAL COURSE OF THE 

CHLORINE-38 FOR CHLORINE SUBSTITUTION 

IN DIASTEREOMERIC AND ENANTIOMERIC COMPOUNDS 

by 

Jiann-long Wu 

(ABSTRACT) 

The stereochemistry of the energetic 38c1 for Cl 

substitution was studied in diastereomeric 2,4-dichloro-

pentane and 2,3-dichlorobutane as well as in enantiomeric 

2-chloro-1-propanol in solution. It was found that the 

stereochemical course of the substitution reaction 

exhibits a strong dependence on the concentration and 

nature of the solvent added when the diastereomeric 

compounds were used as substrate. Similar results with 

a lesser degree of solvent dependence were observed 

in the 2-chloro-1-propanol system. 

A conformational analysis of 2,4-dichloropentane was 

made. It showed that the relative conformer population 

is not affected to any significant degree by the nature 

of the solvent. Furthermore, an examination was made of 

the physical and chemical properities of the solvent 

which could be responsible for the drastic changes 



inflicted upon the stereochemistry of the 38c1 for Cl 

substitution reaction. 

The experimental results indicate that the stereo-

chemical course of the substitution process is predomi-

nantly and directly controlled by the properties of the 

solvent molecules, most likely by the dielectric constant 

and molecular size which in turn are responsible for the 

magnitude of intermolecular interaction between reactants 

and solvents. 

Although the experimental results seem to indicate 

that the radical-radical recombination mechanism is the 

most likely mechanism as compared to the hot one-step 

substitution process, they offer no conclusive distinc-

tion between these two mechanisms. It appears that 

strong intermolecular interaction favors substitution via 

retention of configuration. whereas in solvents having a 

low dielectric constant or large molecular diameter the 

retention/inversion ratio decreases. 
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