
CHAPTER III

C A R B O N -C H L O R IN E  B O N D  F O R M A T IO N  U S IN G  P H O S P H O R U S  A N D
H A L O G E N A T E D  R E A G E N T S

3.1  In tr o d u c tio n
It would be difficult to study organic chemistry without becoming aware of 

halo-substituted alkanes. Among their many uses, alkyl halides are employed as 
industrial solvents, as inhaled anesthetics in medicine, as refrigerants, and as 
pesticides and fumigating agents [50].

Alkyl chlorides are generally used as both synthetically useful intermediates 
and valuable end products in chemical industry and pharmaceutical science [51]. 
Therefore, over the past century, there has been copious evidence for the development 
of many methodologies to synthesize this class of compounds. Moreover, the 
optimum conditions in each nearly developed reaction are still essentially needed to 
be considered to achieve a maximum yield.

3 .1 .1  T h e  S y n th e s is  o f  A lk y l C h lo r id es
In the laboratory, alkyl chlorides are most often prepared from various starting 

materials with many manners.
- From chlorination of certain hydrocarbons [52]

- From addition of hydrogen chloride to alkenes [52]
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- From  addition  o f  chlorine to alkenes and alkynes [52]

- From  a lco h o ls  [52]

cone. HC1
or

NaCl, H7SO4, heat

PC13

or SOCl2

- From  ring op en in g  o f  ep ox id es [53]

LiCl, Fe(TCA)3 

DMF

A lth ou gh  alkyl ch lorides can be m anipulated from  various sources o f  starting 
m aterials, the general and sim p le  protocols m ostly  stem  from  the con version  o f  
a lcoh ols. T he m ain  reason is  o w in g  to the u ncom plicated  p rocess o f  the conversion , 
the variety and easy  procreation and com m ercial availab le o f  a lcoh ols [54], From  
these reasons, a lco h o ls  w ere ch osen  to study the e ffic ien cy  tow ards chlorinating  
reagents.

3 .1 .2  T h e  Im p o r ta n c e  o f  A lk y l C h lo r id es
A lk y l ch lorid es are o f  im portance as in term ediates to convert into m any other 

functional groups such  as ethers, esters, nitriles, am ines and su lfid es. The conversions  
o f  alkyl ch lorid es to  other organic com pounds are illustrated as sh ow n  in Table 3.1.
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T a b le  3 .1  The co n v ersio n  o f  alkyl ch lorides to other organic com pound s [52]

reagent
RC1 ----------------------- ►  Product

T yp e o f  R eaction R eagent Product Functional group
HCT RO H alcohol
h 20 RO H alcohol

R'CT ROR'
ether (W illiam son  

synthesis)
R 'C = C ” R C =C R ' alkyne
R '-M etal RR' alkane (C oupling)

r RI alkyl iodide

N u c leo p h ilic
substitution

N C _
R 'C O O ”

n h 3

R C N
R 'C O O R

r n h 2

nitrile
ester

primary am ine
N H 2R' R N H R ' secondary am ine

N H R 'R " RNR'R" tertiary am ine
PPh3 R PPh3+ X “ phosphonium  salt
H S “ R SH thiol (M ercaptan)
R S _ R SR thioether (Su lfid e)

ArH  +  A1C13 A rR
alkylbenzene

(Friedel-C rafts)
D eh yd roh alogen ation B ase c = c alkene

Preparation o f  
Grignard reagent

M g, dry ether R M gC l Grignard reagent

R ed u ction M etal, H + RH alkane
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3 .2  L ite r a tu r e  R e v ie w s  on  A lk y l C h lo r id e  S y n th e s is  fro m  A lco h o ls
C onversion  o f  a lcoh ols into alkyl ch lorides can be accom p lish ed  by several 

approaches. R eaction  o f  an alcohol w ith  com m on  reagents such as HC1 gas, thionyl 
chloride (SO C I2), oxa ly l chloride ((C O C l)2), phosphorus trichloride (PCI3), 
phosphorus pentachloride (PCI5) and phosphorus oxych lorid e  (PO C I3) to g ive  alkyl 
chloride are am on g classica l m ethods. S om e new er m ethods have a lso  appeared such 
as the use o f  triphenylphosphine (PPI13) and tetrachlorom ethane (CCI4) com p lex  and 
the reagent o f  PPI13 and A -ch lorosuccinam ide (N C S ).

3 .2 .1  R ea ctio n  o f  A lc o h o ls  w ith  C o m m o n  R ea g en ts
3 .2 .1 .1  HC1
A lco h o ls  react readily w ith  HC1 to y ie ld  alkyl ch lorides and water. The 

reaction is carried out either by p assin g  dry HC1 gas into a lcoh ol, or by heating  
a lcoh ol w ith  concentrated aqueous acid.

B oek elh el and co-w orkers addressed the con version  o f  1-8-naphthalene- 
dim ethanol to  l , 8-èw -(ch lorom eth yl)n aphthalene b y  u sin g  HC1. W hen the d iol w as 
treated in the usual fash ion  w ith  SO CI2 to e ffect rep lacem ent o f  the hydroxyl groups 
by chlorine, con com itan t form ation o f  the corresponding c y c lic  ether occurred. B y  the 
use o f  concentrated HC1 at 0 °c , the side reaction w as avo id ed  and the desired chloride  
resulted in  93%  y ie ld  [55].

3 .2 .1 .2  PC13, PC15 an d  P O C I3

In the early stage, the preparation o f  a lkyl ch lorid es cou ld  be accom plished  by  
treating w ith  com m on  reagents such as PCI3, PCI5 and PO CI3.

In 1980 , Y oshihara and co-w orkers reported the syn th esis o f  several im inium  
salts and their u se  in  the preparation o f  alkyl h a lid es from  a lcoh ols. The y ie ld s o f  
alkyl ch lorides obtained by this m ethod are gen erally  high. M oreover, the use o f  
im in ium  salts afforded far better y ie ld s o f  alkyl ch lorid es than the u se  o f  POCI3 [56].
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3 .2 .1 .3  S O C l2

G enerally , tertiary a lcoh ols are readily converted  into alkyl chlorides by 
treatm ent w ith  HC1 at 0 ° c .  Primary and secondary a lco h o ls  are m uch m ore resistant 
to acid , h o w ev er , and are best converted into alkyl h a lid es by treatm ent w ith  SOCI2.

C aserio and co-w orkers reported the ch lorination  o f  a lly lic  a lcoh ols by using  
SO CI2 in  the p resence o f  dilute ether solu tion  [57],

99%
F oland and co-w orkers reported the total syn th esis o f  isoam ebifuranone. One 

o f  all steps w a s the treatm ent o f  a lly lic  a lcoh ol w ith  SOCI2 in h exan e y ie ld in g  ally lic  
ch loride in 65%  iso lated  y ie ld  as the m ajor isom er o f  a 7:1 m ixture o f  regioisom ers  
[58].

H o w ever , a lcoh o ls could  be converted to a lkyl ch lorid es on  treatm ent w ith  tw o  
or three tim es o f  red istilled  SOCI2. In som e ca ses, the reactions took  place  
im m ed iately  but usu ally  the m ixture has to be reflu xed  w ith  stirring at the b oilin g  
point o f  SO CI2. S in ce the by-products o f  the reaction  w ere gaseou s, they  w ere readily  
rem oved  and any e x cess  SOCI2 w as d istilled  o ff. T h ese  by-products are harm fully  
corrosive ch em ica ls  and invariably m ake the con d ition s b eco m e acid ic.
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3 .2 .1 .4  (C O C l)2

Ireland and co-w orkers addressed an approach to the synthesis o f  the 
m onensin  tetrahydropyran-èw(tetrahydrofuran) via the ester enolate C laisen  
rearrangem ent and reductive decarboxylation. In the chlorination step, 
a -D -g lu co sa cch a r in ic  acid  y-lactone w as converted to the corresponding chloride in 
quantitative y ie ld  u sin g  (C O C l)2 [59],

3 .2 .1 .5  T M SC 1
It has b een  w e ll established  that a lcoh ols can be converted  to their 

corresponding io d id es or brom ides by the action  o f  trim ethylsily l halides, T M SI [60] 
or T M SB r [6 1 ], resp ectively . The sam e reaction d oes not occur w ith  the less  reactive  
TM SC1 alone.

H ow ever , L ee and K ang reported that th is transform ation cou ld  be 
accom p lish ed  w ith  TM SC1 w hen a catalytic quantity o f  SeC>2 w as em ployed . In the 
presence o f  a cata lytic  am ount o f  SeC>2, TM SC1 served as an e ffic ien t chlorinating  
reagent for a w id e  variety o f  a lcoh ols. Selen iu m  oxych lorid e  (S eO C l2) generated  
in situ seem ed  to  react w ith  a lcoh ols form ing unstable alkyl se len ites, w h ich  rapidly 
d ecom p osed  to  a lkyl ch lorides [62],

T his reagent w as superior to SOCI2 and other ch lorinating agents not on ly  in 
term s o f  the y ie ld  and m ild n ess o f  the reaction con d ition s but a lso  because the  
com p etin g  sid e reactions w ere greatly suppressed.

Snyder reported that both primary and tertiary a lco h o ls  cou ld  be readily  
converted to alkyl ch lorides b y  TMSC1 and a catalytic quantity o f  D M SO . The facile ,

100%
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high y ie ld  reaction w as postulated to take p lace through a m echanism  sim ilar to that 
proposed for T M SI and T M SB r [63].

3 .2 .1 .6  In C l3/H S iM e 2C l
Y asuda and co-w orkers reported the InC ft-catalyzed  reaction o f  a lcohols w ith  

ch lorod im eth ylsilan e (H S iM e2C l) in the presence o f  benzil to g iv e  the corresponding  
ch lorides under m ild  conditions. B en zil sign ifican tly  changed  the reaction course 
because the reducing  product through dehydroxyhydration w as obtained in the 
absence o f  b en zil. The secondary or tertiary a lcoh o ls and b en zy lic  a lcohols w ere 
e ffec tiv e ly  chlorinated. The substrates bearing ac id -sen sitive  functional groups w ere  
found to  be com p atib le  w ith  this system . T he h igh ly  se lec tiv e  chlorination o f  the 
tertiary site  w as observed  in the com p etitive  reaction betw een  tertiary and primary 
a lcoh ols. T he h ig h ly  coordinated hydrosilane generated from  b en zil and H S iM e2Cl 
w as an im portant interm ediate [64].

The ou tcom es derived from  u tiliz in g  com m on  reagents revealed that a 
ch allen gin g  problem  still rem ained. For exam p le, 1) the co-regeneration  o f  HC1 often  
cau ses undesired  sid e reactions [65]. The reaction can be u sed  to  prepare primary, 
secondary or tertiary halides w ith  aforem entioned  reagents; neverth eless the a lcohols  
o f  isobutyl or neopentyl type often  gave large am ounts o f  rearrangem ent products. 
M oreover, tertiary ch lorides are easily  m ade w ith  concentrated HC1, but primary and 
secondary a lco h o ls  react w ith  HC1 so s lo w ly  that a catalyst, usu ally  zinc chloride, is 
required.

2 ) A  num ber o f  such m ethods w h ich  accom p lish  th is con version  are know n, 
m ost require either harm ful reagents (such  as SO CI2 and (C O C l)2), the application o f  
heat or som etim es extrem ely  produce corrosive by-products (su ch  as strong acids and 
SO 2). B esid es , i f  a starting m aterial acid  contains acid  sen sitiv e  functional groups, 
under acid ic  con d ition s it is  lik e ly  that the desired alkyl ch loride m ay be obtained in  
lo w  y ie ld  or not at all. C onsequently , m any m ore con ven ien t m ethods that can be 
conducted  by u sin g  harm less reagents, m oderate degree o f  heat or m ilder conditions 
are desirable. T he n ew  m eth od ology  w ith  controllab le se lec tiv ity  is therefore still 
called  for and be a responsib le task for organic chem ists.

ROH + 2 Cl- Sr— — — ----\  DMSO RCI + — S i - O - s f —/  \
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3 .2 .2  P h o sp h o r u s  C o m p o u n d s  w ith  H a lo g e n a te d  R e a g e n ts
The con ven ien t m eth od ology  for the preparation o f  alkyl chlorides using  

com paratively n on -tox ic  reagents under m ild  con d ition s has b een  constantly studied  
such as a com b in ation  o f  organophosphorus reagent and halogenated  reagent such as 
PPh3/C l2 [66 ], P Ph3/C C l4 [6 7 -6 9 ], PPh3/C l3C C C l3 [7 0 -7 1 ], PPh3/C l3C O C C l3 [72-73] 
or PPh3/C l3C C N  [74 -77 ] system s. T hese reagents are attractive sin ce the reaction  
cou ld  be perform ed under m ild  and acid-free con d ition s w ith  good  yield .

3 .2 .2 .1  P P h 3/C l2
W iley  and co-w orkers reported that an im portant characteristic o f  PPh3/C l2 

system  is  its ten d en cy  to  induce substitution w ith ou t e lim in ation  or rearrangement. 
The cy c lic  halide preparations best illustrate the form er point. T he conversions o f  
secondary penty l and neopentyl a lcoh ols to halides w ith ou t rearrangem ent illustrate 
the latter. P h en ols are converted at e levated  tem peratures w ithout p osition  isom ers 
b ein g  form ed [66],

PPh3 ----Cl2PPh3 ------------- ROH » RC1 + POPh3 + HCl

3.2.22 P P h 3/C C l4
A lk y l ch lorid es cou ld  be prepared from  a lco h o ls  w ith  the com bination  o f  

PPh3/CCl4 under m ild  and neutral conditions. T he reaction took  place rapidly to 
produce the desired  product, triphenylphosphine o x id e  and chloroform . T his reaction  
did not generate any strong acid ic m aterial, thus it is  su itab le for the preparation o f  
alkyl chloride contain ing acid sen sitive  functional group [67].

Snyder reported the con version  o f  a lly lic  a lco h o ls  to the corresponding  
chlorides w ithout rearrangem ent [68].

11% 89%

Jones and co-w orkers reported the rate o f  form ation  o f  phosphorylated  
interm ediate form ed by reacting PPh3, CC14 and an a lcoh o l. T h is com bination w as
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only slightly influenced by steric effects. The relative rates of intermediate formation 
were primary > secondary > neopentyl. The relative rates of intermediate 
decomposition followed the order of primary > secondary > neopentyl. Thus 
neopentyl alcohol reacted with the phosphorylating agent at room temperature to form 
an intermediate without concomitant decomposition to neopentyl chloride. The 
structure of the intermediate was elucidated by 'h  NMR and 31p decoupling [69],

PPh3/CCI4 OPPhjCl

3.2.2.3 PPI13/CI3CCCI3

Bringmann and co-workers converted alcohols to alkyl chlorides by using the 
combination of PPh3/Cl3CCCl3 and PPhs/BrCBCCCbBr in high yield. Moreover, this 
reagent could also be demonstrated in the course of the biomimetric synthesis of the 
aglycon of the biologically active bitter glucoside aloenin [70].

OMe

Hashimoto and co-workers addressed the reaction of PPh3-trichloromethyl 
compounds such as CCI4 and CCI3CCI3 with styrene oxide to give I and II.

The reaction was accelerated in polar solvents such as MeCN. I was 
quantitative formed when excess PPI13 was used. II was formed in high yield when 
phenols were added to the reaction mixture. The reactions using other CI3C- 
compounds (except CI3CCCI3) gave products analogous to those of CCI4 . CI3C- 
compounds having more electron withdrawing groups other than Cl gave higher I and 
II ratios than did CCI4 . The reaction with CI3CCCI3 gave I quantitatively at room 
temperature [71].
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However, the conversion of alcohols to the desired alkyl chlorides by using 
above combinations cannot be proceeded within short reaction time at room 
temperature. Later, the combination of Ph3P/Cl3COCCl3 or Ph3P/Cl3CCN systems has 
been addressed as another viable route for the preparation of alkyl chloride with high 
efficiency.

3.2.2A PPI13/CI3CCOCCI3

Magid and co-workers reported a mild reagent for the regioselective and 
stereospecific production of chlorination. Allylic alcohols reacted with 
PPh3/Cl3CCOCCl3 in less than 20 min at 10-15 ๐c  to produce excellent yields of the 
corresponding alkyl chlorides. Isolation was accomplished simply by flash 
distillation. The conversion occurred with total preservation of double bond geometry 
and with >99% inversion of configuration for optically active alcohol. All primary 
and secondary alcohols gave predominantly the unrearranged alkyl chloride whereas 
tertiary alcohols furnished mostly rearranged product. With more highly substituted 
systems, elimination to diene became an important side reaction [72].

Meyer and co-workers addressed the synthetic investigations of rapamycin. In 
the chlorination step, dienallylic alcohol was treated with PPh3/Cl3CCOCCl3 in the 
presence of 2,6-di-/eH-butylpyridine at -40 °c within 15 min [73].

3.2.2.4 PPh3/Cl3CCN
Matveeva and co-workers reported that the conversion of alcohols such as 

2-decanol, 2-methyl-3-octanol, 2,4-dimethyl-3-pentanol, into the corresponding alkyl 
chlorides with C13CCN in the presence of PPh3 was regiospecific. If an external 
nucleophile such as iodide and rhodanide was introduced to the reaction, the alkyl 
chloride was still a predominant product [74],
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Later, Matveeva and co-workers investigated continually a regio- and 
stereoselective substitution of halide for hydroxyl groups in allylic alcohols. Treating 
cis- and frans-RCH=CHCH2OH (R = Me, M-C5H 11) with CCI3R 1 (R, = CN, C02Et, 
COCCI3) in MeCN and PPh3 gave the corresponding alkyl chloride with > 95% regio- 
and stereoselectivity. The selectivity for analogous reactions of cis- and trans- 
HOCHRCH=CH2 was 81-92%, while CH2=CHCHDOH gave 53% CH2=CHCHDC1

Furthermore, the combination of PPt^/CLCCN could be used for the 
preparation of acid chlorides from carboxylic acids. For example, Jang and co
workers reported the transformation of carboxylic acids to the corresponding acid 
chlorides by treatment carboxylic acid with CI3CCN and PPh3 in CH2C12 [76], This 
method could be performed under a mild reaction and acid free conditions. Later, 
Jang and Kim further developed the aforementioned conditions for the synthesis of 
symmetrical acid anhydride [77].

3.2.2.5 PPh3/CuCl2 or Z11CI2

Miyano and co-workers reported the chlorination of alcohols with PPh3/CuCl2. 
Aliphatic alcohols were converted to the corresponding alkyl chlorides in 42-95% 
yields while cyclohexanol and menthol gave poor results because of the olefin- 
forming side reaction. However, phenol was not chlorinated under the reaction 
conditions. (-)-(R)-2-octanol gave (+)-(S)-2-chlorooctane with 81% net inversion. 
Furthermore, bromides were also obtained by using CuBr2 instead of CuCl2 [78].

Ho and Davies reported the reaction of alcohols with the combination of zinc 
halide, DEAD and PPh3 for the preparation of alkyl halides. Primary, secondary, and 
allylic alcohols under the same conditions have been converted in good yields into the 
corresponding alkyl halides. The reaction was generally completed in minutes at room 
temperature [79].

[75].

๏
RO-PPh3 + EtO' Co NH "OEtROH + PPh3

ZnX2

RO-PPhf X + 211..0. T  ICo NH OEt
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3.2.2.5 PPh3/Me2SeCl2 or Ph2SeCl2
Drabowicz and co-workers reported a very efficient, stereoselective synthesis 

of alkyl chlorides from alcohols using a mixture of PPh3 and dimethyl- or 
diphenyldichloroselenurane (Me2SeCl2 or Ph2SeCl2) as a combination reagent. The 
usefulness of this method for conversion of alcohols into alkyl chlorides was 
demonstrated by experiments with optically active substrates such as enantiomers of 
2-octanol and (-)-menthol. In the case of acyclic, chiral alcohols, both enantiomers of 
2 -octanol and (-)-menthol were converted to the corresponding chlorides and with 
essentially full inversion of configuration [67].

These reagents are attractive since the reaction could be preformed under mild 
and acid-free conditions with good yields. This evidence could be postulated for its 
importance. Nonetheless, the development for the high yield and chemoselective 
reaction with selective reagents under mild and neutral conditions are still called for 
consideration.

Recently, trichloroacetamide (CI3CCONH2) as an alternative halogenated 
reagent for conversion of carboxylic acids to their analogous amides and esters upon 
the combination with PPh3 was introduced by Chaysripongkul [80]. This reagent, 
eventhough a bit less reactive compared with CCI3CN [81], its cost and the ease of 
work-up make this reagent far more conceivable to be employed. This chapter 
devoted for the extended study of the use of this new combination of 
PPh3/Cl3CCONH2 for the conversion of alcohols to the corresponding alkyl chlorides.

3.3 Scope of This Work
The methodology for the preparation of alkyl chloride using comparatively 

non-toxic reagents under mild and neutral conditions will be focused. The objective of 
the research described in this chapter is to develop a new combination of phosphorus 
and halogenated reagents for chlorination of alcohols and to explore the optimum

H

65%

96%
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conditions for the preparation of alkyl chloride. Moreover, the comparative study on 
the reactivity of developed reagent in the chlorination of various primary, secondary, 
tertiary, benzylic and allylic alcohols would be taken into the serious consideration.

3.4 Experimental
3.4.1 Instruments and Equipment

Melting points were determined with a Fisher-Johns melting point apparatus 
or Electrothermal digital melting point apparatus model IA 9100 and are uncorrected. 
Column chromatography was carried out on silica gel (Merck Kieselgel 60, 70-230 
mesh). Thin layer chromatography (TLC) was performed on aluminum sheets 
precoated with silica gel (Merck Kieselgel 60 PF254). The FT-IR spectra were 
recorded on a Nicolet Fourier Transform Infrared Spectrophotometer model Impact 
410: solid samples were incorporated to potassium bromide to form a pellet. The 
'h  and 13C-NMR spectra were performed in deuterated chloroform (CDCI3) or 
deuterated dimethylsulfoxide (DMSO-dô) with tetramethylsilane (TMS) as an internal 
reference on the Varian nuclear magnetic resonance spectrometer, model Mercury 
plus 400 NMR spectrometer which operated at 399.84 MHz for 'h  and 100.54 MHz 
for 13c nuclei. The chemical shifts (8 ) are assigned by comparison with residue 
solvent protons. Specific rotations were measured on a Jasco P-1010 polarimeter and 
[a] D  values are given in units of 10' 1 deg - cm2 ■ g'1.

3.4.2 Chemicals
All solvents used in this research were purified prior to use by standard 

methodology except for those which were reagent grades. The reagents used for 
synthesis were purchased from Fluka chemical company or otherwises stated and 
were used without further purification.

3.4.3 Preparation of Halogenated Reagents
3.4.3.1 Ethyl dichloroacetate, ethyl chloroacetate, ethyl tribromoacetate 

and 'propyl trichloroacetate [82-83]
1 mL of concentrated sulfuric acid was cautiously added to the mixture of 

dichloroacetic acid, chloroacetic acid or tribromoacetic acid ( 2 0  mmol) and ethanol or 
i-propanol (40 mmol). The mixture in the round bottom flask fitted by a condenser 
was refluxed for 6  hours and then poured into 100 mL of water in a separatory funnel. 
The upper layer of crude ester was removed and washed with 50 mL of water,
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saturated aqueous NaHCC>3 and water, respectively, and dried over anhydrous 
Na2S04.

Ethyl dichloroacetate: colorless oil (80%); ‘H-NMR (CDCI3) 8  5.91 (ร, 1H),
4.28 (q, J  = 7.2 Hz, 2H) and 1.31 (t, J = 7.1 Hz, 3H).

Ethyl chloroacetate: colorless oil (70%); 'H-NMR (CDCI3) 8  4.18 (q, J=  7.1 
Hz, 2H), 4.00 (ร, 2H) and 1.24 (t, J=  7.1 Hz, 3H).

Ethyl tribromoacetate: colorless oil (72%); 'H-NMR (CDCI3) 8  4.46 
(q, J=  7.2 Hz, 2H) and 1.44 (t, J=  7.2 Hz, 3H).

'Propyl trichloroacetate: colorless oil (69%); !H-NMR (CDCI3) 8  5.18 
(sep, J=  6.3 Hz, 1H) and 1.41 (d, J=  6.3 Hz, 6 H).

3.4.3.2 Trichloroacetanilide [84]
Into a three-necked flask was placed a solution of hexachloroacetone (100 

mmol) in 40 mL of hexane. To the stirred solution was added, dropwise, aniline (100 
mmol) over a period of 35-40 minutes. During this time, the temperature was raised to 
about 55 °c. After the addition was completed, stirring was continued at 65-70 ๐c  for 
another 45 minutes. The hot solution was poured into a beaker and then cooled to 0-5 
°c. The solid was collected upon filtration and air-dried. Recrystallization from 90% 
ethanol to obtain white crystal (73%); 'H-NMR (CDCI3) 8  8.31 (br ร, 1H), 7.57 
(d, J =  8.4 Hz, 2H), 7.41 (t, J=  8.4 Hz, 2H) and 7.24 (t, J=  8.4 Hz, 1H).

3.4.4 General Procedure
3.4.4.1 Synthesis of Alkyl Chlorides
A stirred solution of alcohol 1 eq (0.25 mmol) and PPI13 2 eq (0.5 mmol) in dry 

CH2CI2 (0.5 mL) was successively added selected halogenated reagent 2 eq 
(0.5 mmol) at room temperature (30 ๐C) under N2 atmosphere. After 15 min, the 
reaction was quenched by cold water and the corresponding product was determined 
by 1 H-NMR on the crude mixture with toluene as an internal standard or purified by 
column chromatography on silica gel (eluent: hexane).

2-Phenylethyl chloride: colorless oil; *H-NMR (CDCI3) 8  7.20-7.25 (m, 5H), 
3.62 (t, J=  7.4 Hz, 2H) and 3.02 (t, J=  7.4 Hz, 2H).

(+)-(S)-2-Octyl chloride: colorless oil; [ oc] d 25 +26.9, c = 0.58, CHCI3); 
‘H-NMR (CDCI3) 8  4.01 (รex, 1/=  6.5 Hz, 1H), 1.69 (m, 2H), 1.28-1.50 (m, 11H) and 
0.89 ( t ,J=  6.7 Hz, 3H).
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(-)-Nopyl chloride: colorless oil; 'H-NMR (CDC13) 8  5.33 (br ร, 1H), 3.46- 
3.54 (m, 2H), 2.35-2.44, (m, 3H), 2.18-2.30 (m, 2H), 2.10 (br ร, 1H), 2.03 (t, J=  4.6 
Hz, 1H), 1.28 (ร, 3H), 1.18 (d, y  = 8.5 Hz, 1H) and 0.84 (ร, 3H); 13C-NMR (CDCb) 8

144.4, 119.2, 45.5, 42.5, 40.7, 40.2, 38.0, 31.6, 31.3, 26.3 and 21.2.
2-Chloro-2-phenylacetophenone: colorless oil; 'H-NMR (CDCI3) Ô 7.96 

(d, 1/ =  8.0 Hz, 2H), 7.32-7.55 (m, 8 H) and 6.35 (ร, 1H); I3C-NMR (CDCI3) 8  191.5, 
135.9, 134.3, 132.1, 129.5, 129.4, 129.3, 129.2, 129.1, 128.8, 128.7, 128.6, 128.5 and 
62.3.

2,3,4,6-Tetra-0-benzyl-D-glucopyranosyl chloride: colorless oil; 'H-NMR 
(CDCI3) 8  7.17-7.41 (m, 20H), 6.11 (br ร, 1H), 5.02 (d, J=  10.8 Hz, 1H), 4.85-4.95 
(m, 2H), 4.75 (ร, 2H), 4.61 (d, J  = 12.1 Hz, 1H), 4.54, (d, J  = 10.7 Hz, 1H), 4.50 
(d, y  = 12.1 Hz, 1H), 4.05-4.14 (m, 2H), 3.76-3.83, (m, 3H) and 3.68 (d, y = 10.9 Hz, 
1H); 13C-NMR (CDCI3) 8  138.5, 138.0, 137.6, 137.4, 128.6, 128.5, 128.2, 128.1, 
128.0, 128.0, 127.9, 127.8, 127.7, 93.5, 81.4, 79.8, 76.4, 75.9, 75.3, 73.5, 73.4, 73.0 
and 67.7.

3.4.4.2 Reactivity Study of Alcohols
A stirred solution of two selected alcohols 1 eq (0.25 mmol each) in dry 

CH2CI2 (0.5 mL) were successively added PPI13 1 eq (0.25 mmol) and CI3CCONH2 

1 eq (0.25 mmol) at room temperature (30 ๐C) under N2 atmosphere. After 15 min, 
CH2CI2 was removed by evaporation and alkyl chlorides in the crude mixture were 
determined by ’H-NMR with the addition of toluene as an internal standard.

3.4.4.3 Reactivity Study of Halogenated Reagents
2-Phenylethanol 1 eq (0.25 mmol) was added to a mixture of B^CCChEt 0.75 

eq and a chlorinated reagent 0.75 eq (0.188 mmol each) in dry CH2CI2 (0.5 mL). The 
mixture was treated with PPh3 1.5 eq (0.375 mmol) at RT (30 °C) under N2 

atmosphere. After 15 min, the crude mixture was evaporated to dryness and both alkyl 
halides were determined by 1 H-NMR in the crude mixture with the addition of toluene 
as an internal standard.

3.4.5 Optimum Conditions Study
3.4.5.1 Effect of Halogenated Reagents
1) The synthesis of 2-phenyl ethyl chloride was carried out using the reaction 

conditions described in the general procedure. Sixteen different chlorinated reagents:
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ecu, CHCI3 , CI3CCCI3, trichlorofluoromethane (CI3CF), trichlorobromomethane 
(CbCBr), 2,2,2-trichloroethanol (CI3CCH2OH), CI3CCN, hexachloro-2-propanone 
(CI3CCOCCI3), trichloroacetic acid (CI3CCO2H), Cl3CC02Et, C13CC0 2CH(CH3)2, 
2,2,2-trichloroethyl acetate (CI3CCH2O2CCH3), trichloroacetic anhydride 
(C13CC0)20 , CI3CCONH2 , Cl3CCONHPh and ferric chloride (FeCl3) were utilized.

2) The synthesis of 2-phenethyl halide such as fluoride, bromide and iodide 
was carried out using the reaction conditions described in the general procedure. Five 
different halogenated reagents: ethyl trifluoroacetate (F3CC0 2 Et), tribromoacetic acid 
(Br3CCC>2H), ethyl tribromoacetate (B^CCC^Et), iodomethane (CH3I) and iodoform 
(CHI3) were employed.

3.4.5.2 Effect of PPI13 and CI3CCONH2 Ratio and Reaction Time
The ratios of PPh3 and CI3CCONH2 for the synthesis of 2-phenylethyl chloride 

utilizing the general procedure were varied (based on 2-phenylethanol 1 eq). The 
variations of the PPh3 and CI3CCONH2 ratios are as follows: 0.5:0.5, 1:1, 1.25:1.25, 
1.5:1.5, 2:2 and 3:3, respectively. Determine the yield of 2-phenylethyl chloride by 
'H-NMR in the crude mixture with toluene as an internal standard. Furthermore, 
employing the above-mentioned reaction conditions, the reaction was operated by 
altering reaction time at room temperature (30 °C).

3.4.5.3 Effect of Type of Alcohol
The chlorination of alcohol using the combination of PPI13/CI3CCONH2 at 

room temperature within 15 min was conducted. Different alcohols including primary, 
secondary and tertiary alcohols were examined. In addition, some of these alcohols 
containing benzylic position, alkene, allylic, cyclic, ketone, ester, ether and bulky 
group were used as substrate.

3.5 Results and Discussion
In this chapter, the development of a chlorinated reagent and the exploration 

of optimum conditions for the preparation of alkyl chloride from alcohol, PPh3 and 
halogenated reagent were thoroughly examined.

3.5.1 Conditions Optimization
Optimum conditions for the preparation of alkyl chlorides from alcohols 

utilizing various chlorinated reagents coupled with PPh3 were examined. Variable
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parameters studied included types of chlorinated reagent, ratio of PPh3 and 
halogenated reagent, and reaction time. 1-Phenylethanol was chosen as a model 
compound to avoid a benzylic effect. Typical reaction involved the reaction of alcohol 
(1 eq), halogenated reagent (1.5 eq) and PPh3 (1.5 eq) in CH2CI2 at room temperature 
(30 °C) for 30 min. The desired alkyl chloride was determined by 'H-NMR in the 
crude mixture utilizing toluene as an internal standard.

2-Phenylethyl chloride in the crude mixture as the ultimate target molecule 
was confirmed its identity by 'H-NMR spectroscopic technique. The spectrum 
displayed two triplet signals of methylene protons connecting with chlorine atom at 
Ô H  3.62 and methylene protons next to a phenyl group at 8 h  2.97 (lit. § H  3.63 and 3.01 
[85]). The 'H-NMR spectrum of 2-phenylethyl chloride in the crude mixture is shown 
in Figure 3.1.

Figure 3.1 'H-NMR spectrum of 2-phenylethyl chloride in the crude mixture 

3.5.1.1 Effect of Halogenated Reagents
Significant differences in the reactivities of alkyl chloride were mainly caused 

from halogenated reagent. To observe this assumption, the variation of diverse twenty 
two halogenated reagents was explored and the results are described in Table 3.2.
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Table 3.2 Effect of halogenated reagents

0.25 mmol

PPh3 (1.5eq)
Halogenated reagent (1.5 eq) 

CH2CI2, RT, 30 min

Entry Halogenated
reagent % Yield Recovered 

alcohol (%)
ร

(%)
1 - 0 95 95
2 CC14 trace 99 99
3 CHCI3 0 1 0 0 1 0 0

4 CI3CCCI3 quant - 1 0 0

5 CI3CF 0 1 0 0 1 0 0

6 Cl3CBr 40 (25)a 35 1 0 0

7 CI3CCH2OH 0 95 95
8 C13CCH20 2CCH3 0 1 0 0 1 0 0

9 CI3CCN quant - 1 0 0

1 0 CI3CCOCCI3 95 - 95
1 1 (C13CC0)20 0 (49)b 53 1 0 2

1 2 C13CC02H 35 56 91
13 Cl3CC02Et 82 2 1 103
14 Cl3CC02'Pr 71 29 1 0 0

15 Cl3CCONH2 81 24 105
16 CI3CCONHPI1 80 23 103
17 FeCl3 0 1 0 0 1 0 0

18 F3CC02Et (RF) 0 98 98
19 Br3CC02H (RBr) 65 - 99e
2 0 Br3CC02Et (RBr) 99 - 99
2 1 CH3I (RI)0 1 0 0 1 0 0

2 2 CHI3 (RI)0 1 0 0 1 0 0

a) %Yield of PhCH2CH2Br
b) %Yield of PhCH2CH20 2CCCl3
c) %Yield of unidentified product was obtained in 34%
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Considering the effect of halogenated reagents on the formation of alkyl 
halide, it was observed that when the reaction was carried out in the absence of 
halogenated reagent (entry 1), the desired alkyl chloride was not obtained. This was 
clearly demonstrated that the halogenated reagent was crucial for this reaction. The 
efficiency of chlorinating agent was greatly depended on type of the substituent. The 
reagents in entries 2-4 were previously utilized for the conversion of alcohols into 
alkyl chlorides. Nonetheless, under this specific conditions low yield of the desired 
product was found except for the case of CI3CCCI3 providing the target molecule with 
quantitative yield. The poor result was also attained with a chlorinated reagent 
containing alkyl group or fluorine or bromine atom at trichloromethyl group (CI3C-) 
(entries 5-8). Interestingly, two corresponding alkyl chloride and bromide products 
were found in 40% and 25% yields, respectively when Cl3CBr was used (entry 6 ). 
The 'H-NMR spectrum of 2-phenylethyl chloride and 2-phenylethyl bromide [8 6 ] in 
the crude mixture is shown in Figure 3.2.

Figure 3.2 'H-NMR spectrum of 2-phenylethyl chloride and 2-phenylethyl bromide 
in the crude mixture

It was considered that this proceeding reaction took place via competitive 
substitution between chloride and bromide as shown below.
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PPh3 could be reacted with either chlorine or bromine atoms to generate 
phosphonium salt intermediate as presented. Then the formed intermediates were 
converted to the corresponding alkyl chloride or bromide. Although bromine atom of 
CfCBr was a more reactive group with PPI13 than chlorine atom, the yield of 
2-phenylethyl bromide was obtained in lower yield than 2-phenylethyl chloride. It 
was therefore conceivable that the yield of the desired product from two competitive 
pathways was depended on amount of chlorine/bromine atoms as 3/1. The chance of 
PPI13 to react with chlorine atom could be occurred statistically more than bromine 
atom in three fold.

CI3CCN and CI3CCOCCI3 (entries 9-10), a reagent bearing electron- 
withdrawing group furnished the desired product in quantitative yield, while 
(Cl3CC0 ) 2 0  did not lead to the desired alkyl chloride. PhCThCHaC^CCb was instead 
obtained as a major product in 49% yield. It was rationally considered that the 
anhydride bond of this halogenated reagent was significantly reactive for alcohol to 
generate the attained ester. This postulation was confirmed by the reaction of 
2-phenylethanol 1 eq and (Cl3CC0 ) 2 0  2 eq without PPI13 under the same reaction 
conditions. The same ester was obtained in 72% yield. The 'H-NMR spectrum of 
isolated ester (Fig 3.3) displayed five aromatic protons at 8 h 7.25-7.34. Two triplet 
signals at 8 h 4.49 (J= 7.0 Hz) and ÔH 3.04 (J=  7.0 Hz) was ascribed for four protons 
of two methylene groups connecting with -O2CCCI3 and phenyl group, respectively. 
The 13C-NMR spectrum (Fig 3.4) displayed three peaks at Sc 34.7, 64.2 and 67.8 
indicating two methylene carbons and CI3C- groups, respectively. Four signals of 
aromatic carbons were observed at Sc 126.9, 128.7, 129.0 and 136.8. The peak at Sc
164.5 appropriated for a carbonyl carbon was clearly observed [87].
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Figure 3.3 *H-NMR spectrum of PhCH2CH2C>2CCl3
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CI3CCO2H (entry 12) did not provide good yield of the desired alkyl chloride. 
This was probably because of its acidity that may make the reaction become acidic 
and thus not appropriate for further reaction to take place. Other electron-withdrawing 
group containing reagents (entries 13-16) were chosen to prove this assumption. For 
instance, the utilization of ChCCChEt, CI3CCONH2 and Cl3CCONHPh (entries 13, 15 
and 16) furnished the target product in comparable yield to that obtained from 
CI3CCN. Nonetheless, the use of FeCl3 for this reaction could not convert 
2-phenylethanol to the corresponding chloride. It was believed that the insolubility of 
FeCl3 in CH2CI2 would render the ability of this reagent (entry 17).

Based on the results obtained, CI3CCONH2 was considered as the most proper 
halogenated reagent for further investigation because it has not been addressed, 
commercially available reagent with cheap price and indeed the ease of work-up 
procedure.

In addition, fluorinated, brominated and iodinated reagents were chosen to 
explore whether they could be utilized for the preparation of corresponding halides 
under above conditions. Fluorination of 2-phenylethanol using F3CC0 2Et was not 
possible to convert into its analogues alkyl fluoride (entry 18). The use of Br3CC0 2 Et 
(entry 2 0 ) gave 2 -phenylethyl bromide in excellent yield more than that of B^CCChH 
(entry 19). The formation of alkyl iodide was also not possible when CH3I or CHI3 

were used as iodinating reagent.

3.5.1.2 Effect of PPI13 and CI3 CCONH2 Ratio and Reaction Time
The ratios of PPI13 and CI3CCONH2 were varied to find out for the most 

suitable ratio that provided the maximum yield of alkyl chloride. The results are 
shown in Table 3.3.
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Table 3.3 Effect of PPh3 and CI3CCONH2 ratio and reaction time

ph^ O H  _ Ph^ c ,
0.25 mmol CH2C12, RT, Time

Entry PPh3

(eq)
CI3CCONH2

(eq)
Time
(min)

% Yield Recovered 
alcohol (%)

ร
(%)

1 0.5 0.5 15 15 85 100
2 1.0 1.0 15 53 50 103
3 1.25 1.25 15 73 29 102
4 1.5 1.5 15 75 25 100
5 1.5 1.5 30 81 24 105
6 2 .0 2 .0 15 quant - 100
7 2 .0 2 .0 30 quant - 100
8 3.0 3.0 15 quant - 100

The use of PPh3 and CI3CCONH2 in 0.5:0.5 and 1:1 eq (based on alcohol) 
furnished alkyl chloride in poor and moderate yields, respectively (entries 1-2 ). 
Increasing the amount of PPI13 and CI3CCONH2 over one eq significantly elevated the 
yield of the target product compared with the former cases (entries 3-8). From this 
results, the quantitative yield was gained when two eq of PPI13 and CI3CCONH2 were 
used. Especially, the short reaction time could also be possible for the production of 
alkyl chloride in quantitative yield within 15 min (entry 6 ).

3.5.2 Chlorination of Selected Alcohols
3.5.2.1 Primary, Secondary and Tertiary Alcohols
This disclosed reaction conditions were extended to investigate the conversion 

of various alcohols including primary, secondary and tertiary alcohols into their 
analogous alkyl chlorides. The generality of this chlorination methodology is 
summarized in Table 3.4.
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Table 3.4 Chlorination of selected alcohols

PPh3 (2 eq)
Cl3CCONH2 (2 eq)

ROH 3 ' ►  RC1
0.25 mmol CH2CI2, RT, 15 min

Entry ROH % Yield Olefin
(%)

82 82

96 - 96

98 - 98

96 - 96

74 (27)a - 1 0 1

quant - 1 0 0

92 - 92

94 - 94

quant - 1 0 0

83 (17)a - 1 0 0

37 15 52

42 57 99

quant 1 0 0
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Table 3.4 (continued)

Entry ROH % Yield Olefin
(%)

ร
(%)

14 i Î ^ O H 6 8  (33)c - 1 0 1

15 Ph'T^OH 72 14 1 0 2

16 Ph"7^0HPh
11 8 8 99

a) %Yield of alkyl phosphonium salt
b) The reaction time was 60 min
c) %Yield of recovered 1-adamantanol

All of the desired alkyl chlorides were quantified by 'H-NMR spectroscopic 
technique. The selected *H-NMR spectral assignments of various alkyl chlorides and 
detected olefins for structural determination compared with the literatures are shown 
below.

- Primary alkyl chlorides

H H
Cl

8h 3.09 (d, 7  = 7.4 Hz) [8 8 ]

ÔH 3.40 ( t ,J=  6.7 Hz) [90]

8h 3.40 (t, J -  6.7 Hz) [89]

ÔH 3.40(7= 6.7 Hz) [91]

H H

ÔH4.42 (ร) [91] Ôh 3.62 (t, 7 =  7.4 Hz) [85]
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ÔH 3.32 ( t ,J=  6.5 Hz) [92] ÔH 3.37 (t, J - 6 . 6  Hz) 
ÔH 6.90-7.10 (m) [93]

Secondary alkyl chlorides

ÔH 3.92 (sex, 6.5 Hz) [96] ÔH 5.00 (q, J=  6 . 8  Hz) [67]

ÔH 3.90 (m) [94] ÔH 4.01 (m) [95] ÔH 4.56 (br t, J = 4.0 Hz) [64]

- Tertiary alkyl chlorides

ÔH 1.97 (ร) [64] ÔH 1.84 (ร) [96]

Ph

ÔH 2.18(ร) [97]

- Olefin products

ÔH 5.17 ( t ,J =  5.0 Hz) [98] ÔH 5.22 (m) [98]
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ÔH 5.58 (br ร) [99] 8 แ 1.99 (ร) [100] รแ 5.34 (ร) [101]

Various primary alcohols could be completely converted to the corresponding 
alkyl chlorides in high to quantitative yield (entries 1-8). The chlorination carried out 
with (hydroxymethyl)cyclopropane was a discrete reaction and provided a 
mechanistic clue (entry 1). To illustrate this, due to the cyclopropane ring was not 
cleaved; this could confirm that the reaction mechanism was not taken place via a 
radical pathway [102], In the case of long chain aliphatic alcohols including 
1 -octanol, 1 -dodecanol and 1 -octadecanol, the carbon chain length, perhaps being 
considered as steric hindrance, did not affect this reaction (entries 2-4). However, the 
effective transformation was observed in the reaction with benzyl alcohol. It was 
found that the chlorination at benzylic position did not proceed completely and gave 
alkyl phosphonium compound (Fig 3.5) as another product in 27% yield. The benzylic 
effect on the chlorination of alcohol under this particular conditions was carefully 
investigated and will discuss in the next topic.

Figure 3.5 'H-NMR spectrum of phosphonium salt in the crude mixture
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Alcohols containing two or three carbon linkages between phenyl ring and 
hydroxy group could be converted to the corresponding chlorides in excellent yields 
(entries 6-7). This result confirmed that the benzylic position had a profound effect to 
the chlorination under this developed system. In addition, alcohol containing c= c  
smoothly transformed only to the desired alkyl chloride whereas alkene moiety was 
not intact (entry 8 ). It can thus be concluded that the combination of 
PPI13/CI3CCONH2 disclosed as the chemoselective chlorination of alcohol.

For secondary alcohol, (±)-2-octanol could be converted to the corresponding 
chloride in high yield (entry 9). The effect of benzylic position was predominant the 
same as previous result (benzyl alcohol) when (±)-l-phenylethanol was examined. 
The desired alkyl chloride and alkyl phosphonium salt were obtained in 83% and 17% 
yields, respectively (entry 10). Cyclic compounds such as cyclohexanol and 
cyclododecanol; on the other hand, were converted into cyclic alkyl chlorides upon 
treatment with PPh3/Cl3CCONH2 in low to moderate yield (entries 1 1 - 1 2 ) except for 
2-adamantanol (entry 13). The olefinic product was additionally detected in this 
reaction with almost equal amount to the alkyl chloride present. This implied that the 
reaction may competitively proceeded via two major pathways possibly as 
substitution vs elimination.

The conversion of 1-adamantanol and 2-phenylpropanol to the corresponding 
alkyl chlorides could also be achieved in high yield (entries 14-15). In the case of 
1 ,1 -diphenylethanol with two phenyl substituents at tertiary carbon atom, 
diphenylethyl chloride was detected in low yield. Peradventure, this alcohol which 
was considered to proceed via E2 reaction, also gave 1,1-diphenylethylene as a main 
product (entry 16).

3.5.2.2 Benzylic Alcohols
From the above results, undesired product as alkyl phosphonium compound 

was detected when benzyl alcohol and (±)-l-phenylethanol were converted to the 
corresponding alkyl chlorides by using the combination of PPlyj/ChCCONFh. In this 
topic, the effect of benzylic position on chlorination of alcohols under this developed 
system was focused. The chlorination results of various benzylic alcohols are 
tabulated in Table 3.5.
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Table 3.5 Chlorination of selected benzylic alcohols

PPh3 (2 eq)
CI3CCONH7 (2 eq)ROH > RC1

0.25 mmol CH2C12, RT, 15 min

Entry ROH % Yield z

RC1 R+PPh3 (%)
1

( X 0H
74 27 1 0 1

2
( T X T "

72 27 99

3 q A 0H 83 16 99

4
C T 0H

65 32 97

5
OH

92 92

6
e r r

69 (24)a - 103

a) %Yield of recovered ethyl mandelate
The characteristic 'H-NMR spectral assignment of the desired chlorides and 

the corresponding phosphonium compounds of the crude mixture is presented below.

- Alkyl chlorides

SH 6.33 (ร) [105] SH 5.30 (ร) [106]
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- Alkyl phosphonium compounds

H H

ÔH 4.87 (d, J=  14.4 Hz) [107] ÔH 5.14 (m) [108]

8h 4.91 (d, J =  14.5 Hz) ÔH 5.00 (d, J=  13.3 Hz) [109]

Upon treating with PPI13/CI3CCONH2 , (3-phenoxy)benzyl alcohol containing 
benzylic position still yielded the corresponding chloride and phosphonium 
compound in 72% and 24% yields, respectively (entry 2). The similar result was 
obtained when furfuryl alcohol was converted to the desired product (entry 4). It was 
confirmed that benzylic effect should be influenced by SnI to generate benzylic 
carbocation which was further converted to phosphonium compound by nucleophilic 
substitution of PPI13. Surprisingly, the chlorination of benzil and ethyl mandelate gave 
only the corresponding chloride in good to excellent yields (entries 5-6) whereas the 
corresponding phosphonium compound could not be detected. This observation gave 
informative clues that the benzylic carbocation of this type was generated with 
difficulty since the destabilization of benzylic carbocation by electron-withdrawing 
carbonyl group mainly occurred.

In addition, it was observed that the formation of alkyl chloride in the case of 
benzylic alcohols, e.g. benzyl alcohol did not completely proceed under standard 
conditions. With the aim to improve the yield of the desired alkyl chloride using 
benzyl alcohol as model, a series of experiments was carefully explored and the 
results are tabulated in Table 3.6.
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Table 3.6 Chlorination of benzyl alcohol

PPh3 (2 eq) 
Cl3CCONH2 (2 eq)

CH2C12, Temp, Time
0.25 mmol

Entry Temp
(°C)

Time
(min) RC1

% Yield

PhCH2+PPh3

ร
(%)

1 0 5 76 19 95
2 RT 15 74 27 1 0 1

3 RT 30 77 2 1 98
4 RT 60 80 18 98
5 40 30 8 6 14 1 0 0

6 40 60 8 6 13 99
7 RT 24 h 78 2 2 1 0 0

Benzyl alcohol could transform to the desired benzyl chloride in higher yield 
if the reaction conditions were a bit altered. This could be seen from the outcome of 
the experiment. Factors that controlled the yield of the desired product included the 
reaction temperature (entries 3 vs 5 and 4 vs 6 ). However, the need of higher 
temperature for the reaction had little effect on the selectivity to produce the 
corresponding chloride more than phosphonium compound for Sn2  pathway.

These results clearly supported that the pathway of chlorination of benzylic 
alcohols possibly took place competitively by two pathways between SnI and Sn2 
following the decomposition of intermediate RO+PPh3 . A proposed mechanistic 
pathway of chlorination of benzyl alcohol to benzyl chloride and benzyl phosphonium 
salt is displayed in Scheme 3.1.
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Scheme 3.1 The proposed mechanistic pathway for chlorination of benzyl alcohol

In principle, the chlorination of alcohol with the combination of PPI13 and 
CI3CCONH2 probably involved the formation of an intermediate phosphonium salt 
(RO+PPh3) [20]. This intermediate was believed to easily decompose to 
triphenylphosphine oxide (POPI13), the formation of which is thermodynamic driving 
force for the reaction, which suffer nucleophilic attacked by chloride. The resulting 
benzyl chloride was obtained via Sn2 mechanism. On the other postulation, that 
intermediate could be decomposed via SnI pathway, particularly in the case of 
benzylic alcohols. This phenomenon can occur due to the stability of generated benzyl 
carbocation (PhCH2+) and POPI13 and subsequently that carbocation was converted to 
benzyl chloride. Concomitantly, the competitive substitution could be taken place 
where PPI13 reacted with benzylic carbocation formed to produce the stable 
phosphonium compound (PhCH2+PPh3). In addition, this phosphonium compound 
was checked whether it can be converted to benzyl chloride under this developed 
conditions. Thus, a model substrate, PhCH2+PPh3 was synthesized by nucleophilic 
substitution between benzyl bromide and PPh.3 [110]. The 'H-NMR spectrum of
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isolated phosphonium compound displayed multiplet signals of twenty aromatic 
protons at 8h 7.00-7.76 and a doublet signal at 8h 4.90 (J = 14.3 Hz).

Br PPh3 ( 1 eq) เ ^ ^ ' pph3 
Et20 , RT, 6 h

(1 eq)
The synthesized phosphonium compound was subjected to the standard 

chlorination (PPI13/CI3CCONH2). It was clearly found that benzyl chloride did not 
occur under the developed conditions (recovered benzyl phosphonium 96%, 
X = 96%). It was therefore confirmed that the phosphonium compound could not be 
converted to benzyl chloride under this developed conditions.

r ^ i ^ p p h 3 CI3CCONH2 (2 eq) 1

CH2C12, RT, 15 min \ ^
(0.25 mmol) Not detect

In addition, the conversion of benzyl chloride to benzyl phosphonium salt was 
also studied. Benzyl phosphonium salt was obtained in only trace amount with this 
developed reagent (recovered benzyl chloride 91%, X -  93%). On the other hand, the 
product was not detected (recovered benzyl chloride 87%, X -  87%) when the 
reaction in the absence of CI3CCONH2 was examined.

X Y ^ C1
PPh3 (2 eq) 

CI3CCONH2 (2 eq)
( X -X X CH2C12, RT, 15 min

(0.25 mmol) Trace

( T T ^ a PPh3 (2 eq) e x ™ 3
CH2C12, RT, 15 min

(0.25 mmol) Not detect

According to the aforementioned results, almost selected benzylic alcohols
predominantly the desired alkyl chloride. The ratio of alkyl chloride and

phosphonium product was obtained around >73 : <27, except for those alcohols 
having electron-withdrawing group at benzylic position. The main reason was that
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this proceeding chlorination rendered to Sn2 more than SN1 because o f the
destabilization o f benzylic carbocation by electron-withdrawing carbonyl group. The
benzylic effect should therefore be considered as one o f crucial factors to be justified.

3.5.2.3 Allylic Alcohols
The synthesis of an allylic chloride from its alcohol presents regio- and 

stereochemical problems not encountered with saturated compounds with two main 
aspects.

> V 0H — *
1) The transformation should be regiospecific, leading exclusively to the 

a-substituted (or y-substituted) product. 2) The conditions must be such that 
stereochemistry at the P, y double bond is not lost.

In this present work, the chlorination of three allylic alcohols including 
trcms-2-hexen-1 -ol, cinnamyl alcohol and l-octen-3-ol was examined on the effect of 
allylic rearrangement with PPh3/Cl3CCONH2. The results are displayed in Table 3.7.

Table 3.7 Chlorination of selected allylic alcohols
PPh3 (2 eq) 

Cl3CCONH2 (2 eq)
0.25 mmol CH2C12’ RT> 15 min

Entry ROH % Yield ร
a-Cl y-Cl (%)

1 Y a 

y a

72 - 92a

2 Q r V ™ 73 100b

3
OH

69 30 99

a) Unidentified product was obtained in 20%
b) Alkyl phosphonium salt was obtained in 27%
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The presence o f allylic chlorides and alkyl phosphonium salts was determined
by 'H-NMR spectroscopic technique o f the crude mixture. The selected 'H-NMR
spectral assignment o f these compounds is shown below.

5H 3.84 (t, 1/=  7.0 Hz) [111]

Sh 4.07 (d, 1/  = 5.2 Hz) [112] SH 4.52 (dd, 1/  = 15.3 Hz) [113]

H H

Sh 4.33 (q, 1/=  7.3 Hz) [114] ÔH 4.03 (d, 1/=  7.1 Hz) [115]

From the attained results, the high regioselectivity of the system was 
disclosed. For ^ra/75-2-hexen-l-ol and cinnamyl alcohol, the corresponding allylic 
chlorides were obtained in high yields without the rearrangement of carbon skeleton 
(entries 1-2). This was considered that the proceeding chlorination of these allylic 
alcohols was transformed to more stable alkene (Sn2). Therefore, the competitive 
pathway (Sn2') to generate the rearranged product was difficultly occurred. The same 
trend could be seen in the case of l-octen-3-ol (entry 3). The unrearranged allylic 
chloride was predominated (Sn2), although y-substituent which produced more stable 
alkene allowed substantial quantity of rearranged product to form (Sn2'). This 
chlorination was considered to proceed through two competitive pathways between 
Sn2 and Sn2' as shown below.
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I ^OH
PPh3, Cl3CCONH2

Generally, the desired allylic chloride was obtained from the decomposition of 
the intermediate phosphonium salt via Sn2 displacement. Concomitantly, this 
intermediate could competitively be decomposed by chloride attack to furnish the 
formation of more stable allylic chloride via Sn2' displacement. However, the 
a-Cl/y-Cl ratio was found to be 3/1. It was therefore concluded that the use of 
developed reagent still proceeded via Sn2 prevailly (not depended on the stability of 
alkene group).

Several procedures have been described for the conversion of allylic alcohols 
into allylic chlorides with predictable stereo- and regiochemistry, but none is 
generally applicable to all types of substitution patterns [116]. This combination of 
PPh3/Cl3CCONH2 provided a partial solution to this synthetic problem 1) allylic 
alcohols afforded good yields of largely unrearranged chloride. 2) the geometry of the 
(3-y double bond was preserved.

3.5.2.4 Cyclic Alcohols
The chlorination of cyclic alcohols such as cyclohexanol and cyclododecanol 

(Table 3.4) seemed to be superseded by the formation of alkene products together 
with the corresponding alkyl chloride. Thus, the reagent role played by 
PPh3/Cl3CCONH2 in the elimination reaction was also confirmed by examining the 
reaction of cyclic alcohols. The results are accumulated in Table 3.8.
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PPh3 (2 eq)
Cl3CCONH2 (2 eq)ROH ----- -----------—---- —  RC1 + Olefin

0.25 mmol CH2CI2, RT, 15 min

Table 3.8 Chlorination o f selected cyclic alcohols

% Yield 2Entry ROH _______  ___RC1 Olefin (%)

37 15 52

26 78 104

76 28 104

56 40 96

42 57 104

a) Reaction time 60 min was used

All cyclic chlorides and corresponding olefins were quantified by 'H-NMR 
spectroscopy from the crude mixture. The selected 1 H-NMR spectral assignment of 
these compounds is shown below.

8 h  4.25 (m) [120] ÔH 5.45 (br) [121]
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รแ 4.03-4.08 (m) [122] 5แ 5.43-5.46 (m) [123]

The olefinic products were detected in the chlorination of cyclic alcohols with 
almost equal amount to the alkyl chloride present (entries 1-5). This implied that the 
reaction may competitively proceeded via two major pathways as substitution vs 
elimination. The a-bulky substituent of cyclohexanol yielded the corresponding 
cyclic chloride in low yield, whereas cyclohexanol containing y-bulky substituent 
could be transformed to the corresponding cyclic alkyl chloride in high yield (entries 
2-3). This was clearly explained that the steric hindrance of substituent affected on the 
rate of the substitution by chloride ion. In the other words, elimination to olefin could 
be predominantly competed.

Furthermore, the reactivity of the chlorination of cyclic alcohols on ring size 
was examined. It was found that cyclohexanol could be converted to the 
corresponding cyclohexyl chloride in higher yield than cyclooctanol and 
cyclododecanol, respectively (entries 15 4 and 5). This result could be seen from by 
the ratio of Sn2 /E2 as shown below.

From the above results, it could be disclosed that the chlorination of cyclic 
alcohols with developed reagent depended greatly on steric hindrance of substituent 
group and ring size.

The competitive reaction between chlorination (Sn2) and elimination (E2) of 
cyclic alcohol was further examined by using cyclododecanol as a probe. The reaction 
conditions such as reaction times and temperatures, type of halogenated reagents and 
bases were varied to gain some information of this competitive pathway. The results 
are tabulated in Table 3.9.
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Table 3.9 Chlorination o f cyclododecanol

PPh3 (2 eq)
Chlorinated reagent (2 eq) 

CH2C12, Temp, Time

Cl

Entry Chlorinated
reagent

Temp
(°C)

Time
(min) RC1

% Yield
Olefin RO+PPh3

ร
(%)

1 0 60 26 39 38 103
2 RT 15 26 43 31 1 0 0

3 CI3CCONH2 RT 60 42 57 - 99
4 40 30 32 44 24 1 0 0

5 40 60 44 56 - 1 0 0

6 a RT 60 46 54 - 1 0 0

7 0 15 45 54 - 1 0 0

8 CI3CCN RT 15 50 55 - 105
9 RT 60 48 53 - 1 0 1

1 0 40 60 47 53 - 1 0 0

11 Cl3CCONHPh RT 60 40 6 6 - 106
1 2 CI3CCCI3 RT 60 49 52 - 1 0 1

a) Pyridine 2 eq was added after the reaction progressed for 15 min

Cyclododecyl chloride was obtained in slightly lower yield than the olefinic 
products (cis, Ô H  5.17 & trans, 8 h  5.22) (entries 1-2). Low temperature did not affect 
on this competitive pathway. The chlorination of cyclododecanol was not proceeded 
completely when the reaction was examined within short reaction time. This result 
could be checked from the 'fl-NMR spectrum of the crude mixture. It was found that 
the *H-NMR signal of phosphonium salt intermediate was manifestly detected at 8

4.45 (Fig 3.6).
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Figure 3.6 'H-NMR spectrum of the reaction mixture from the chlorination of 
cyclododecanol at 15 min

However, this signal disappeared when the longer period of the reaction was 
used such as 60 min (entry 3). Surprisingly, the use of CI3CCN instead of 
CI3CCONH2 , the phosphonium salt intermediate was not detected even the reaction 
time of 15 min was examined (entries 1 vs 7 and 2 vs 8 ). This implied that the 
chlorination of cyclododecanol with PPh3/Cl3CCN could be taken place readily and 
yielded to cyclododecyl chloride faster than the use of PPh3/Cl3CCONH2 . The 
reactivity of this chlorination reagent was carefully studied and will discuss in the 
next topic.

Cyclododecanol could be completely transformed to cyclododecyl chloride 
and cis- and tram’-cyclododecene if the reaction conditions were a bit altered. The 
parameter influenced the formation of cyclododecyl chloride in this particular case 
was greatly depended upon the need of longer period of time for the reaction between 
the phosphonium salt generated and chloride anion. The yield of cyclododecyl 
chloride could therefore increase from 26% (entry 2) to 42% under modified reaction 
conditions (entry 3). However, the complete reaction still yielded olefinic products 
higher than cyclododecyl chloride. The outcome suggested that the cyclic
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phosphonium salt proceed with E2 more easily than Sn2 pathway. In addition, the 
more reactive halogenated reagent as PPIÏ3/CI3CCN was separately studied and found 
that no selectivity was still observed (entries 7-10).

Moreover, other three factors studied did not control the selectivity of SN2 and 
E2: 1) refluxing temperature (40 °C) (entry 5) 2) CI3CCN, CI3CCCI3 or Cl3CCONHPh 
as halogenated reagent (entries 7-12) and 3) the addition of pyridine (entry 6 ).

According to the aforementioned results, it could be concluded that two 
competitive pathways to generate cyclododecyl chloride and olefin not depend on 
reaction temperature, halogenated reagents and base. From this postulation, the 
selectivity of the reaction was rationally controlled by steric hindrance of 
phosphonium salt intermediate. The bulky intermediate was decomposed to the olefin 
by E 2 pathway easier than the formation of alkyl chloride by S n2 pathway. The 
proposed competitive pathway is shown below.

Ratio cis- / trans- = 31/13

3.5.3 Mechanistic Study
3.5.3.1 Effect of External Nucleophile
The effect of external nucleophiles such as sodium chloride (NaCl) and 

trimethylsilyl azide (TMSN3) was carefully examined. The results are displayed in 
Table 3.10.
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Additive
^ ^ 0 H PPh3, Cl3CCONH2 

0.25 mmol CH2C12, RT, 1 h

Table 3.10 Effect o f external nucleophile

Entry Ratio3

(eq)
Additive

(eq)
Temp
(°C)

% Yield Recovered 
alcohol (%)

£
(%)

l b 1:1 - RT 53 50 103
2 1 :1 NaCl (5) RT 51 44 95
3 1:1 NaCl (5) 40 60 36 96
4b 2:2 - RT quant - 1 0 0

5C 2:2 TMSN3 (1.5) 40 93 trace 93
6 2:2 TMSN3 (1.5) 40 1 2 86 1 0 0

a) Ratio of PPh3/Cl3CCONH2
b) The reaction time was 15 min
c) TMSN3 was added after the reaction progressed for 15 min

Surprisingly, NaCl as external chloride could not assist the increment of 
%yield of the corresponding alkyl chloride at both reaction temperatures (entries 2-3). 
Similarly, the alkyl chloride is still a predominant product without concomitant 
formation of alkyl azide when TMSN3 as external azide was added (entries 5-6). This 
strongly implies that the ion pair intermediate formed is so tight that it could not react 
with added nucleophile [124], Nonetheless, the desired alkyl chloride was obtained in 
low yield when TMSN3 was added before the started reaction (entry 6 ). Probably, the 
intermediate derived from the combination of PPI13/CI3CCONH2 may react with 
TMSN3 rapidly and destroyed the reactivity of the active species generated.

3.5.3.2 Stereochemistry Study
Stereochemistry study of this developed method was performed by using an 

optically active substrate, (-)-(R)-2-octanol.
A stirred solution of (-)-(R)-2-octanol (1 eq) and PPh3 (2 eq) in dry CH2CI2 

(4 mL) was successively added selected halogenated reagent (2 eq) at room 
temperature (30 °C) under N2 atmosphere. After 15 min, the reaction was quenched
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by cold water and purified by quick column chromatography on silica gel (eluent: 
hexane) to give (+)-(S)-2-octyl chloride in 76% yield.

OH

2.0 mmol 
[a ]“  -9.6

PPh3 (2 eq) 
Cl3CCONH2 (2 eq)
CH2C12, RT, 15 min

Cl

76%, 100%ee 
พ 0  +26.9

The 'H-NMR spectrum (Fig 3.7) of isolated (+)-(S)-2-octyl chloride displayed 
a sextet signal of methine proton at §H 4.01 (J = 6.5 Hz) and two multiplet signals 
around 8 h  1.69 and 1.28-1.50 of thirteen protons. A triplet signal of methyl group 
occurred at 8h 0.89 (J= 6.7 Hz).

ppm (ท)

Figure 3.7 ’H-NMR spectrum of (+)-(S)-2-octyl chloride

Under the standard protocol, a chiral alcohol ([a]o25 -9.6, c = 0.97, CHCI3) 
could be successfully transformed into the enantiomerically enriched (+)-(S)-2-octyl 
chloride ([a ] D25 +26.9, c = 0.58, CHCI3) in good isolated yield with perfectly 
complete inversion of configuration. Moreover, the stereochemistry of the 
chlorination product was also determined by HPLC using commercially available
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chiral column (cyclobond I 2000). Only one isomer of (+)-(S)-2-octyl chloride was 
detected. The HPLC result was confirmed by comparison with (-)-(R)-2-octyl 
chloride derived from the chlorination of (-)-(R)-2-octanol using SOCI2 , which is a 
well-known method to furnish alkyl chloride with retention of configuration.

From above results, it was clearly considered that the chlorination of (-)-(R)-2- 
octanol using the combination of PPh3/Cl3CCONH2 occurs by Sn2 mechanism.

3.5.3.3 Proposed Mechanism
It has been addressed that the mechanism for PPI13/CCI4 reagent to convert 

alcohols into alkyl chlorides involved the formation and the decomposition of the 
alkoxyphosphonium intermediate. The use of combination of PPI13/CI3CCONH2 was 
also believed to proceed in a similar manner. The proposed mechanism is shown 
below.

PPhi

0
c i o A .c NH ๏A\ nm2 Cl Cl *■ UI rrlv 

A
© J? ROH

C12C n h 2 -----------

Cl ^ ,R^Or PPh3 + C12HC^"NH2 ---------------*- RC1 + POPh3
B

PPh3 reacts with CI3CCONH2 to give A which then reacts with alcohol to give 
alkoxyphosphonium salt (B), the formation of which is thermodynamic driving force 
for the reaction, which suffer nucleophilic attack by the chloride. In the last step, that 
intermediate eventually decomposes to give alkyl chloride and phosphine oxide via 
inversion of configuration by Sn2 displacement. However, in some specific cases the 
mechanism of chlorination of alcohol still depends on types of alcohols. For example, 
the competitive reaction between Sn2 v s  S n I and Sn2 v s  E 2 were manifestly observed 
when benzylic and cyclic alcohols were used, respectively.

3.5.4 Reactivity Study
3.5.4.1 Alcohols
The relative reactivity of PPI13/CI3CCONH2 with various alcohols was further 

studied by competing two selected alcohols in the same reaction vessel.
A stirred solution of two selected alcohols (1 eq each) in dry CH2CI2 (0.5 mL) 

were successively added PPh3 (1 eq) and CI3CCONH2 (1 eq) under standard 
conditions. The results are accumulated in Table 3.11.
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Table 3.11 Reactivity study o f selected alcohols

PPh3 (1 eq)
Cl3CCONH2 (leq)

R,OH + R2OH —  ------------------— —-  R 1 Cl + R2C1
0.25 mmol 0.25 mmol CH2C12, RT, 15 mm

Entry R] OH R2OH % Yield 
R,C1/R2C1

43/0

36/12

27/17

25/2

15/21

26/36

39/0

35/0

32/0

17/6

44/0

Recovered 
alcohol (%) 
R,OH/R2OH

56/84

64/78

70/83

75/97

77/77

77/64

61/96

65/99

61/97

57/23

49/98

2
(%)

100/84

100/90

97/100

100/99

92/98

103/100

100/96

100/99

93/97

91787,a>b

93/98

a) Unidentified product was obtained in 17% yield
b) Olefin product was obtained in 38% yield
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Long chain aliphatic primary and secondary alcohols (1-octanol vs 2-octanol) 
were first chosen to examine the reactivity study towards PPI13/CI3CCONH2 . 1-Octyl 
chloride was obtained in 43% yield whereas 2-octyl chloride was not detected (entry 
1). This result gave an informative clue that the chlorination of primary alcohol was 
more reactive than that of secondary alcohol under developed system. Furthermore, 
long chain aliphatic alcohol as 1 -octanol could still be converted to the desired 1 -octyl 
chloride in predominant yield compared with benzyl alcohol and 2 -phenylethanol 
(entries 2-3). These results clearly supported that the mechanism of chlorination under 
developed conditions took place via Sn2 displacement.

The comparative reactivity study of primary alcohols containing various 
functional groups such as carbon chain length, benzylic and c = c  was also conducted 
using 2-phenylethanol as a model. It was clearly found that the carbon chain length 
did not affect on the reaction since the competitive chlorination between 
2 -phenylethyl and 3-phenylpropyl chlorides furnishing in approximate yields (entry
5). The same result was also obtained in the case of c= c  present (entry 6). On the 
other hand, benzylic alcohol showed less reactivity than 2 -phenylethanol under 
developed system (entry 4). In addition, the reactivity study of alcohol was extended 
to compare with 1-octanethiol. Surprisingly, only 2-phenylethyl chloride was 
produced while 1-octyl chloride was not detected. Thus, under this particular 
conditions, alcohol was reacted with PPI13/CI3CCONH2 more readily than thiol.

The chlorination of primary, secondary and tertiary benzylic alcohols was also 
examined to compare the reactivity of these alcohols under developed conditions. 
Only benzyl alcohol was smoothly transformed to benzyl chloride whereas the 
corresponding alkyl chlorides from 1 -phenylethanol and benzoin were not detected 
(entries 8-9). The high reactivity of benzyl alcohol was again observed when the 
competitive chlorination between benzyl alcohol and 2 -phenyl-2 -propanol was 
examined (entry 10). It was clearly confirmed that the chlorination of primary 
benzylic alcohol yielded the desired chloride more than secondary and tertiary ones. 
Moreover, the reactivity comparison of both unreactive secondary benzylic alcohols 
in entries 8  and 9 was reexamined to explore the effect of a-substituent.
1- Phenylethanol could readily proceed to give 1-phenylethyl chloride while 2-chloro-
2- phenylacetophenone did not detect under this competitive condition (entry 11). This 
was considered that the alcohol containing electron donating group (methyl) at
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a -p o s it io n  assisted  the con version  to the corresponding alkyl ch loride faster than that 
bearing e lectron -w ith d raw in g group (carbonyl). A lth ough , the tw o  com p etitive  
pathw ays b etw een  SN1 and Sn2 w ere occurred in  the case  o f  b en zy lic  a lcoh ols , the 
predom inant reaction  still p roceeded  v i a  Sn2 m echanism .

According to the aforementioned results, the reactivity of alcohols with 
PPh3/Cl3CCONH2 could clearly be concluded: 1 ) primary alcohols appear to be the 
most reactive under developed system supporting the Sn2 mechanism 2) aliphatic 
alcohols are more reactive than benzylic alcohols and 3) compounds containing 
electron donating substituent at benzylic position are more reactive than those with 
electron-withdrawing substituent. The order of reactivity of alcohols is displayed 
below.

More reactive

>
Less reactive

3.5.4.2 Halogenated Reagents
The reactivity of CI3CCONH2 and other chlorinated reagents was also 

investigated using a competitive reaction between brominated and chlorinated 
reagents towards alcohol. The reactivity of selected chlorinated reagents was 
rationalized by the obtained yield ratio of alkyl bromide and chloride.

2-Phenylethanol (1 eq) was added to a mixture of BrçCCChEt (0.75 eq) and 
selected chlorinated reagent (0.75 eq) in dry CH2CI2 (0.5 mL). The mixture was 
treated with PPI13 (1.5 eq) under the developed system. After 15 min, the crude 
mixture was evaporated to dryness and both alkyl halides were determined by 
'H-NMR in the crude mixture with the addition of toluene as an internal standard. The 
example of the competitive reaction between B^CCChEt and CI3CCOCCI3 for 
2-phenyl ethanol is presented in Fig 3.8. The comparative reactivity results of 
chlorinated reagents are shown in Table 3.12.
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DDm (fl)
Figure 3.8 ’H-NMR spectrum of 2-phenylethyl chloride and 2-phenylethyl 

bromide in the crude mixture from the competitive reaction of 
CI3CCOCCI3 and Br3CC02Et

Table 3.12 Reactivity comparison of selected halogenated reagent

PPh3 (1.5 eq)
Br3CC02Et (0.75 eq)

OH Chlorinated reagent (0.75 eq) ^_ g r .. Cl
ph0, 5 J ,  ■ Ph

Entry Chlorinated
reagent

% Yield _ RCl/RBr Reactivity3RC1 RBr
1 CI3CCCI3 2 98 0 . 0 2 2

2 CI3CCOCCI3 62 38 1.63 163
3 CI3CCN 48 52 0.92 92
4 Cl3CC02Et 2 98 0 . 0 2 2

5 Cl3CCONH2 1 99 0 . 0 1 1

6 CI3CCONHPI1 1 99 0 . 0 1 1

a) Based on Cl3CCONH2
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The reagents in entries 1-4 have been previously utilized for conversion of 
alcohols into alkyl chlorides; nevertheless no data cited on the relative reactivities of 
these reagents. CI3CCOCCI3 and CI3CCN (entries 2 and 3), a reagent bearing strongly 
electron-withdrawing group showed the high reactivity of 163 and 92 fold over 
CI3CCONH2 , respectively. On the other hand, CI3CCONH2, a developed reagent 
displayed the same level of reactivity CI3CCCI3, Cl3CC02Et and Cl3CCONHPh 
(entries 1 and 4-6).

Considering the reactivity of chlorinated reagents on the formation of alkyl 
chloride, it was observed that the reactivity of chlorinating agent was greatly 
depended on type of the electron-withdrawing substituent on chlorinated reagents as 
-COCCI3 > -CN > -CCI3 ร -C 0 2Et > -CONH2 ร -CONHPh. This postulation can be 
used as a fundamental concept for the development of new efficient halogenated 
reagents.

Nowadays, the cost of reagent is one of the important factors to be seriously 
considered in organic synthesis. The practical synthetic reaction must offer high yield 
of the desired product using non-toxic and inexpensive reagents. Although, 
CI3CCONH2 showed relatively lowest reactivity compared with other chlorinated 
reagents, it was still recognized as a new suitable chlorinated reagent judging from 
both cheap price and high %yield of the desired chloride achieved.

In addition, ethyl tri-, di- and mono-chloroacetates were chosen to explore 
their reactivities as chlorinated reagent models for the chlorination of 2 -phenylethanol 
under optimized conditions. The results are shown in Table 3.13.



130

Table 3.13 Effect of ethyl tri-, di- and mono-chloroacetates for the chlorination of 
2-phenylethanol

p h ^ 0H 
0.25 mmol

PPh3 (2 eq)
Chlorinated reagent (2 eq) 

CH2C12, RT, 15 min

Entry Chlorinated
reagent % Yield Recovered 

alcohol (%)
ร

(%)
1 Cl3CC02Et quant - 100
2 Cl2CHC02Et 0 98 98
3 C1CH2C02Et 0 99 99

Normally, CfCCC^Et containing three chlorine atoms could convert 
2-phenylethanol to the corresponding chloride in quantitative yield (entry 1). The 
desired product nonetheless did not obtain when Cl2CHC02Et or ClCH2C02Et having 
two and one chlorine atom, respectively were used as chlorinated reagents 
(entries 2-3).

From this result, it was found that PPh3 rarely reacts with both unreactive 
chlorinated reagents in first step because the one and two electronegative chlorine 
atoms possibly did not strongly polarize the carbon atom as shown below.

— * C'- Spph3 + c|X o E t

/  ๏ © XX  Veไ 0Et ----~s—-  Cl-PPh3 + CMC OEtpph3 Cf. H x

/ " ^ C E s X  /  ๏ © XPPh3 0Et " 7  ... * Cl-PPh3 + HyC^OEt

3.5.5 Applications of Developed Reagent for Chlorination of Selected Alcohols
Several naturally occurring alcohols such as (-)-nopol, (-)-menthol, 

(-)-bomeol, (D)-glucose derivatives, cholesterol and cholestanol could be used as a 
good raw material. These substrates were chosen to observe whether this developed
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system could be employed to convert the more complicated molecules to the 
corresponding alkyl chlorides. The results are presented in Table 3.14.

Table 3.14 Chlorination of natural occurring alcohols

P P h 3 (2  eq)  
CI3C C O N H ,  (2 eq)

1, , ’ะ , .  ะ”:ะ.; R C l

a) Unidentified product was obtained in 13% yield
b) Unidentified product was obtained in <15% yield
c) Recovered 2,3,4,6-tetra-O-benzyl-D-glucopyranose was obtained in

trace amount
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The characteristic 'H-NMR spectral assignment o f the corresponding alkyl
chlorides in the crude mixture is presented below.

§H 3.37 (m) [125] ÔH 4.51 (br ร) [67]

ÔH 3.95 (dd, J=  8.3, 4.6 Hz) [126]

ÔH 4.50 (brs) [128]

0h 5.52 (br ร) [130]

ÔH 6.11 (d, J  = 3.6 Hz) [127]

ÔH 3.76 (m), 5.37 (br) [129]

ÔH 4.49 (ร), 4.71 (ร) [131]

(-)-Nopol was converted to the desired chloride in excellent yield without the 
rearrangement of carbon skeleton (entry 1). Natural occurring alcohols containing 
cyclic moiety could be transformed to the corresponding chloride in moderate to high 
yields (4-5). However, the elimination products were still obtained in low to moderate 
yields. It was hypothesized that elimination was taken place where the steric hindered 
at 2-position present. The product distributions of menthol and bomeol were 
confirmed that above postulation. Moreover, 2,3,4,6-tetra-O-benzyl-D-glucopyranose 
could be easily converted to the corresponding alkyl chloride in high yield (entry 6 ).
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In addition, three selected alcohols including (-)-nopol, benzoin and 2,3,4,6- 
tetra-O-benzyl-D-glucopyranose were reexamined for up-scale conditions (alcohol 2 
mmol, PPI13 and CI3CCONH2 4 mmol each). The isolation procedure successfully 
furnished (-)-nopyl chloride, 2 -chloro-2 -phenylacetophenone and 2,3,4,6-tetra-O- 
benzyl-D-glucopyranosyl chloride in 74%, 50% and 51% yield, respectively.

The 'H-NMR spectrum of (-)-nopyl chloride (Fig 3.9) displayed one broad 
singlet of olefin proton at 8h 5.33. The multiplet signal at 8h 3.46-3.54 was due to one 
proton adjacent to chlorine. The presence of eight protons of alkyl groups was 
inferred from the presence of two multiplets, one broad singlet, one triplet and one 
doublet at 8h 2.35-2.44, 2.35-2.44, 2.10, 2.03 and 1.18, respectively. Two singlet 
signals at 8h 1.28 and 0.84 was assigned to six protons of two methyl groups. The 
13C-NMR spectrum (Fig 3.10) displayed two peaks at ôc 114.4 and 119.2 indicating 
two olefin carbons. Nine signals of aliphatic carbon were observed at 8c 45.5, 42.5,
40.7,40.2, 38.0, 31.6, 31.3,26.3 and 21.2.

Figure 3.9 ‘H-NMR spectrum of (-)-nopyl chloride
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15Q 100 50ppm(f1)

Figure 3.10 13C-NMR spectrum of (-)-nopyl chloride

The 'H-NMR spectrum of 2-chloro-2-phenylacetophenone (Fig 3.11) 
contained a doublet signal at 8 h  7.96 of two aromatic protons. The signals around §H 

7.32-7.55 belonged to eight aromatic protons. The singlet signal at ÔH 6.35 was 
ascribed to one proton connecting to chlorine atom and a carbonyl group. The 
13C-NMR spectrum (Fig 3.12) signified a carbonyl carbon at 5c 191.5 and twelve 
aromatic carbons at 6c 135.9, 134.3, 132.1, 129.5, 129.4, 129.3, 129.2, 129.1, 128.8,
128.7,128.6 and 128.5. Besides, only one aliphatic carbon at 5c 62.3 was observed.
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Figure 3.11 'H-NMR spectrum of 2-chloro-2-phenylacetophenone

Figure 3.12 13C-NMR spectrum of 2-chloro-2-phenylacetophenone
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The 'H-NMR spectrum of 2,3,4,6-tetra-O-benzyl-D-glucopyranosyl chloride 
(Fig 3.13) displayed twenty aromatic protons as multiplet around Ô H  7.17-7.41. The 
signal belonging to anomeric proton was observed as broad singlet at §H 6.11. Four 
methylene protons of benzyl group of glucose derivative were detected as multiplet 
around § H  4.50-5.02. The remaining proton signals of glucose were visualized as 
multiplet around § H  3.68-4.05. The 13C-NMR spectrum (Fig 3.14) showed the 
aromatic carbons of benzyl protecting groups around §c 127.7-138.5. For anomeric 
carbon, it was observed at ôc 93.5. The other carbons of glucose derivative and 
methylene carbons could be seen around ôc 67.7-81.4.

Figure 3.13 'H-NMR spectrum of 2,3,4,6 -tetra-O-benzyl-D-glucopyranosyl chloride
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Figure 3.14 I3C-NMR spectrum of 2,3,4,6 -tetra-O-benzyl-D-glucopyranosyl chloride

3.5.6 Comparison of PPhs/CbCCONEh with Common Reagents
Even though alkyl chlorides could be prepared in high to excellent yields by 

cited methods using common reagents, the experimental conditions required were not 
very appreciated in practical sense. For instance:

3.5.6.1 SOCl2
SOCI2 which is one of common reagents used made the reaction conditions 

become acidic and required high temperature. By the consequence, by-products such 
as SO2 and HC1 are harmfully corrosive gases derived directly from the reaction while 
this developed method could be carried out under mild conditions. The complicated 
process of the classical procedure is the re-distillation of SOCI2 every time before 
using. Moreover, the rearranged carbon skeleton product was observed when allylic 
alcohols were treated with SOCI2 whereas that problem was not found utilizing the 
developed reagent. Cinnamyl alcohol could be used as an exampler.
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Another intriguing point is that the developed reagent is carried out under acid 
free conditions, thus it can produce alkyl chloride from alcohol starting material 
containing acid sensitive functional groups such as 2,3,4,6-tetra-O-benzyl-D- 
glucopyranose. Nevertheless, the developed procedure has the complicated process in 
the purification to get rid of POPh3 . This disadvantage should be seriously considered 
and may be solved by using supported phosphine backbone [132].

3.5.Ô.2 InCl3/HSiMe2Cl
From the literature review, Yasuda and co-workers reported InCl3-catalyzed 

reaction of alcohols with HSiMeaCl in the presence of benzil. However, this 
chlorination still required long reaction time to completely convert alcohol to alkyl 
chloride in high yields. This comparative data of both reagents on the chlorination of 
alcohols is displayed in Table 3.15.

Table 3.15 The comparative data on the chlorination of PPh3/Cl3CCONH2 and 
InCl3/HSiMe2Cl

Entry

1

2

3

4

5

ROH PPI13/CI3CCONH2 

Time % Yield

15 min 74

15 min quant

1 h 42

15 min quant

15 min 6 8

InCl3/HSiMe2Cl [15] 
Time % Yield

1 h 80

2 1  h 0

15 h 59

91 h 98

82 h 93
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The developed reagent (PPh3/Cl3CCONH2) could be rapidly converted 
primary, secondary and tertiary alcohols to the corresponding alkyl chlorides in the 
same or better yields with very short reaction time compared with the reported 
reagents (entries 1-5). Moreover, PPh3/Cl3CCONH2 was clearly confirmed as the 
efficient chlorinated reagent more than InCl3/HSiMe2Cl, for instance in the case of 
2 -phenylethanol being transformed to 2 -phenylethyl chloride (entry 2 ).

3.6 Conclusion
The objective of this present work is to search for a suitable halogenated 

reagent capable of transforming alcohols to its analogous chlorides. At the same time 
optimal conditions of this developed protocol was cautiously scrutinized. This 
developed methodology was indeed disclosed to be an efficient and convenient 
system for chlorination of alcohols under mild conditions, and provided the high yield 
of desired product. The cost of the reagent used was found to be superior to other 
related methods cited in the literature.

From this research, the optimum conditions for carbon-chlorine bond 
formation were disclosed: alcohol leq as a substrate, Cl3CCONH2 2 eq and PPh3 2 eq 
as a combination reagent, CH2CI2 0.5 mL as a solvent at room temperature within 
15 min.

Various alcohols were examined to study on the chlorination effects of their 
alcohols under developed conditions. The characteristic of the developed system is 
summarized below:

1) Primary alcohols appear to be the most reactive substrate towards 
PPh3/Cl3CCONH2 yielding exclusively the corresponding chlorides 
within short reaction time.

2) Aliphatic alcohols are more reactive than benzylic alcohols and alcohols 
containing electron donating substituent at benzylic position are more 
reactive than those bearing electron-withdrawing substituent.

3) The steric hindrance of secondary or tertiary alcohols affects strongly on 
the outcome of the reaction: a large steric interference leads to a low 
desired chloride and consequently to a large production of olefin.

4) Benzylic effect is possible to take place for the chlorination depending on 
the competitive reactions of SnI and Sn2.
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5) Allylic alcohols afforded good yields of largely unrearranged allylic 
chloride except the case of terminal allylic alcohols proceeded via SN2 
and Sn2\

6 ) Alkyl chloride is still a predominant product when the external 
nucleophile such as extra chloride or azide ions was introduced into the 
reaction.

7) The proposed mechanism for chlorination of alcohol was proceeded 
mainly via Sn2 pathway.
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