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Preface 

In the 26 years since Wiley published Organic Synthesis: The Disconnection Approach and the 
accompanying Workbook, this approach to the learning of synthesis has become widespread 
while the books themse lves are now dated in content and appearance. In 2008, Wiley published 
the second edition of Organic Synthesis: The Disconnectiun Approach by Stuart Warren and Paul 

Wyatt for which this is the accompanying Workbook. 
This workbook contains further examples, problems (and answers) to help you understand the 

material ill each chapter of the textbook. The structure of this second edition of the workbook is the 
same as that of the textbook. The 40 chapters have the same titl es as before but all chapters have 
undergone a thorough revision with some new material. The emphasis is on helpful examples and 
problems rather than novelty. Many 01 the problems are drawn trom the courses we have given 

. in industry on 'The Disconnection Approach' where they have stimulated discussion leading 

to deeper understanding. It makes sense for you to have the relevant chapter of the textbook 
available whi Ie you are working on the problems. We have usually devi sed new problems but 
some of lhe prob le ms in the first edition seemed to do such a goud job that we have kept the m. 

Usually, the answe rs are prese nted in a different and, we hope, more helpful sty le. 
It is not possible to learn how to design organic syntheses just from lectures 0 .. from reading a 

textbook. Onl y oy tackling proble ms and checking your answers aga inst published material can 
you deve lop this skill. We should warn you that there is no single 'right answer' to a synthesis 
problem. Successful published syntheses give some answers that work , but you may well be able 

to design others that ha ve a good chance of success. The style of thi s second edition is to give 
more discussioJl of alternative routes. 

Stuart Warren and Paul Wyatt 
2009 
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1 The Disconnection Approach 

We start with a few si mple problems to se t YOll at ease with di sconnections. Problem1.!: Here 
is a two-step synthesis of the benzofuran 3. Draw Ollt the retrosy nthetic analysis for the synthesis 
of 2 from 1 showing the disconnections <!nd the syntholl s. 

Ph 
0 

rQl:r
Ph yj. rQl ~Br 

::::--..1 Ph H0 
OH .. --

Br 
base 

Br Br 

2 3 

Answer 1.1: As thi s is a simple S,, 2 react ion, [he disconnection is of the C-O 90nd 2a and the 
synthon" are llucleophili c plH.:no late <lIlion 4, which llappens to be an intermediate in the reaction, 
and the cation 5, which happells not he an intermediate in the reaction but is represented by the 
O'-bromokctone 6. 

Br ' 
2a 

Br 
4 5 6 

Problem 1.2: Draw the mechani sm of the eycl isa tion of 2 to 3. This is an unusual reaction and 
it helps to know what is going on before we analyse the synthesis. Answer 1.2: The first step is 
an ~Icid-cataly sed cyc li sation 0 1: [he aromat ic ring onto the protonated ketone 7. Loss of a proton 
8 completes the electrophilic aromat ic substituti on giv ing the alcoho l 9. 

~tPh ~D" 
Ph rQl Dr Ph yOD" ~~~ : -- - ?' . 

::::--.. I 0 ::::--.. --- I 
. (? (;JG ::::--.. 0 

Br Br Br Br 
2 7 8 9 

------_._. _._ .. _ .. _------- - - ---. 
WtJrkho()h {(lr Organic Srwli('si"c TIJ(' /)i\" ("OI/I/(Tlioll Apl/ruuch. Sf("(IIU/ bli,ioll Slu;n l \~;arrcJ) and Paul ~'y.11I 

.~" 20()t) John \VilL':,>' & Son;.;. lid 



2 1 JIIC Oiscollllecrioll Afll)roocil 

Now protonation of the alcohol leads to loss of water 10 to give a stabilised cation that loses 
a proton 11 to give the new aromatic system 3. Problem 1.3: Now you should be in a position 
to draw the disconnections for this step. 

~H' 
Ph Ph 

9 
He. --- --- q) ~ 0 ~ 0 C:. 

Sr Sr Sr 
10 11 3 

Answer 1.3: We hope you might have drawn the intermediate alcohol 9. Changing 3 into 9 is not 
a disconnection but a Functional Group lnterconversion (FGI) - changing one functional group 
intll another. Now we can draw the disconnection revealing the synthons 12 represented in real 
life by 2. 

Ph 

FGI v~OH 
====> ~I~.) ====> 

. 0 

Sr Sr 
3 9 12 2 

A Synthesis of Multistriatin 

In the textbook we gave one synthesis of lTIultistriatin 17 and here is a shorter but inferior 
synthesis as the yields are lower and there is little control over stereochemistry. i Problem 1.4: 
Which atoms in the final product 17 come from which starting material and which bonds are 
made in the synthesis') Him: Arbitrarily number the atoills in Illultistriatin and try to trace each 
atom back through the intermediates. Do not be concerned over mechanistic details, especially 
of the step at 290 cc. 

~o 
1. CHzO fa ) M~ ~ Me2NH, HCI 290°C .. + ~ 

2. K2C03 
3. Mel HO OH 

13 
4. KOH 

14 15 16 17; multistriatin 

Answer 1.4: However you numbered lJ1ultistriatin. the ethyl group (7 and g in 17a) tinds the 
same atoms in the last intermediate 16a and the rest falls into place. It then follows \X!hich atoms· 
come from 14 and which from 15. Finally, you might have said that C-4 in our diagrams comes 
from formaldehyde. 

4· 
5 4 3 

M 8~ ===> , ,I , , ===> 
o 1 

8 OH 

,t· ): 8~C HO 

17a 16a 14a 15a 



1 Rlit'rt' JI(,I!.I' 3 

So the disconnections also fall into place. Just one C- O bond was disconnected at first 17b 
then one C-O and one C-C 16h and final ly the alkene was di sconnected 14h in what you may 
recogni se as an aldol reaction with formaldehyde. If you practi se analysing published syntheses 
I ike this. you wi II increase your llnderstandi ngof good bonds to disconnect. ' 

. 5 4 3 

8~ 
o 1 

17b 

References 

~'I '3 :::::;. 

7 6 0 2 1 

8 OH 
1Gb 14b 

1. W. E. Gore. G. T. Pearce and R. M. Sil\"crslcin. 1. OIR- Cheill. , 1975. 40. 1705. 

13b 



2 
Basic Principles: Synthons and Reagents: 
Synthesis of Aromatic Compounds 

This chapter concerns the synthesis or aromntic compounds by electrnphilic nnd nucleophilic 
aroll1atic suhstitution. A II the disconnections wi II therefore be of bonds joining the aromatic rings 
to the sidechains. Wellllpe you will be thinking mechanistically , particularly when choosing which 
compounds can undergo nucleophilic aromatic substitution and the orientntion of elcctrophilic 
aromatic substitution. Any textbook of organic chemistry' will give you the help you need. 
Prohkm 2.1: Cnmp()l!nd J was needed" I'or an cxploration of the inclllslri:tl l! SC~: of HF. Suggest 
how it might be l1l<lde. flilll: consider which of the three suostituents you would rather nol add 
to the ring . 

(joMe 

~NOz 
1 . 

Answer 2.1: We can ,ldd the nitro grollp by nitration and the isopropyl group by hiedel-Crafts 
alkylatitln (as it is a sccolldmy alkyl grouP) but we \Yould rather not add the OMe group as there 
j, no good reagent for 1\,1eO ... . So \\'e disconnect first the most deactivating group (nitro) la and 
then the isopropyl group 2. 

~
OMe 

I~ 
NOz 

1a 

C-N p OM• C-C ()OM' 
> > I~ 

nitration Friedel-
Crafts 

2 3 

Before writing out the synthesis, we should check that the orientation of the substitution will 
be what we want. The OMe group is or/Iill. {Jara-directing so alkylation will go rnninly p((m 
because of steric hindrance. Now we have a competition as isopropyl is also or/IIO. flora-directing. 
but. since OMe has a lone pair of electrons conjugated with the ben7.ene ring, it will dominate 
so everything is fine. We therefore suggest: 

. ~OMe 

V . yU
oMe 

i-PrBr.. . I 
AICI3 ~ ~

OMe 

I~ 
NOz 

3 2 1 

\\~}/}\ hol1J.: .lor ()rg l lllit " SYlI llll"sis: Th(' Ih\( 'Of1l 1f 'diOIl !\t'prollC/z. S,'c(J lld l:.dif i(JJ1 S tuart \Varrcll ;111d I\nil \\-'vall 
.•.. ~n{}() Jnllll \Viky (.\: .sol):-. Ltd 



6 2 /Josie Prillciples: SWilhuns and ReagellTs: SmTlwsis "FIlIOIlIllTic CUIl/f)(!tI",ls 

Did you consider the alternative strategy? That is, disconnect the isopropyl group first Ib to 
gi ve a new intermediate 4 and disconnect the nitro group second. The starting material , anisole 
3, is the same in both routes. 

pOM. Q;M' [),OM' I~ C-C C-N 
> Ih- > Ih-h- Friedel- nitration N02 Crafts 

N02 

1b 4 3 

Again we shou ld check the orientation. Nitration of anisole will give a mixture of ortho 4 and 
para 5 products so much depends on the ratio and whether they can easily be separated. The 
Friedel-Crafts reaction .will go orlho or pam to the OMe group and m.ela to the nitro group so 
that is ali right. However the deactivating nitro group might make the reaction diHicult. 

3 5 

Ct0Me yCtoMe 

I ;-PrBr I ~ 
h- -_.. h-

N0
2 

AICI3 NOz 

4 1 

So what did the chemists prefer') One published synthesis::! used HF as a catalyst to alkylate 
oftlw-nitro-anisolc 4 with isopropanol. The yield was a respectable 84%. This made sense 
as lhey had a supply or 4. If an isole is nitrated with the usu,d HNO)H::!S04, a 31 :67 rutio 
of or!lw.plll"O products is obtained. 11' the nitrating agent is an alky l nitrite in MeCN, the 
ratio improves to 75:25. The best route nowadays is prob;tbly the· nitration of availab-le jJow­

isopropyl phenol 6. probably quantitative , and methylation or the product 7 wi th , say, dimethyl 
sulfate. 

. II) OH _H_N_O_
3 

.... 

~ H20 

6 
~

OH 

I (MeOhS02 
h- .. 

N02 base 

7 

lI)oMe 

~N02 
1 

Problem 2.2: These compounds 8 and 9 each have two benze'ne rings linked by a heteroatom 
and both are used to make anti-inflammatory drugs. An obvious strategy is to disconnect one 
C-X bond in each case and combine the two compounds by nucleophilic arOl'llatic substitution . 
Suggest a synthesis for each compound. 

8 
anti-inflammatory 

lobenzarit (5 CI 

: I 0tC;t 
CI CI 

9 
needed for the 

anti-inflammatory 
fenclofenac 

Answer 2.2: The two disconnections 8a and 8b illustrate the types of molecules needed for the 
tirst problem, III each case X is a leaving group such as a halogen and the phenols J 1 and 12 
would be used as their aniOl\s. 



t Busic f'r il1c illies: Sml/'tll1S lind Rellgellls: .5\111/'<'.<;.\: ,,{AmnIOTic COII/poll llds 7 

CI 

+HO~ ~ 
VCI 

&O~el~ &OH. xbel 
10 11 8a,b 12 13 

To be successful. nucleophilic aromatic substitution needs an e lectron-withdrawing group orlllo 

or flam to the leaving group. A chloride, as in 13 is not adequate but the ke tone in lO is perfectly 
pl aced. The reported synthesis' uses 10: X = CI with 11 and Cu/NaOH as catalys!. We might 
nowadays prefer available 10: X = F with the anion of the phenol. 

The other compound 9 is easier in one way as both di sconnections 9a and 9b are feasible. 

EflCh ring 14 and 15 has an electron-withdrawing C02H group in the rig iltposition (orl/lO to the 
leav ing group X). Compound 17 has another Jeaving group (Cl) th aI is pam to the C02H group 
so it cOl'ld reac t. On the o ther hand , compound 15 could rcact with itself and polymeri se as it 
has the nucleophili c amine and the activated chloride in the same molecule . 

C02 H C02H 

aH~H 
C02H C02H Crx H'N~ a -;:/ N ~ b CrNH' x~ ~ I + I ~ <== I' I ==? I + I 

~ ~ ~ ~ 

CI CI CI 

14 15 9a,b 16 17 

The reported synthesis~ uses 16 and 17: X = 'CI relying on the C02H group to provide 
regioselecti\'ity at the more e1eclrophilic o,.,ho pos ition . It is poss ibleS that the fluoro-COlllpOUlld 
17: X = F would be a better way. 
Prohlem 2.3: C hagas disease causes some 50.000 deaths annuall y in South America. Drugs 

based on the structure 18 ure urgently needed. You a re not expected to understand the chemi stry 
used to make the strange heterocyclic ring but you might appreciilte th at it could come from 
an o r/flo-nitro aniline such as 19 or an acti\'ated halide such as 20. Suggest syntheses· for these 
starting mate rial s. 

OHC~N02 

lAcl 
18 20 

Answer 2.3: In both cases , the initial di sconnection of the nitro group 19a and 20a is very 
appea ling. The starting material s 21 and 22 should be eas ily made and nitration will go orfho 10 

NH2 rat her th an Me in 21 and ortho to Cl and /li ef({ to the deactivating aldehyde in 22. 

Me1j N0
2 C-N MeU 

I > I 
~ NH2 nitration ~ NH2 

OHC1j
N0

2 C-N OHCU 
I . > I . 
~ CI nitration ~ CI 

19a 21 20a 22 
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The synthesis of 19 is straightforward6 as the amine 21 is avai lable from the nitration and 
reduction of toluene. Amide 23 formation reduces the reactivity of the amine so that mono-
nitration and hydrolysis give 19. Nitration of 23 gives 19. . 

21 

Me~ 

~NHAC 
23 19 

The aldehyde 22 is more difficult as we should need to chlorinate benzaldehyde in the para 
position to get 22. One solution is to oxidise para chloro-toluene 24, available7 from 21 via the 

diazonium salt with, for example , chlorine to give 25 that can be hydrolysed~ to the aldehyde 22. 

1. HCI Men I~ NaN02 .. 
~ CI 2. HCI 

21 
CuCI 24; 78% yield 

A Problem from the Textbook 

1.01, CI,CH U 
PCls I - ~ 

25 

2. H20 
H2SO4 

• 
CI 

22 
54-60% 

yield 

When discussing the synthesis of saccharine in chapter 2 of the textbook. we said: 'In prat:tice 
chloro-sulfonic acid is used as this gives the sulfonyl chloride directly. You may be surprised at 
thi s. thinking that Cl might be the best leaving groLlp: But there is no Lewis acid here. JTv.ltcad 
the very strong chloro-sulfonic acid protonales itself to provide a molecule of water as Jeaving 
group.' The reaction gives a mixture of the orfho- 27 and para- 28 products. Problem 2.4: With 
those hints , draw a mechanism of the chlorosufonation. . 

~Me 

V + 

26; toluene 

Answer 2.4: 'Strong' means a strong acid here so chloro-sulfonic acid 29 protonatcs itself to 
give a cation that loses water 30 to give the reactive cation 31. This is attacked by toluene in the 
ortho- and para-positions to give e.g. 32 that loses a proton to give 28. 

o 0 
\\ '/ S . 

CI'- 'OH 

29 

References 

o 0 
\' /1 
S 0 

CI / [PH2 
30 

-
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3 Strategy I: The Order of Events 

You should refer to the Guidelines b'om the textbook \~hen you so lve the problems in this chapter. 
Guideline J: Consider the effects or each functional group on the others. Add first (that IS 

disconnect last) the one that will increase reactivity in a helpful way. 
Guideline 2: Changing one functional group into another Jllay alter reactivity dramatically. 
Guideline 3: SOllle substituents are difficult to add so it is best to start with them already present. 
Guideline 4: S()me disubstituted compounds are also re~,dil y available and they 111 <1y contain ;1 

rel ationship (especially ortho) that is dillicult to achieve by elec trophilic substitution . 
Guideline 5: Some groups can be added to the ring by llucleophilic substitution. 

·Guideline (i: H a series of reactions must he carried out. start with one that gives a single product 
unal1Jbiguous]y and not one thal would give a mixture. 

Remember that these guidelines Illay conflict or even contradict each other. THINK' 
Problem 3.1: Suggest syntheses of 1 and 2 needed as intermediates: 1 in the synthesis of some 
brominated acids' and 2 to stud y the mechanism of enzymatic ester hydrolysis.c-" 

(y0H 

M I-Su CHO 

2 

Answer 3.1: With two elec tron-withdrawing groups In 1. some FGI is needed to control thc 
orientation and ga in some l'eactivity . There are good \\l ays to introduce Br and N02 but no easy 
way to introcluce C02 H. FGf o( C01 H to. Me with oxidation in mind would give an Orf11O. 

!Jant-directing group where we need it 3. Now we might di sconnect NOc 3a or Hr 3b as there 
are good reagents for adding both. There might be some doubt as to where 4 would be nitrated 
as both Me and Hr are orr/ro. IJOm -dirccting. but there is no dOllbt where 5 will be brol1linated 
as Me is ortllO. p({ra-directing while N0 2 is l7u' I(I-direc ling. 

> 
etCH, 

Br 

FGI 

oxidation 

4 

So the sy nthes is was liitr<ltion of toluene (actually 5 is available) . separatio ll of 5 from the 
nrtlJO isomer. brominalion of 5. and oxidation of 3 to give the target mol.ecule. J 

Workhook {Ol" (hS{f!/it ' SYflf!J(' ,\-;s: The [)iScollluTriulI AIJ/lm(lch. Sn"olld Lelilio/J Stuart \ Ya rn.:n and Paul \V.\'il lt 

~j.:J .~009 Joh n Wiky \.x SOI1~ . Ltd 
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No doubt the CHO group could also be formed by oxidation of a CH3 group but it can be . 
Inserted ne xt to a phenolic OH by the Reimer-Tiemann reaction.' Now we can disconnect the 
I-Bu group with Friede l-Crafts alkylation in mind . 

c-c c-c 
=> > 

fh,0H DOH OOH 
I ~ 

I-Bu I ~ I~ Reimer- Friedel-
t-Bu CHO Tiemann Crafts 

2a 6 phenol 

The large r-Bu group much prefers the I)(I/"{/ position ane! the Reimer-Ti emann reaction using 
chloroform as a source of dichlorocarhene (Textbook chapter 30) goes orrho to the conjugating 
OH g rollp. 2 . ~ 

C(" DOH £t0H t-Buel CHCI3 I~ 
• 

HF NaOH I-Bu ~ CHO t-Bu 

phenol 6; 85% yield 2 

Example and Prohlt'll1 3.2: BlII\lctaIliidc 7 is a diuretic from Leo Pharmaceutical Products 
ill Denmark. T he synthesi s) was planned hy a number of FOls to give 8 and then a C-O 
disconnectio1l to give 9 as a suitable st<lrting material. Problem 3.2: Suggest why these FOls 
were ChUSt:11 as a preli111in,Iry to disco11nection. 

NHBu Ph°tl . 
H2N02S C02H 

7; bumetamide 

FGI 

==> 

NH2 NH2 

PhOn· C-O ctn 
I >1 
~ nucleophilic ~ 

H002S C02 H aromatic H002S C02H 
8 substitution 9 

Answer 3.2: The PhO group mu st be added by nucleophilic aromatic substitution so electron­
withdrawing groups are essential. We have two (S02X and C02H) in the right positions. ortho 
and I}((/"(/ to CI in 9. and could have a third if NH2 is replaced by N02. Problem 3.3: Suggest 
a syn thes is or 9. 
Answer J.3: Two 01" the su bstituents in 9 (S020H and CI) can be added by electrophilic substi­
tution anci we have seen SOIlIC wa ys to add the C(hH group. The most obviolls thing to do is to 
replace NH2 by NO " 10 and disconllect hoth NO} and S020H giving p-chlorobcl1zoic acid 11 . 
as starring material. This compound is available hut could be made by chlorination of toluene 
and oxidation of the methyl group. 

CIJi 
H002S C0 2H 

9 

FGI 

==> 
C-N.C~CIU . 

electrophilic I 
aromatic ~ 

substitution CO2/:! 
11 



3 Re/,'r('l/cfS 13 

Now we need to decide in ,i,lhich order to add the two substituents. The orientation will 
be decideu by the Cl group as it is urlhu, para -directing. In the published synthesis5 chloro­
sulfonation is used followed by nitration and the sulfonamide 13 is formed before the nitro group 
is reduceu to the amine. 

With three groups to help nucleophilic substitution, phenoxide was added and catalytic hydro­
genation of 14 10 the amine 15 was followed hy reductive ami nation (chapter 8) with PrCHO to 
gil'e bumetal1liue 7. 
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4 One-Group C-X Disconnections 

If you have also read chapter 6, you will realise that acid derivatives such as esters 1 or amides 
3 are usually made by acylation so that the C-O or C-N bond that is disconnected is the one 
between the heteroatom and the carbonyl group. In this way we are. really using two-group 
disconnections for these compounds. The synthesis might combine an alcohol or an amine with 
an acid chloride 2. 

Problem 4.1: Suggest which C-X bond would be your first choice for disconnection in these 
two compounds,. explaining your reasons. Draw your proposed starting materials. 

QuJ::C _ N 
H 

OH 
5 

Answer 4.1: Though there are many C-X bonds in both molecules, the first disconnection 
should be of the ester 4a and of the amide Sa both because we know of good ways to make 
these functional groups and because the disconnections are in the middle of the molecules. You 
might have drawn 6 and 8 as acid chlorides or as acids, as we have done, deciding to work out 
the reagents later. Problem 4.2: What difficulties do you foresee in carrying out the reaction? 

~NW 
- H -
OH OH 

5a 8 9 

Vo,iorkbonk for O'gflllic Syllfhesis: The Dis('(J1l11eClioll A/Jproaclt, Second Edition Sluart \Varrcn and Paul Wyatt 

© 2009 John Wiley & Sons. Ltd 
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Answer 4.2: Both 6 and 7 have acid groups, so we shall have to activate the C02H group in 
6 and perhaps protect the C02H group in 7. The situation for 8 + 9 is worse: not only does 
each compound have a C02H group, but 8 also has two nucleophilic groups (OH and NH2)' 
Again protection and activation will be needed . This second case is not as bad as it seems as 5 
is a dipeptide and standard peptide coupling procedures can be used . l Stereochemistry is not a 
problem as the bond-forming steps do not affect any chiral centre. 

We shall concentrate mainly on ethers and sulfides where true one-group C-X disconnections 
will be needed though mechanistic arguments will still be necessary. Problem 4.3: Suggest a 
synthesis for the ethers 10 and 11. 

11 

Answer 4.3: The first 10 is easy: we much prefer the disconnection on the alkyl side as the 
aromatic ring is not activated for nucleophilic substitution while the halide 12 is ally lie and 
therefore electrophil ic. 

O
OMe 

. I 

~O~ 
V 10a 

c-O 
~ 
ether 

+ 
~OMe 

N HO 

12 13 

The second 11 requires more thought: The same disconnection lla gives a primary halide 14 
but it has a quaternary centre joined to it and there will be considerable steric hindrance to an 
SN2 reaction. In addition, the amine in 15 is more nucleophilic than the phenolic OH group. [s 
there an alternative 7 

O
NH2 

Me I C-O ... ~ 

~o .~ ethe, 

11a 

+ 

14 15 

The amine 11 could be made by reduction of a nitro group and now the alternative discon­
nection 16 corresponding to nucleophilic aromatic substitution becomes possible." There is no 
longer any ambiguity as there is only one nucleophilic group. In addition , the halide 14 would 
have to be made from the alcohol 17. Compounds derived from 11 are used 'in the treatment of 
diabetes. 

. ~N02 . 
FGI Me I C-O 

11 >U ~ ~ reduction 0 ether 

16 

+ 

17 18 
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Problem 4.4: Suggest a synthesis of fluoxetine 19, better known as the antidepressant Prozac®: 

19 
(S)-fluoxetine 

Prozac'~ 

Answer 4.4: We should rather disconnect the ether in the middle of the molecule than the amine 
at the end and here <:!g<:!in either C-O disconnection 19a or 19b would serve. The electrophile 21 
(X is a leaving group) is benzylic and reacti ve while the CF3 group activates the ring for SNAr 

by stabilising the intermediate anion in the same way as the nitro group. 

F,en F,e'Q F,en 
. ~ 1 OH 

~ 1 b 
b 

~ I 
X a 0 NHMe F OH 
- c-o 

~ 
c-o 

U R 
<==== I: ----> d'R ether ether 

1 . 

-& . 

20 21 19a,b 22 23 

No doubt either syn thesis will work but we could consider that the reaction at the chiral centre 
19a mi ght lead to some racemisation while reaction of 23 does not invo lve the s; hiral centre. The 
synthes is has been carried out with a single en" ntiomer of 23 using NaH as base in all amide 
soJvent. ~ The base gives the anion 24 so that oxygen b-ecomes more nucleophilic than nitroge n. 

OH 

~NHM' 
23 

22 19 
-- (S)-fluoxetine 

Prozac"" 

The question remains: how do we make the aminoalcohol 23') Using a one-group disconnection 

of the C-N bond , we can displace" le"ving group X from 25 "!ld a search of available starting 
materials reveals the chloroketone 26. 

OH 

~NHM' 
23a 

C-N 
====> amine 

OH 

~x 
25 

FGI 
====> 

o 

~el 
26 

Reduction of the ketone "nd reaction of the chlori de 27 with Nal in acetone (NaCI precipitates 
from acetone and drives the equilibrium to the right) gave the corresponding iod ide 28. Reac­
tion of 28 with an excess of MeNH2 as its available aq uco i.ls solution .gave 23 in quantitative 
yield] 
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[H] 
26-

4 One-Croup C-X Di,H'Olllll!cliO/lS 

OH OH OH 

~ ~
excess~ 

"'=: CI ~ "'=: I _M_e_N_H--l2~ I ~ , NHMe 
I // , acetone I // . , wate/' // 

27 28 23; 100% yield 

An alternative is to add the second aromatic ring by a Mitsunobu reaction and displace chloride 
afterwards with aqueous MeNH2 . If a single enantiomer, e.g. (R)-( + )-27, is used. the inverted 
product (S )-( - )-29 is formed stereospecifically by the Mitsunobu reaction. 4 

OH F3CY'Il 
~CID:~~ . Vo V . Ph3P I 

Ph~CI 
(R)-(+)-27 (5)-(-)-29; 65% yield 

F3
CQ 

excess I 
MeNH2 ~. 

•. 0 
water I . 

Ph~NHMe 
(5}+1-)-19; 93% yield 

A related route starts with the epoxidation of cinnamyl alt:ohol 30 and regioseleclive rt.:duction 
of the epoxide 31 by Red-AI, NaH2AI(OCHzCH20Meh to give 32 because the aluminium 
complexes to the primary alcohol and delivers hydride to the nearer end of the epoxide. Mesylation 
and displacement with aqueous MeNH2 complete the synthesis 5 

OH OH 

Ph~OH 
30 

[0] ,c: ~ , Red-AI I MsCI I 
- Ph/~"OH -Ph~OH --Ph~OM'S 

. Et3N 
~ ~ ~ 

Problem 4.5: Suggest a synthesis of febantel 34 used as an anthelmintic to combat tapeworms 
and the like . 

r0(NH2 

~ ~ OMe 
PhS N/~ 

H 
34 

Answer 4.5: If we do the obvious amide disconnection first 34a. we have a serious problem 
of chemoselectivity as we shall have to acyl ate one of two very similar amines 35. But if we 
change the other amine into a nitro group 36, the problem di sappears and also suggests how we 
might make the sulfide. 

~
NH2 .~NH2 

I C-N I 0 
// < // <: Jl OMe 

PhS NH2 amide PhS N 'S ~ 
H 

~
N02 

FGI I "'=: 0 
===> // U OMe 

PhS N/~ 
H 

35 34a 36 

Amide disconnection 36a reveals a simple nitro-amine with the PhS group in just the right posi­
tion for C-S disconnection 37 with the nitro group activating a nucleophilic aromatic substitution. 
of a suitable leaving group X. 



~N02 

~ \~ OMe 
PhS N'S ~ 

H 
36a 

4 R ~fe rences 

C-N D-N0
2 

===~> I 
amide PhS ~ NH2 

37 

19 

C-s 
> 

sulfide 

As it happens , the chloro-compound 38; X = CI is available, though it could easily be made 
by nitration of meta-chloro-aniline 39. Displacement of chloride with the anion of PhSH gives 
37. Acylation with methoxyacetyl chloride and reduction of the nitro group gives febantel. 6 

~ 0N02 ' ~34 
NaOH PhS~ NH2 

39 38; X = CI 37 
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5 Strategy II: Chemoselectivity 

Just to remind you of chemoselectivity: if a molecule has two reactive groups and we want 
to react one of them and not the other we need chemoselectivity. Under this heading we can 
consider: 

1. The relative reactivity of two different functional groups, such as NH2 and OH. 
2. The reClc tion of one of two identica l groups. 
3. The reaction of a group once when it might react twice as in thiol synthesis. 

Problem 5.1: Toluene-p-sulfonyl chloride 2, known as tosyl chloride or TsCI , is used to make 
sulfonate esters 1 from alcohols and sulfanamides 3 from amines. 

0 0 0 0 0 0 
\' 1/ \' 1/ )" 1/ OS'OR OS'CI . S 

ROH RNH2 o ' NHR . I ~ -~ 
Me Me Me 

1; ROTs 2; TsCI 3; RNHTs 

When p-aminophenol 4 was reacted with tosyl chloride under a variety of conditions, three 
products 5, 6 or 7 could be formed. With no catalyst, only 6 was formed (93% yield), with 
pyridine as catalyst. 76% of 6 was formed with 1 % of 4 and 14% af 7 . With Et, N as catalyst,S 
was the major product (81 % yield) with traces of 6 and 7. Explain. 

f)

NH2 f)NHTS 

I + I + 
TsO ~ HO ~ 

5 6 

f)NHr' 

TsO 

7 

Answer 5.1: The amino group in the neutral compound 4 is more nucleophilic than the phenolic 
OH and gives only the sulfonamide' 6. Triethylamine (pKa about 11) can remove (most of) the 
phenolic proton and the oxy-anion is now more reactive than the amine. Pyridine (pKa 5.5) is 
not strong enough to remove the phenolic proton completely but catalyses formation of 7 by 
removing some of the proton from 6. 
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Problem 5.2: We explained in the textbook chapter that p-aminophenol 4 was made by nitration 
of phenol and reduction of p-nitrophenol 4 by catalytic hydrogenation. 

D HO 

dil. HN03 .. 
catalyst 

8 

If the reduction is carried out in acetic anhydride (AC20) as solvent, the product is the amide 10 
in excellent yield. 2 Explain. 

~~y 
~ 0 

HO 

10; 79% yield 

Answer 5.2: The p-aminophenol 4 intermediate is trapped as formed by the acetylating agent to 
give 10 directly w ithout thc necd to isolate the intermedi:ltc 4. This is :.m ;1dvantage as aromatic 
amines such as 4 oxidise in the air to give coloured products and hence impure amide 10 upon 
acety lation. 
Problem 5.3: More subtle distinctions can sometimes be achieved. The nucleic acid compo­
nent uracil reacts with an excess of oenzoyl chloride (PhCOCI) to give a ciioen'Zoyl derivative. 
However. if a very slight excess or benzoyl chloride is used , I-benzoy l uraci I 11 is isolated in 
excellent yield 3 Suggest reasons why this selectivity might be observed. 

0 0 0 0 

HN~ 1.1 x PhCOCI H~:J 2.2x PhCOCI P)lN~ .. .. 
O~N . pyridine O~~ pyridine O~N MeCN MeCN 

PhAO 

H 

PhAO 

11; 89% yield 12; uracil 13; 65% yield 

Answer 5.3: Two reasons spring to mind. If the pyridine removes the relatively acidic (more 
acidic than the NH protons in 4) NH proton(s), we should expect the more acidic NH to react. 
If. on the other band, the neutral amide reacts, we shouJd expect the more nucleophilic lone pair 
to react. We can put this greater acidity to use in a hydrolysis of 13. Thus weakly basic solution 
removes the I-benzoyl group to give 14. It looks as though the decomposition of the tetrahedral 
intermediate 15 is faster than the alternative. This suggests that the NH proton at N-I IS more 
acidic. So both mono-benzoyl derivatives can be made chemoselectively. 

o 0 

- Ph~N~ 
O~9j f:.o o 

Ph OH 

-13 

14; 65% yield 15 . 
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Catalytic hydrogenation usually reduces weak bonds and leaves strong bonds. So alkenes are 
reduced to alkanes but carbonyl groups are difficult to reduce. Catalytic reduction of benzene 
rings 16 normally goes all the way to cyclohexanes 18 because intermediates such as cyclo­
hexenes 17 would be reduced more readily than the original benzene as there is less conjugation 
and no aromaticity. So this is chemoselectivity of type 3. However, when the aromatic hetero­
cycle 19 is reduced catalytically,4 the product is partly reduced 20. Problem 5.4: Why is the 
reduction incomplete and why is that particular product formed? 

N f '1H2 • Pd/C 
~~ . 

N CO2 Me EtOH 0 R 

16 17 18 19 

Answer 5.4: There must be some special stabilisation of the alkene in 20. The starting material 19 
is aromatic but there is no conjugation with the lone pairs on nitrogen as they are in the plane 
of the ring. When the nitrogens are reduced in 20, the lone pairs can be in p-orbitals and can be 
conjugated with the alkene. and more importantly. nne of them is conjugated through the alkene 
into the carbonyl group. 

0 H H H , , 
0' 

[N~ 
N 

C~\ - C~lyOM' I : C01tc02Me 
lOMe 

N c02Me N 

8 , 
~ o~ H H 0° 

19a 20a 20b 20c 

Problem 5.5: Another case where reaction may go too far is in the reduction of acid chlorides 21 
to aldehydes 22 without unwanted reduction to alcohol s. One successful method is to use salts of 
formic acid HC02H as the reducing agents. s This works well for aliphatic (R = Alk), aromatic 
(R = Ar) and conjugated aldehydes, e.g. 23 . Suggest a mechanism for the reaction and a reason 
why it stops at the aldehyde. 

o 

RACI 

21 

.. 
N2 atmosphere 

room temperature alcohol 

o 

Ph~H 
23; 90% yield 

Answer 5.5: The on 1)' hydride that can be transferred is that on the formate anion and nucle­
ophilic substitution at the carbonyl group of the acid chloride 24 gives the aldehyde 22. The 
second reduction would be a nucleophilic addition to the aldehyde 25. This is less favourable 
kinetically because the aldehyde is less electrophilic than the acid chloride and thermo­
dynamically because the product is an oxyanion 26 instead of a chloride ion. These arguments 
apply to all such reductions of acid chlorides but metal-hydride transfer reagents such as LiAIH4 
or even NaBH4 react rapidly with aldehydes. Formate is a less nucleophilic source of hyd ride 
than either of these. 
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o 

~t~ 
R {,p 

24 
-
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o 
CO2 + CI + 

o 

g~v_ 
R H ~ 

25 

Sometimes chemoselectivity problems arise unexpectedly as in the synthesis of an intermedi­
ate 28 needed at Baeyer Health Care AG as part of a drug discovery programme.6 Dehydration 
of the alcohol 28 gives 27 and 28 might easily be made by an aldol reaction (chapters 19 and 20) 
between the ketone 29 and some reagent for the enolate 30. 

27 28 29 30 

As you mJY guess, things go wrong with the aldol reaction. The obvious reagents for 30, the 
lithium enolate 31 or the silyl enol ether 32 and even the anion 33 of the usually well behaved 
malonate fail to give any 28 or 27. Instead the enone 34 is fOimed. Problem 5.6: What is going 
wrong? How might we make 28 by the aldol reaction? 

Et Et Et 

.~OMe ~OMe ~ 
Me02C 0 C02Me 

OLi OSiMe3 
MeO OMe 

31 32 33 34 

Answer 5.6: Enone 34 is just an aldol self-condensation product of the ketone 29. Clearly the 
enol equivalents 31-33 are forming the enol(ate) from some of 29 rather than attacking it as 
nucleophiles. Two of the reagents 31 and 33 are basic while 32 needs Lewis acid catalysis so we 
must clearly avoid acids or bases if we want to make 27. This sounds like a tall order but the 
Reformatsky method was the answer. It uses a zinc enol ate, made from the bromoester 35 and 
there is neither acid nor base present. The chemistscaITied the reaCtion out on a roughly 10 kg 
scale and got 13.7 kg of 27 (92%) after dehydration in acId. 

o 

~, Meo~ 
29 35 

Zn powder 

cat. CUCI.. [ 28 1 
THF, 45 °C. 

27 
THF, 20 °C 

Problem 5.7: Suggest a synthesis for the antihistamine ebastine 36. Possible starting materials 
37-39 are available. 

~
t-BU 

I Ph 

; D 0 ~ PhAB' D" 
Ph 0 36 37 HO 38 

LyO
t-BU 

CI I 
::::..... 

o 
39 
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Answer 5.7: Your only problem was to ensure chemoselectivi ty in the couplings. The amine 
is more nucleophi lic th an the alcohol but the anion of the alcohol is more nucleophilic than 
the amine . This commercial synthesis a lkylated on nitrogen first and on oxygen second 7 This 
synthes is is from the patent literature so detail s are not easily available . 

_".. r~~'BU~ 36 
AJ base 

HQ 40 0 

Sometimes it is better to react all functional groups and reveal the one wanted by selecti ve 
cleavage, A case in point is 3M's antiarrhythmia dmg 41. The obvious ether and amide discon­
nections reveal avail able 2,5-dihydroxybenzoic acid 43. the diamine 44, and trifluoroethanol 42. 
There are two main chemoselectivity problems: how do we form an amide with the primary and 
not the secondary amine in 44 and how do we di st ingui sh between the three nucleophilic groups 
in 437 

C-N OH 
2xC-Q ) 

======» F C + 
amide 3 

Oj0HOH . 0 
HO~ r~/ 

ethers o NH2 
42 43 44 

The solutions8 used by 3M were inge nious. If the amide was formed from the pyridine 46 
instead of the piperidine 44, acylation can OCCLlr only at th e primary amine, The three hydroxyl 

groups in 43 were all reacted with trifluoroeth yl trili ate to make th e triple trifluoroethyl deriva­
tive 45. Amide formation with 46 gave the am ide 47 and catalytic hydrogenatio n over Pt02 gave 
the target molecule. Note thi s fin a l piece of chemoselectivi ty: the py rid ine ring in 47 is red uced 
but not the benzene rin g. The reaction is c<l rri ed out in acetic <lc id so that the pyridine i ~ proto­
nated : thi s activates the pyridine towards reduction and prevents the nitrogen a tom complexing 
with the catalyst surface. . 

H'N~ 
46 

/'- Oj0I1~ 
F3C O~ N 

o 
47; 91 % yield 

Using Disconnections to Solve Structural and Mechanistic Problems 

Sometimes one has to find the chemoselectivity in a published reactio n, ex pla in it and see 
what one can learn from it. It is lisually eas ier to do thi s than to invent a synthesi s. 
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Problem 4.8: Deduce the structure of 49. identify any chemoselectivity in both reactions, and 
explain iel) 

'O~: \\\HC02~BU 

: N 
H CO2 Me 

48 

LiBH4 - 49 

Answer 4.8: It is even possible to so lve structural and mechanistic problems by disconnections 1 

The new lactone in 50 must come by C-O .Iactone disconnection from 51 which must come 
from 48 by reduction of the lactone and hydrolysis of the ester. But is 51 the same as 49? 

o 

?~"H it) 
HO : . N - \ 

H C02Me 
50a 

c-O 
> 

lactone 3=5
C02H . ~. C02 t-Bu 

reduction H 
HO \\ , H of lactone :: ",H 

H ", =========» 0 . 
HO :: N ' hydrolysis_ N 

\ of t-Bu ester ~ \ 
H C02Me C02Me 
~ g 

We now need to look at the forward reactions : the first reagent (LiBH4) is a reduc ing agent 
while the second, aqueous acid, could hydrolyse an ester. So 49 is the product of reduction of 
the lactone in 48, the hydrolysis gives 51 which cyclises to the lactone 50 in the acidic so lution. 

~
C02t-BU 

: \\\H 

- liBH4 o _ 

: N 

H c02Me 
48 

jj
C02t-Bu 

HO :: ",H 

HO : N 

H c02Me 
49 

cat. CF3C02H 
• 51 - 50 

H20 

So what chemoselectivity is there') Reduction by LiBH4 reduces only the lactone in the pres­
ence of an ester and a curbamute, uqucous acid hydrolyses only the ester but not the carbamate, 
and onl)' one of the two primary alcohols cyclises to a lac tone. In the reduction , the I-butyl ester 
is sterically hi ildered towards nucl eophilic attack und the carbamate husextra stabili sation from 
the nitrogen atom. Thi s leaves only the most reactive carbonyl group, the five-m embered lactone . 
Luctones are ge nerally more electrophilic than acyclic esters us they lack the stabilisation of the 
anomeric effect. 10 The hydrolysis of the I-butyl ester occurs by a different mechanism than ordi c 

nary ester hydrolys is: more SN I in character with no nuCleophilic attack on the curbonyl group. 

o 
A .,- t-Bu 

R 0 

52 

e 
c:..0H 

A'\. t-Bu 
R 0 

53 

e H 20 
+ t-Bu -- t-BuOH 
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Finally , the lactone 50 has a stable six-membered ring fused cis on the five-membered 
heterocycle. The alternative 55 would have seven- and eight-membered rings bridged across 
the five-membered ring. This is perfectly possible but not as stable as SO. The cyclisation is 

probably reversible and under thermodynamic control. 

51a 55 
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6 Two-Group C-X Disconnections 

This chapter is particularly important as the counting of relationships between functional groups, 
the recognition of synthons, and the choice of reagents are central to the whole of organic 
synthesis. In this chapter we shall be disconnecting C-X bonds but the same principles will soon 
be applied to C-C bonds. 

Counting Relationships between Functional Groups 

Problem 6.1: Identify the relationships between the functional groups in these molecules. 

o 0 H0X'O
) N ~ . H'N~ _ 0 

HO 2 

Answer 6.1: You may have recognised compound 1 'as compound 36 from the last chapter. It 
has l,3-diX (whichever way round the ring you go) and 1,4-diX relationships la. The other 
compound has a simple 1,2-relationship and you probably saw the I, l-diO relationship in the 
acetal at the right hand end. You might also have called the amjde at the other end a I , I-diX 
relationship. 

~
. . . '. t-Bu 0 0 Y»=0 - -;/' . I ) 

, 1 3 I H, 1 

C 2, 4 ~ H2N~N ~ 0 

2 3 0 ",,...N 2 

RO 1 1a HO 2a 

Problem 6.2: Find the I, l-diX relationships in these molecules and disconnect them, drawing 
the starting materials, What do you think are your chances of making these molecules this way? 

Workhook lur Or;:ollic 5).'"II(I1('s;:,': The DiscOJlIlecrio1/ Approuch , Second Editioll 

'9 1009 John Wil ey & Son" lid 

4 

Sluart Wanen alld Paul Wyall 
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Answer 6.2: We draw the black blob where the carbonyl group is hidden 3a ~ you mayor may 
not do this as you choose and the I, j -disconnection of the acetal reveals a keto-trio I 5, better 
appreciated as a redrawn Sa. The synthesis looks good. Although another acetal could in theory 
be formed from the terminal diol, this would have a seven-membered ring and thermodynamically 
less likely. 

o 

4+YOH 
3a 

1,1-diO 

> 
acetal 

OH 

~OH 
OH 
5 

OH 

redraw 

> ~OH 
o OH 

5a 

If we do the same thing with 4, the acetal disconnections 4a also give a keto-triol 6, redrawn 
as 6a. Again the synthesis looks good but did you notice that 5 and 6 are the same') The 
acid-catalysed cyclisation of 5 or 6, whichever you want to call it, will be thermodynamically 
contro lled and will give either 3 or 4 or perhaps a mixture of the two. If our ring size argument 
is right, 3 may be favoured. 

-J60H o 
4a 

1,1-diO 

> 
acetal 

o OH 

redraw 

> ~OH 
6a OH 

If you suggested that the stereochemistry of the two secondary alcohols could be releVant, 
you might well be right. The cis compound cis-5 or 6 might give 3 while the (runs compound 
trans-5 or 6 might give 4. 

OH OH 

~OH ? ' l~OH ? - 3 - 4 

0 OH 0 OH 
cis-5 or 6 trans-5 or 6 

Problem 6.3: This problem may look formidable but just do. the disconnections and see what 
you get. Find the I, l-diX disconnections in these molecules 7 and 8 and reveal the piece(s) of 
hidden continuous carbon chain. 

Me02C 

~ Meowo 
o OH 

7 o 0 
;IN 0 

8 

:: H 
OH . O:/" R H 

Answer 6.3: There are many ways to tackle compound 7 but they all end up the same way. We 
thought it best to start with the hemiacetal and the acetal at the SW corner 7a. This reveals two 
aldehydes 9 but we still have the two esters so they can be disconnected to give the one piece 
of carbon skeleton 10. 
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Me02C Me02C MeOH + H02C 
H - H - H 

MeO 0 - 0 -
1,1-diX - 1,1-diX 

OHc:tC02H OHC -
3xC-O 2x C-O 

0 0 :> 0 :> OH 
- hemiacetal OHC ester ' OHC - H H H - and acetal MeOH + 
OH 

7a 9 10 

Again, it doesn't much Inatter where you start disconnecting 8, but we have chosen one amide 
and the an1inal 8a. The carbonyl group of the aminal is ll?arked with, a black dot. This gives 
two pieces of carbon ske]~ton 11 and 12: disconnection of the amide in each gives two sin1pJe 
carboxylic acids 13 and 14 - an amazing simplification. This problem is just to demonstrate the 
simplifying power of two-group disconnections. Designing a detailed synthesis of 7 or 8 would 
be much nlore difficult. 

~~O 
O:/"" R H 

8a 

1,1-diX NH 

1xC-O ~2 . ;> 0 + 

,2 x C-N 0 

' R 
11 13 14 

Now \ve approach syntheses froID the other end. Problem 6.4: Suggest how this synthesis of 
spirocyclic lactams 16 might work. What ar.e the disconnections corresponding to this synthesis? 

1VY~6 oJ--/V 
\ 

R 

Answer 6.4: Tietze 1 suggests that Me3A1 catalyses the fornlation of the amide which does a 
conjugate addition to the cyclic enone 17. 

R R 
I 

o~ r:o= RNH2 o~ , 0 .. ~ ~a ---.. 16 
. :::-... Me3A1 ~ f\ 0 , 

::::--- a 
15 17 18 He 

The first disconnection is of the, C-N bond (not the amide) 16a' suggested by the 1,3-diX 
relationship between Nand C==O. Then disconnection of the amide gives 19, whose methyl ester 
is 15. 

2 1 0 

o~ 
\ 

R 

16a 

1,3-diX 
------,,';> R H N 

C-N 

o amide 

o 1':~~~> H02C~O 
17a 19 
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1 \1/0- roujJ - , ,.' . 

Of course, it would make no. difference if you ' disconnected the amide first 16b. You would 
get th~ amine 20 and now the lJ-diX disconnection is more obvious giving the same starting 

matenals 19 and RNH2 but implying a different reaction. 

amide 
1,1-diX 

;> 
C-N 

2 1 0 

H02C~ 
HN 

\ 

R 

20 

1,3 .. diX 
;> 

C-N 
19 + RNH2 

Problem 6.5: Suggest a synthesis of compound 21 needed at Merck for the synthesis
2 

of some 

chemokine receptor antagonists. This is a fully drawn out structure and you might be more used 

to an abbreviated verslon 21a. 

t-BuO 0 
o 0 ~ Me 0 0 \\// 10 \\// 

M 
/S ..... O~N /5, e 0 Me 

21 

Soc Me 

Mso~~0oMS 
21a 

Answer 6.5: You need the full version for your first disconnections 21 b as they are all within the 

;bbreviated groups. Boc derivatives are made from the 'Boc anhydride' BOC20 and mesylates 
lrom mesyl chloride MsCl and Et,N. So now we can see the real target: the ammodioJ 22. 

Me, 
3x 11-diX , ::... = ___ --;-r 

2 x C-o 
1 x C-N 

Ho~~0oH 
22 

The aminodiol 22 has two 1 ,2-dio" relationships that we would generally make from amines 
and epoxides. But as ethanolamine 23 is readily available, it makes sense to disconnect just 

one 22a and we shall use the epoxide 24 frol~ propene· 25. 

Me HM 1 N 1 HO~ 20H 
22a 1,2-diX 

o 
~Me 

24 

FGI 

oxidation 

~Me 

25 

As this epoxide (propy Jene oxide) is available as either enantiomer, the Merck chemists used 
R -( -)-24 to lnake the enantiomer of 21 that they needed. Note that this synt.hesis works because 
the epoxide is attacked at the less substituted carbon atanl and therefore no inversion takes place 

at the chiral centre. · . . 

Problem 6.6: Identify the possible l,n-diX disconnection in this molecule 27 and suggest a 
synthesis. You do not have to be concerned over the stereochemistry. Though in fact the stereo­
chemistry was important as the TM 27 was hydrogenated to cleave the benzylic C,N bond and 
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give the phosphorus analogue of leucine, the phosphono-amino ester 28, which inhibits bacterial 
growth. 

o 
H II 

27 
~ N "-/ P(OEt)2 

MeO _ _ 
-
Ph y y 

Answer 6.6: There are 1,2-diX and 1, I-diX relationships shown in 27a. The 1, J-diX is in the 
middle of the Inolecule and the carbonyl group (b1ack blob) is very helpful. The three starting 
materia]s will be the amino-ether 29, the aldehyde 30 and diethyl phosphite 31. The last two are 

available.3 

o 
1 H II 

, ~N2_~P(OEth 
MeO ,: (~) 

Ph -
1,2-diX Y 

27a 

1,1-diX NH2 
--~~>MeO~ 
C-N and 

c-p 
29 

Ph 

+ 

Phenyl glycinol 32 is also avaiJabJe in enantiomedcally pure form so it'is easy to start with 

ester and imine formation: Mixing the aldehyde 30 and the alnine 29 in toluene with sodium 
sulfate as ~ehydrating agent gives the irnine 33 which need not be isolated but can be cOlnbined 

imnlediately with the lithiun1 derivative of diethyl phosphite 31. It so happens that the chiral an1ino 
substituent directs the inC0111ing phosphite anion to the other face of the inlin~ by chelation of 
the Li atom with OMe and the ilnine nitrogen atom. AU the reactions go in superb yield. 

~NH2 KH, Mel ~NH2 30 Meo~N~ 31 28; HO _ .. MeO _ .. ----.-
- THF - Na2S04 BuLi 85% yield - -
Ph 25°C Ph toluene Ph 

32; (-)-phenyl 29; 94% yield 33; 97~/o yield 
glycinol 

, ,-

Synthesis of a Heterocycle 

It turns out that the simple pyrrolidine 37 can be made by Claisen ester condensation of 34 and 
decarboxylation of the two products 3S and 36. This kind of reaction is treated in more detail in 
chapter 19. Problem 6.7: Suggest a synthesis of the starting material 34. 

Et02C 0 

NaOEt. H + 

xylene ~ 
Bu 

35 

o 

ct C0
2
Et _1"_N_a_O_H_,_H_2--l0 ~~ 

~ 2. ~, heat 
0

0 

N 
I 

Bu Bu 
36 37; 730/0 yield 

Answer 6.7: The nitrogen atom has 1,2- and 1 ,3-diX relationships to the two carbony1 groups and 
we' can obviously disconnect both C-N bonds by standard Inethods to reveal ethyl acrylate 38, 
butylamine BuNH2 and an a-halo acetic ester 40. But which reaction should we do first? 



34 
6 Two-Group C-X DisconJlections 

EtO C3 
Et02C ')l CO,E' 

1,3-diX 'n 2 C02Et 
C02Et 

1 N) HN~1 1,2-diX 

lx > . + > NH2 + 
J C-N 

J C-N J Bu Bu Bu 34a 38 39 
40 

The alkylation may go twice on BuNH2 whereas conjugate addition usually OCcurs once 
only. So it makes sense to do conjugate additiQD first and alkylate 41 second when steric 
hindrance should inhibit a second alkylation of 41 by the chloroester. This works very wei]4 
with 40; X = C1. 
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-'7· Strategy III: Reversal· of Polarity, 
Cyclisations, Summary of Strategy 

Problem 7.1: How would you convert available pantolactone 2 selectively into the two products 1 
and 3? 

.? ? 

~t\.nswer 7.1: The disconnection of each product appears to require SOlne derivati ve of chloroacetic 
acid 4 in a selective acylation (for 3a) or alkyJation (for 1a). 

1,2-diX 
;> 

o 

HO~ 
CI 

4 

o 
H0y\ 

+ ---j--J0 
2 

1,2-diX 

<: 
o 

CI~~y\O 
O~ 

3a 

We know that chloroacetyl chloride 5 is available and reaction with this acylating agent in 
base gives J the expected ester 3. The alkylation is niore difficult but using the free acid 4 in 
basic solution will give the anioD 6 that cannot be attacked at the carbonyl group. 

o 

HO~ 2 
--... 1 

NaH CI CI CI 
5 4 6 

The antibiotic 9 is Inade2 by the reaction of 7 with' BuLi fo]]owed by glycidyl butyrate 8 in 
85% yield. Problem 7.2: What is the 111echanism of the reaction? Why is BuLi used? 

------- --,-_._----
Wo}'khooJ....for O/RoJ/ie S'\'1/thesis: The Discrmllccfion Approach. Second EditioJ/ Stuart Warren and Paul Wyatt 
.f; 200L) Johll \Viley & Sons, Ltd 
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°l ~NX} 0 1. BuLi .. 

. I )1 2. 0 
F h- N "O~Ph )l 

H ~O Pr ' 
o 

7 8 

Answer 7.2: There is only on'e acidic proton in 7 - the NH proton of the amide. Drawing the left 
hand rings as 'Ar' we can react the lithium derivative with the epoxide 10 to give an alkoxide 
that cyclises 11 to give the ring and finally the benzyl oxide anion deacylates, the ester 12 to give 
the anion of 9. So why use BuLi? Well, 7 also contains a nucJeophilic amine so we need the, 
anion of the amide but perhaps Inainly because of this helpful cascade of alkylation and t~o 
acylations giving 9 in one step. The anion of BnOH, released in step 11, is more nucleophilic 
than BnOH it,self. 

Li C:~ /\ 0' 

. ?J Ar, .. ~!/'-.. Ar j( /'-.. 
Ar f~ ~ N ~ 0 Ph '- N 0 ot' eo Ph 

" 0 Ph ~ ~l8 ~ ~ 9 
, . 0 ~O Pr + PrC0

2
Bn 

~ocopr o~ 
10 11 OCOPr 12 

In fact, the antibiotic was not 9 but the amide 13. Problem 7.3: How would you make 13 
from 9? 

? 

9 13 o 

Answer 7.3: You need to 'convert the OH group into a leaving group, displace it with some 
nitrogen nucleophile (but -not ammonia as you will see in the next chapter) and acylate the 
amine. The chelnists used a mesylate 14, displaced that with azide ion, reduced the azide 15 
catalytically and acylated the amine 16 with acetic anhydride in pyridine. 

R ~OH MsCI, Et3N R ~OMS NaN3, DMF R '-../ N3 
------~.~ . H2, Pd/C R '-../ NH2 AC20, 

---~.... --------I.~ 13 
9 14 15 16 pyridine 

The dibromide 17 is used to make crystalline derivatives 18 of carboxylic acids for X-ray 
analysis. Ester formation is by an unusual base-catalysed reaction. Problem 7.4: How does this 
nlethod work and why is that bromide displaced? 

o o 

base 

·~OyR 
JlJ 0 

Br Br 
17 18 
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Answer 7.4: The reaction is a simple SN2 displacement of brom-ide by carboxylate ion 19. 
It is unusual because carboxylate is a weak nuc]eophile and rarely displaces brolnide. ' How­
ever this a-bromo ketone is very electrophilic because of the 1,2-relation,ship between the two 
electron-withdrawing groups. It would be possible to displace the aryl bromide by nuclepphilic 
aromatic substitution, also activated by the carbonyl group, but this is a more difficult reaction, 
Problem 7.5: Suggest a synthesis for the reagent 17. '. 

o 

Br 
18 

Answer 7.5: We can add the bromine next to the ketone by bromination of an enol of the , 
ketone 20 but we cannot add the other bromine by electrophilic substitution as the ketone is 
m-directing. However, the bromine is 0, p-directing so we can use a Friedel-Crafts reaction. 

0 0 0 

Br ff SEAr> D CIA 1,2-diX 
;> + 

Br Br Sr ~ , acetyl 
17a 20 chloride 

It turns out to be easier to use acetic anhydride in the Friedel-Crafts reaction and bromination 
in acetic acid cOlnpletes the synthesis. 3 

0 0 

D AC20 ff Br2 d~Br .. ,. I~ 
, ~ AICI3 HOAc Br Br Br . 

20; 69-79% yield 17; 69 .. 72% yield 

Symmetrical cOlnpounds are often easy to make as two lllolecuies of the san1e starting material 
often gives the product. Problem 7.6: Sugge"st a synthesis of this heterocycle 21. 

Ans\\'er 7.6: You could disconnect the two ilnines first, as we have done, or the two C-N single 
bonds, but either will get you back to two lll01ecules of the reactive a-halo ketone 23 and two 
of amnlonia. As the product is cyclic ~ silnply n1ixing 23 a,nd alnlnonia in equal proportions4 

gives 22 which dil11erises to form the stable six-membered ring 21. 

PhtNi 

N~Ph 
21a 

PhyO +.H2~1 
YNH2 0 Ph 
22 22 

C-N 
====> 
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When primary amines RNH2 are used instead of ammonia in this reaction, it proves difficult if 

not impossible to isolate the obvious product 24. Problem 7.7: Why should Ihis be so difficult? 
Hint: Even 21 is unstable and oxidises to 25 on exposure to air. 

R 
I 

CI 
RNH2 Phi(}L Ph"(l air :h"(}L olph ~ 

? N Ph N Ph N Ph 
I 

R 
23 24 21 25 

Answer 7.7: The oxidation of 21 gives the aromatic heterocycle 25 with six n-electrons. Com­

pound 24 has eight n-electrons: two in each alkene and two on each N atom and, if fully 
conjugated, WOli ld be anti-aromatic. So it lacks the aromatic stability of 25. What does happen 
to 24 is quite complicated.s . 

This approach of disconnecting all C-N bonds need not be restricted to symmetrical com­

pounds. Problem 7.8: Suggest a synthesis of the [ive-ll1elllbereJ heterocyclic amine 26. 

o 

Ph~Ph 
I 
Ph 

26 

Answer 7.8: The other functional group in this compound is the ketone so we need to note the 

relationship on either side. One is a 1,2-diX and the other a J ,3-diX. It doesn't matter which 

you do nrst: the 1,2-diX 26a gives a bromoketone and J J-diX disconnection 27 with conjugate 

addition in mind leads back to a bromoketone 28 and a simple enone 29. We'll stop there but 
you will discover how to make compounds like 29 in chapters 19 and 20. 

o o 0 0 

r-4... 1,2-diX .t,. 1 Y Ph 1 3-diX ~ Ph 

Ph ~ N~ Ph =::::::::::::::»: B r ' > ) I 1: 
I Ph NH' Ph 

1 ,2-diX j~ Ph 
> I . 

Ph 

Ph ~h 
26a 27 28 29 

]t turns out that NBS 30 is the best reagent for bromination and that reaction of aniline PhNH2 
with 28 gives the heterocycle 26 immediately.6 Whichever reaction happens first is slower than 
the cyclisation of the product . 

0 

o~o 
0 

r Ph irPh 
PhNH2 

+ ~ " 26 

I 
I Br Br 

Ph . Ph 
29 30; NBS 28; 100% yield 
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Regioselective Attack on Epoxides 

At first sight, the disconnection of 31 seems to lead naturally back to the epoxide 33, but the 
nucleophile will actually attack the less hindered end of the epoxide ~nd 34 is the product. 

C-o 
;> 

ether 

Nu 

1~OH 
R 

32 

1,2-diX /?.::> 
-----=> R1 " ""-J~eNu 

33 

OH 

I' Nu 
R1~ 

34 

So how do we go about making 31? In fact it can be made fro'm the same epoxide 33 by 
using a different nucleophile. If we add the alkoxide fro In R 20H 33a, we get 35 and now we 
change the free OH group into a leaving group such as bromide 36, we can displace that with 

the or'iginal nucleophile. 

A class of agrochenlicals used to inhibit the gernlination of weeds7 is based on structure 37. 

Problem 7.9: Suggest how these cOlnpounds rnight be made. 

o 
C'0 ~OMe 

N 
I 
Ar 

37 

,LL\.nswer 7.9: Disconnection of the all1ide reveals one 1,2-diX conlpound 5 that we can buy and· 

one 38 of exactly the type we have just discussed . 

. CI~N~OMe 
I 
Ar 
37a 

1,1-diX 
:> 

amide 

o 

C'0 
CI 

5; chloro .. 
acetyl chloride 

+ ~OMe 
ArHN 

38 

So, following the same line of argument we ,get back to . available propylene oxide 41 by a 

series of fan1iliar disconnections. 

~ C-N ~ ~ C-Br ~ ' 1,2-diX ~ 
OMe -----=> ArNH2 + OMe -----=>. OMe ===--> 

ArHN amine Br HO C-O 
'0' 

38a 39 40 41 

The synthesis8 follows the bnes o~ the disconnections exactly. 

1> 
41 

MeO<~ .. HO~OMe PBr~ Br~OMeArNH~ ArHN~OMe _5------' .... 37 
MeOH 

40; 63% yield 39; 58% yield 38 
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8 Amine Synthesis 

Just to remind you of the Inain ·methods for the synthesis of amines, here , is a synthesis of a 
Johnson and Johnson drug 1 that contains t\VO amines. 1 The key intermediate 2 contains only one 
of the 31nines: a tertiary amine with, three different substituents. Its structure shows what 'Ar' 

means in diagram 1. 

Ar OH 0 

Dl F 0 
~> \oQN'Me l 

SMe 

1 2 

The first disconnection 2a was of one C-N bond with' alkylation 'in ll1ind: this is a good 
strategy when adding a reactive alkyl halide ~o Inake a tertiary alnine. The halide 4 is easily 
Inade' by brOlllination of the enol of the methyl ketone. 

o o 

Q )n · C-N h Br 
::::-.. I N, I ~ > ~NHMe + 

RO Me SMe alkylation RO SMe 

4 

Now a second C-N disconnection is needed and the choice was reductive arninatioll. Here 

we draw it out in full: the FGI to the imine 5 and C==N disconnection to the aldehyde 6 but we 
shall not usually bother to draw the in1ine. 

QI FGI ~ ~I ' C-N '"> Q, I ' + MeNtt2 
~ NHMe> ~ NMe ---...",~ '" 

RO reduction RO reductive RO CHO, 

3; R = (CH2)30H 5; R = (CH2hOH amination 6; R = (CH2hOH 

So far the synthesis is straightforward: as it happens that the imine 5 is quite stable and the 
reduction can be carried out as ,a separate step with NaBH4. The alkylation is very successful 

with a hindered anline base. 

\Vorkhook for Organic Synthesis : The Di,\'l'Ollne('tio l7 Apl1mach. .5'eco,lld Editioll Stuart Warren and Paul Wyatt 

(0 2009 John Vv"iJcy & Sons. Ltd 
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Q 4, i-Pr2NEt 2 

~ I NHMe THF" 90% yield 
RO . 

3; R = (CH2)30H; 85% yield 

The cyclic tertiary amine was also added by alkylation after converting the primary alcohol 

in 2 into a leaving group. Providing that the solution was free from chloride ion, coupling to the 

ftuoroamine 8 occurred in high yield. 

Ar 

1. MsCI, Et3N 
2 • 

2. 8, KI, Na2C03 
EtOH, 50 °C 

r~~ · ~, F~ o~~ Me 

1; 75% yield 8 

To snmnlarise: alkylation at nitrogen is a possible way to make an1ines, especially tertiary 

amines, but reductive anlination or reduction of alnidcs 'or nitriles is generally better as described 
in the textbook chapter. Perhaps the reduction or nitriles lnight be the least falniliar of these, 
so here is a sinlp1e exa1nplc. The compound 9 is needed for the synthesis of an antibiotic.2 

Converting the priIl1ary an1ine into a nitrile and the alcohol into a ketone gives a conlpound 
suitable for 1,3-C-C disconnection 10. The idea is to cyclise the anion of the nitrile onto the 

electrophilic ester. ,Finally a 1,3-diX disconnection of the anline 11 reveals t\\lO available starting 
ll1aterials: acrylonitrile and the ethyl ester of glycine. 

HO o~ ~ p 

X FGI C-C Et02C~ 13-diX Et02C NH2 
NH ;> NH ===> _ ~/NH' :> 

H2N 'reduction N~ 2 1 NC ~ NC ~ 
9 10 11 

The synthesis required S0l11e protection of the anline in 11 and a Boc group was llsed 12 after 

the cyclisation. The reduction of the nitrile with LiAIH4 also rellloved the Soc group 9 but this 
protection was still useful so it was imnlediately put back on both anljnes 14 . 

. ,. 0 0 

NaH ... ~NH BOC2
0

... ~NBOC 
NC NC 

10 12 

HO . 

):NBOC 

NC . 

HO 
BOC20 '--~NB 
---I~'" BocHN ~ oc 

13 9 14 

ProbJenl 8.1: Suggest a synthesis of the anline 15~ a drug llsed to lower calciu111 levels in diabetic 
patients.~ 

15 ~ 
cinalcet = Ar1 N~Ar2 

H 
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Answer 8.1· You I' 'd h' h 'Y Id I' " , h 'd of the ,. lave a very WI e c Olce ere, ou cou use rec uctlve ammatlon on elt er SI e 

all) ' n]Jtrogen atom 15a,b cutting the molecule roughly in half and revealing simple primary 
ll1es 7 1 or 8 and ketone 16 or aldehyde 19, 

Ar1~o 
16 

a I ~ b 

+ H2N~Ar2<==Ar1?N~Ar2 
H 

17 15a,b 18 19 

redKettone 16 can he made by a Friedel-Crafts acylation on naphthalene and the amine IS by 
uc lve an' , . " . 

i~ the' 11~atlOn from 16. Both 17 and 19 can be made by the kmd of condensatIOn dIscussed 
would ~nthe~ls of 10 after FGI to introduce an alkene, The starting material for both strategies 

e Ar CHO with either MeCN or MeCHO. So there is little difference, 

C-c H2N~Ar2 FGI> NC~Ar2 ==> MeCN + Ar2CHO 

17 reduction 20 

FGI OHC. y./'-... aldol --=> ~ ...... Ar2 -. => MeCHO + Ar2CHO 
reduction 21 

to ~~t,You might have preferred to add a carbonyl group to use the amide 22 which disconnects 
mak laSnd the carboxylic acid 23 that is also available by the aldollClaiscn strategy used to 

e and 19 

FG';, Ar1lN~M' C-N H02C~ 2 

====~> 18 + Ar 
reduction H 22 amide 23 

H02C 
~Ar2 

23 

FGI v~ 1,3-diCO 
====~> H02C ~ "'-Ar2 > 
reduction Claisen 

24 

The published h' 'I b h ,. d' , tion " . synt eSlS, not necessan y any ctter t an your suggestlOns, IS re uctlYe amma-
USlllg 16 a d 17 -, n , The reduction was done with cyanoborohydride, 

NH2 + Na6(CN)H3 .. 
18 19 

15 
cinalcet 

An Example of a Triamine 
Df' 1 1zer have, _. " , , . 
consid d senes of antI-arrhythmIC drugs used to treat heart problems,4 You are mVIted to 
based er the sY.D.t,b,~'2,\'S 'V\ 'V'iYc 'Vi" lti';':,\'; 15, ~':, It\'; \,;'U'il)1=fD'U))l'. )'S '2t b'h -N -iTt\,;?,Y\'2l\'c., )l )';) d'C'al~'Y 

on the tnamine 26. Problem 8.2: What are your initial thoughts') 
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, ONHMS 
~e I 

~
N~O~ 

I~ 
MsHN 25 

Answer 8.2: The peripheral amines on the benzene ring can probably be inserted by nitration of 
a suitable precursor. The key disconnections must be around the central nitrogen and probably 
next to the backbone oxygen. If we do all these at once 26a, we get an electrophilic synthon 27, 

, a molecule of MeNH2 , p-aminophenol 28~ and some two carbon electrophile with leaving groups 
at each end. Either of the NH2 groups in 27 or 28 could be nitro groups or sulfonamides. 

If you have gone further. you have done very well as we feel you are unlikely to have seen a 
good reagent for 27 so we are going to explain the published synthesis. Naturally, your synthesis 
may be as good. The workers at Pfizer chose5 p-nitrostyrene as the reagent for 27 as 'the nitro 
group makes the alkene electrophi lic and conjugate addition of MeNH2 gave the secondary 
amine 30. The other half of the il10lecule came from the chloride 3l. Problem 8.3: Why do you· 
think they delayed reducing either nitro group.until 30 and 31 were joined together') 

, ~N02 

CI~oN ' 
31 

Answer 8.3: If either NH2 group was present, it might act as the nuc1eophile for the chloride 3l. 
The two reagents 30 and 31 were combined in MeCN with K2CO, and iodide ion as catalyst to 
give 32 in 64% yield. Catalytic reduction and mesylation gave the drug 25. The yields in these 
step); 'are not great but this is a short synthesis and it is convergent (chapter 40). 

Ms20 
---.. - 25 

CH2CI2 51% yield 

But we have not yet made the starting materials! Problem 8.4: Suggest syntheses for the two 
starting materials 29 and 31. 

====» ? O
N02 

CI ~ I ====» ? ~O ' 
31 
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Answer 8.4: You already know the disconnection for 31: the C-O bond. As p~nitrophenol 34 is 
readily available, you just had to choose a reagent for the two carbon electrophile 33. You might 
have chosen 1,2-dichloroethane but a better choice would have been ethylene oxide 35 or the 
chloro-ester 36. The product from 36 would have to be reduced to the alcohol (that would be the 
product from reaction of 34 and 35) and the alcohol conveI1ed to the chloride 31 with PCI3 or 

SOCI2· 

~
N02 

I c-o 
C'0o:::::'-" ===> CI'-./' 0 + 

HO 
31a 33 

~N02 

N 
34 

o 
D 
35 

p-Nitrostyrene 29 is more interesting. It is difficult to add vinyl groups to benzene rings and 
one of the two best ways is to nitrate bromoethyl benzene 37 and eliminate HBr froni 38 with 
the water-soluble base triethanolamine .6 The other is a Wittig reaction on fJ-nitrobenzaldehyde7 
(chapter 15). 

U
Br 

, HN03 
h .. 

AC20, AcOH 
37 38 29; 85-91% yietd 

Strategic Bond Disconnection 

Venlafax ine 39 is a Wyeth antidepressant. H .In considering how it might be made, you might 
identify one bond that would lead to very great s implification - a strateg ic bond. ProbJem 8.5: 
Suggest a synthesis for venlafaxine. 

MeO 

OH 
39 

venlafaxine 

Answer 8.5: The central C-C bond between two branchpoints is the strateg ic bond 39a. One 
half 41 must obviously be electrophilic and is cyclohexanone so we must find a nucleophilic 
reagent for the other half 40. 

d C-C 
OH 

0 00 0'0 > ," + = 
strategic 

bond h 
MeO MeO 

39a 40 41 cyclohexanone 

The NMe2 group does not stabilise an anion, but, if we remove both methyl groups 42, a 
cyanide in the same position 43 would stabilise a carbanion. The nitrile 43 is easil y made fro m 
the available halide 44 and cyaniue iOIl . Actually 43 is a lso ava ilable. 
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CN CI 

40 FGI > d~ =C=-C~> d~ 
reduction h // 

MeO MeO 
43 44 

The synthesis is straightforward: treatment of 43 with BuLi gives the lithium derivative that 
reacts with cyclohexanone to give 45. Catalytic reduction gave the free amine. 46 and methylation 
gave venlafaxine 39. Formaldehyde does a kind of reductive amination as it acts as a reducing 
agent itself, the other product being formic acid. This version of reductive amination is known 
as Eschweiler-Clarke methylation.9 

CN 
H2N 

JYO 1. BuLi I~ 
H2, Rh/AI20 3 CH20 

43 .. .. .. 39 
2. cyclo- NH3, EtOH H2O 80% 

hexanone MeO h MeO HC02H yield 
45; 83% yield 46; 57% yield 

A New Generation Pfizer anti-HIV Drug Maraviroc 

The search for anti-HIV drugs that work in differen t ways from existing drugs was rewarded 
at PtizerJO by the discovery of Maraviroc 47. Thi s is a more complex molecule than we h<\ve 
tackled before but it is important for you to real ise that the methods we are encouraging you to 
use are exactly those lIsed in the most advanced laboratories today . 

o 

~NH Ii 1 
FfJ Ph~/i::T~:N 47 

Pfizer's 
Maraviroc 

i-Pr 

We are not going to consider the synthesis of the diftuorocyc!ohexane on the left, nor that of 
the triazole on the right but we shall simplify the problem immediately to the key intermediate 48. 
This is still a triamine, having two primary and one tertiary amines, and must be made. 

o 

m H k,1 
~N F F Ph~N FN 

47a i-Pr 

3xC-N NH2 &r 
> NH 

1 x amide Ph~N 2 

2 x enamine 
48 

the next most strategic bond joins the cage structure to the chain 48a and reductive amination 
is the most obvious way to make this bond using the aldehyde 49 and the bicyclic diamine SO. 
Now you might notice the extraordinary si milarity of SO to Robinson's tropinone 51. 
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Ph~N~NH' C-N > Ph~CHO 
reductive 

+ h NH2 · Bdo 
HNO:::T- HN 

48a amination 49 50 51 

This famous class of compounds was first made by Robinson in 1917 by a variation on 

the Mannich reaction (chapter 20). He even drew disconnections and this reaction appeared in 

chapter I of the textbook as the Robinson tropinone synthesis. 

52 

Robinson 
tropinone 

> 
r-\ 

RNH2 + OHC CHO + 

53 

The workers at Merck chose benzy l as R in 52 and put in the second amine 56 by making 
and .reducing the oxime 55. The benzy l group could be removed catalytically ready for coupling 

to 49. 

Bdo NH20H lb/NOH Na &r 
./"--. ---.... ./"--. -./"--. N H 2 

Ph N Ph N ROH Ph N 
52; R = Bn . 55 56 

It turned out that 49 also needed protection and this was put to use in an asymmetric synthesis 
by organic catalysis discussed more fully in Strategy and COli/mi . The reaction be ing catalysed ~ 
is another version of the Mannich reaction with a pre-formed imine 58 reacting with the eno l of 
acetaldehyde11 The amine 59. that has the heterocyclic system already in place, is coupled with 
this aldehyde 50 by reducti ve amination to give 60 in 75% yield. Removal of the Boc protecting 

group and am ide formation gives Maraviroc, 

NBOCMeCHO ~HBOC + ~ NaBH(OAch NHBoc ~ 
) .. ~ CHO NR .. I NR2 

Ph 20mol%Ph . HN 2 CH2CI2 Ph~N 
proline . 

57 58; > 98% ee 59. 60; NR2 = heterocycle In 47 

This synthesi s contains two Mannich-like reactions ~nd two reductive aminations. Note the 
central role of the imines: reduction in the formation of 56 and reaction with a carbon nuc leophile 
in the formation of 52 and 58. You should now have a feeling for the vari ety of methods Llsed to 
make amines and the reasons for choosing one rather than another. The Lise of Boc and benzy l 

protecting groups in this last ~y nthesis leads to the next chapter. 
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9 Strategy IV: Protecting Groups 

Synthesis without Protection 

Continuing the theme of ami ne synthesis from the last chapter we start by seeing if we can do 
withou t protecting groups. Problem 9.1: Suggest a synthesis for the simple amine 1 without 
using protecting groups. 

Answer 9.1: Surely not difficult! You might have considered alkylation or reductive amination 
and lhese two approaches have the same disconnection la - justlhe reagents 2 and 3 are different. 

~ 

V if O
CHO 

'-':: CI C-N '-':: NHMe C-N '-':: 
I ~ . + MeNH2 <== I ~ . . > I . ~ + MeNH2 

o NON re~uct!ve 0 N 
2 2 ammatlon 2 

2 1a 3 

And both work1 You probably forecast the problem with the alkylation route - over alkylation. 
If a I: I ratio of MeNH2 to 2 is used, plenty of 4 is formed and even with a 20: I ratio of MeNH2 
to 2; 3% of 4 is for med and it is difficult to separate 1 from 4. The only reasonable protection 
would be by acylation, say with a Boc group, as the product MeNHBoc is not nucleophili c. But 
a separate alkylation in base would give 5 from which the Boc group would have to be removed. 
Protection is not worthwhile. 

V~:Q 
. 02N N02 

4 

In this case, reductive amination gave the solution but only after some experimentation. As 
this is to be a commercial process, a cheap reducing agent such as NaBH4 would be ideal, and it 
works, but it also gave some products from reduction of the nitro group. The usual NaB(CN)H3 
and LiBH(OAc)3 were too ex pensive and the best methdd tur~ed out to be preparation of the 

Workbook lor O'xtJllic SYlIllwsis: The lJ;S(,()fl I/C'l'fioll Apl' ro(/ch. Second Edition Stuart Warren and Palll \VYHlt 
© 2009 J oh 11 \'I-' iley & SOli'. Lid 
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imine 6 in heptane (the imine dissolves in the heptane leaving the residual MeNH2 in the aqueous 
layer) and reduction with the borane-t-BuNH2 complex. 

1; 87% yield 

The preparation of 7 is very difi"erent. Problem 9.2: Suggest two syntheses of thi s compound 7, 
one with protection and one without. Piperazine 8 and the aryl amine 9 are available. . 

r
NH 

HNJ 

8 

"'j, 
9 

Answer 9.2: The obvious first disconnection is of the amide 7a and we then just have to make 10 
presumably from piperazine 8 and some derivative of a halo-acetic acid 11. Either step could be 
performed first. Is there any need for protection? 

r~lfs~~ HN~ 0 N 
7a 

C-N 
===> 
amide 

X 

4+ rN~(OH ~ 8 + l ,OH 

HN~ 0 amide ! 
10 11 

The problem will arise when we try to make a bond to only one nitrogen atom of the piperazine. 
This is not dialkylation of one N atom as it was with 1. One solution might be to protect the 
other nitrogen with, say, Boc or Cbz, so that only one alkylation is possible. This would raise a 

. similar problem: how do we get the protecting group on only one N atom? The problem is that 
acylation of one N atom does not make much difference to the nucleophilicity of the other and 
acylation of both nitrogen atoms would be a problem. In fact this has been tried and the results 
were not encouraging. The amide was made first 2 The yields were dreadful and the removal of 
the Cbz protecting group by hydrogenation went in only 29% yield. 

BnOCOCI r
NH 

~)) - ·0n )) 8 Bn0I(NJ + 

o I ~ "N 0 ~ 
0 

Cbz 

12; 41% yield 13 14; 18% yield 

The solution was again to avoid protection and get the conditions right. Three equivalents 
of piperazine were mixed with three equivalents of HCl in water on a 7.5 kg scale to give a 
mixture of (mostly) 15 and free 8. Addition of one equivalent of 13 gave a 97:3 ratio of the 
HCI salts of 7 and of the diadduct 16. The diadduct salt precipitated from the aqueous solution 
and could be removed by centrifugation. Addition of toluene and aqueous NaOH to the filtrate 
released free 7 extracted into the toluene layer in 99% purity. Protonation of one nitrogen atom 15 
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gives a posi tive charge that affects the pK" of the other nitrogen more than acylation affects the 
nuc!eophilicity of 12. 

r NH 

HNJ 

3x8 

Protection 

"r ~NHAr 1x13 O " N 
• II I + 

water ~ N ----./ 0 
ArHN . 

7.HCI 

16; precipitates as HCI salt 

These last two examples set an imposs ibly high standard and for the rest of the chapter some 
protection at least will be needed. Problem 9.3: What unwanted reaction might happen in the 
oxidation of 17 to the diol 18 (used in perfumes) and how would you get round this problem 'l 

~CHO • 

17 

1 _ 1 CHO 
/b:;r"-/~ 

OH 18 

Problem 9.4: What unwanted reaction mi ght happe n in the reduction of 19 to the primary 
a lcohol 18 (used in tetracycli ne synthesis) and how would you get ro und this problem? 

MeOWC02Me 

~ I 

OMe 0 
19 

.. Meow I . OH 

~ 

OMe 0 p 

20 

Answer 9.3: The aldehyde is easily ox idised and KMn04 would gi ve th e cmboxyl ic acid. One 
solution would be to use a ditIerent reagent - dihydroxylation with catalytic OS04 and NMO 
(chapter 23) uses oxidative conditions but protection 21 is a safe answer, particularly as aldehydes 
-are easi I y pro tected as acetals. 3 . 

~
Me 

MeOH ~ 
17-- OMe 

HCI 
21 
~

Me 

OMe 
OH '. 

OH 22 

Answer 9.4: The ketone is more eas il y reduced than the ester so a cho ice of J'eagent wi ll not 
help . Protection as an acetal is again the answer. 4 Notice that a simple acetal can be made from 
an a ldehyde using , say , MeOH but a cycl ic one is needed for a ketone. Aceta l formation is under 
thermodynamic control and the bad entropy of rhree molecules (the ketone and rwo molecules 
of MeOH) giving one is too much for the more stabl e ketone. 

19 

23 24 
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An HIV -Protease Inhibitor as an anti-AIDS Drug 

Peptide mimics such as 25 inhibit the protease vital to the HI virus for replication. s The discon­
nections used to make 25 are shown together with some of the possible reagents. Problem 9.5: 
What reagent do you suggest for 27? 

o (Ph ~ 0 0 . 

ROJYN~N~S~ C-N 

H HO) ~ ==> 
i-Pr NH2 

+ ? + 

25 26 27 28 29 

Answer 9.5: Disconnecting the two ami des we are left with the central fragment 30 containing the 
key disconnection and the I ,2-diX relationship should suggest an epoxide 31 as the electrophile 27 
to react with the simple amine 28. In fact this epoxide can be made from the natural amino acid 
phenylalanine 32. Problem 9.6: What protection will be needed to make 25 from reagents such 
as 26,31,28, and 29? Don't forget that some of these reagents may need to be protected. You 
are not expected to devise a synthesis of 31. 

2 x C-N 
25 > 

amide 
sulfonamide 

Ph 

~ 1,2-diX 
2 /""'--....-----=> 

H2N N ~Pr 
H (+ 28) 

HO 
30 31 (= 27) 

i ,Ph 

=;::~> H2N C02H 

32; phenyl­
alanine 

.One reagent 29 is inherently unstable having a nucleophilic amine and an e lectrophilic sulfony J 

chloride and would probably polymerise. It is a derivative of the sulfonic acid 33 which is stable 
(though not able to carry out the reaction) and might be made from the nitro compound 34. 

Another reagent 27 also has nucleophilic (NH2) and electrophilic (epoxide) groups and, as 
the amine is to be converted into a carbamate anyway, it seems sensible to put that group onto 
phenylalanine 32 before the epoxide 35 is made. The only remaining reagent is a simple amine 28 
needing no protection. 

Ph Ph 

H'N~ = RO'CHN~ . 
27 0 35 0 

The order of assembling the various reagents is a matte r of choice, but the workers at Tibotec5 

chose to put a Boc group on phenylalanine and cany that through the synthesis. So the Boc­
protected amino-epoxide 35; R = I-BLI was combined with i-butylamine to give 37. Note 
that inversion does not occur at the chiral centres in this reaction as they are not involved . 
Sulfonylation with available p-nitrobenzeneslilfonyl chloride 38 gives the full skeleton 39 and 

'~ 
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it only remains to reduce the nitro group to the amine in 40 and introduce 'RO' in 2S by ester 
exchange. You were unlucky if you chose a Cbz protecting group as it would be removed in the 
hydrogenation. 

Ph . Ph 

BO'HN~ 28 CIO'S~ - BO'HN~N~i.P' + Ih-
0 . H . N02 

HO 
35; R = f-Bu 37 38 

(Ph 0 0 

BOCHN~N~S/~~ 
Hq) h-

,..Pr N02 
39 

Example: Synthesis of Statins (Cholesterol-Lowering Drugs) 

Et3N 
• 

CH2CI2 

\ 
\ 

\ 
, \ 

Cholesterol-lowering drugs offer a way to prevent heart disease and the statins, such as Novartis's 
f1uvastatinO 41 , act by inhibiting the biosynthesis of cholesterol in the body. These drugs have 
various structures attached to side chains which contain two chiral centres. Wittig disconnection 
of the indole from the side chain reveals 42 and that n synthesis of some derivative or the highly 
functionalised 43 is needed. 

OH OH 

Wittig 

===> 
e 

CO2 

41; fluvastatin, Lescol (solium salt) 

F 

-
OH OH 

43 

One sllggestion is to make 43 from malic acid 44, an enantiomerically pure acid occurring 
naturally in fruit. Disconnection 43a ,is clearly required and that suggests converting malic acid 
into some protected form of the diol 4S to get the oxidation level of the carbon atom marked 
with a black blob right. That alcohol will have to be made into a leaving group. 

OHC~C02H H02C~ 
_ C02H 

-
OH OH OH 

43a 44; S-malic acid 

? - HO~C02H 
OH 
45 

One sllch route 7 starts with the seJel:tive reduction of dimethyl malate 46 with the borane­
dimethy]sulfide complex . Presllmably the free OH guides the borane to the nearer ester group. 
Now comes the first selective protection: the trityl (Ph3C = Tr) group is enormous but will add 
to primary, but not secondary, alcohols by SN 1 to give, in this case, the ether 48. 

Me02C~ . ./'-... ./'-... ~ 
: C02Me Me2S-BH3 HO ' Y ' 'C02Me Ph3CCI Ph3CO : C02Me 

----~.~ . 
OH OH pyridine OH 

46; dimethyl malate 47 CH2CI2 48; 85% yield 
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The lithium enolate of 49 is acylated by the ester 48 (chapters ]9 and 20) to give the required 
skeleton 50 with a free OH ·group and a free ketone. Chelation-controlled reductionS gives the 

syn-dio] 51 with complete control over the stereochemistry. 

1. LOA TrO~C02t-Bu NaBH4 
Me-C02 t-Bu - :: II . .. TrO~C02t-BU - -

2. 48 OH 0 Et2BOMe OH OH 
49 50; 80% yield .,..78 °C s}rn-51; 80% yield 

We now need to protect both secondary alcohols and then release the primary alcohol from its 

protecting group so we need protecting g roups for the secondary alcohols thal are cleaved under 

different conditions from trityl. The answer is the t-butyldimethyl silyl group (TBDMS). By this 

sequence, 51 gives the free primary alcohol 53 with all other functional groups protected. 

HO~C02t-BU 
- -

TBDMSO OTBOMS 
syn-53; 70% yield from 51 

This alcohol cou ld indeed be oxidised to a protected form of the aldehyde 43 and coupled 

with the indole by a Wittig-style process. It turned out that a PO(OMeh group was better in this 

reaction than the lIslIal Ph3P+ group (chapter IS) and ftuvastatin was made in enantiomerica lly 

pure form by th is rOllte . But you will probably agree that the use of so many protecting groups 

(we make it two different esters, one ether 'and one silyl ether) adds many steps. Other routes 

using different protections have also been successful 9 

The chosen production route involves almost no protection, deliberately building the side coain 
with no stereochemistry and introducing stereoselectivity right <)t the end. The paper describing 

the evolution of this route makes fascinating reading.6 

You need to know good protecting groups for OH, C02H and NH2 groups and we have 

featured the most important in this chapter. You need also to recognise .that, while syntheses that 

avoid protection but still give good yields are best, optimal protection to avoid losses in yields 

by poor chemo- or regio-selectivity is usually necessary. 
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10 One-Group C-C Disconnections I: 
Alcohols 

In the textbook chapter 10, we analysed the tertiary alkyl chloride 1 by FGI to an alcohol and 
a C-C disconnection 2. The synthesis was actually carried out by a slightly ditferent route with 

the nitro group added at the end. 

4 

~OH_SO_C_12_ ~CI " 
V / \ pyridi:e V / \ 

5 6 

In fac t this was just one of many such substituted I-alky l chlorides needed for an investigation 
into th e mechani sm of the E2 reaction . All the rest were made by adding a substituted benzyl 

Grignard reagent to acetone (i.e. the route first envisaged for 1) or by a differe nt strategy: 
disconnection of both methyl groups from the tertiary alcohol 7 to reveal an ester 8 of the 
ava ilable phenyl acetic acid. J 

~H 
MeO 

ogOEt 
C-C I 
~ h 0 

MeO 

1. MeMgBr 
8 .. 7 

2. SOCI2 

7 " 8 

An Example of Simple Alkylation 

It is important for pharmaceutical companies to discover how their dru gs are metabolised in 
humans in case some metabolite causes side effects. The Sandoz antihistamine terfe nadine was 
found to be metabolised to the carboxylic acid 9 and so a synthesis of this compound was 
needed. 

Workbook for (JisuJlic Syn thcsis: Tht: ViSC01IJ1f'Crjol1 I\ppmnch, Sec'ollli Edil;,m StuJrl \V<lrren and Palll \Vyau 

(f) 2009 John Wiky & Sons. Ltd 
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Ph Ph 

HO~ OH 

Using C-C disconnections with either nucleophilic (RMgX) or electrophilic (RX) reagents 
in mind 9a we can break the molecule into two main fragments .10 and 11. The decision to 
add the Grignard reagent derived from 11 to the aldehyde 10 might not have been preferred to 
disconnection on the other side of the OH group as both achieve similar simplification. 

P~h Ph 

HO 

N . 

OH R02CD 
5xC-C Br'D 

=~> N + ~ 
+ PhMgX . 'I CHO h-

+ MeX 

~ C02R 
9a 10 11 

The right hand part of the synthesis2 involved the double alkylation of the nitrile 12. prepared 
from the benzyl chloride and cyanide ion, with Mel. Hydrolysis of the nitrile 13 gave the 
carboxylic acid 14. 

12 

Br~ base I '-'::: 
~ h- CN 

13 

NaOH --Br~ . 

~CN 

Meanwhile, the available piperidine ester 15 was protected with a Cbz group on nitrogen 16 
and reacted with an excess of phenyl Grignard to give the tertiary alcohol 17 and the Cbz group 
removed by hydrogenation to give the left hand end 18. 

Ph Ph Ph Ph 

Et02CD Et02CD PhMgBr - .. HO~ H2,Pd/~ 
. ~~CbZ EtOH 

HO~ 
~~H NH NCbz 

15 16; 99% yield 17; 73% yield 18; 88% yield 

The two ends were joined by alkylation of 18 with the protected cn(oro-,\(def1yd~ rg {l.fI<i {{I.e 
acetal 20 hydrolysed to give 21. Now all that remains is to couple 21 with 14. 

Ph Ph . 

/'- l)~Ho~ 0'" 
("-/ DMF . ~ ~ I l 
CI NaHC03 · ~O 

Ph Ph 

H20 HO~ . 

~ . ~~~CHO 
19 20; 94% yield 21; 93% yield 
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But how can we lnake a Grignard with 14 when it contains an acidic proton? A similar 
problem would arise if we tried to n1ake a ' Grignard reagent froin 11 as Grignard reagents react 
with esters. The solution was to treat 14 with NaH to give the anion 22 and then BuLi to make the 

, lithium derivative 23. Coupling with 21 gave the target molecule 9. The synthesi,s is convergent 
. and makes :five new C-C bonds. 

Br~,,=:: NaH Br~,,=:: 0 BuLi Li ~"=:: 0 21 
~ C02H -----.. ~ ' C02 ---..- ,~ CO2 -----... 9 

, 60% yield 

14 ' 22 23 

The obvious synthesis of ketone 24 is by a Friedel-Crafts reaction of benzene with the acid 
chloride 25. But the main product from this reaction is p-di-t-butylbenzene as the initialJy formed 
acylium ion 26 loses CO to give the t-butyl cation. Problem 10.1: Suggest a synthesis of 24 
that might work 1 

o 0 e 

d~ ~~O + CIYy ~ o~ 0~ 
-CO+ I""" 

24 25 26 27 

Answer 10.1: There, lre various rJssibilitics. You ll1ight have suggested Dlethylation of the enolate 
()f the ethyl ketone 20 .~.ut can be Inade by the Friedel-Crafts reaction. Another possibility is 
acylation 24a or 24b of a metal derivative~ probably M , copper, with a suitabJe acid chloride. 

0 0 
a b 

base C-C C-C 
~24 PhM+25 <== ~ PhCOCI + t-BuM 
Mel 

M = metal M = metal 
28 24a,b 

One successful synthesj s3 uses a PhS group to stabilise the cuprate 29 from t-BuLi and to 
acylate with benzoyl chloride. You n1ight hav,e suggested a Grignard reagent with catalytic Cu(I) 
or a simpler lithjum cuprate t-Bu2CuLi or even just t-BuCu. Any of these lllight work fine. 

1. BuLi 
PhSH • 

2. Cu(1)1 
THF 

t-BuLi 
PhSCu )II 

THF 
-60 0 t 

Li 
I PhCOCI 

Cu • PhS" ... t-Bu 

29 

24 
84-87% 

yield 

So both alkylation of e~olates and addition of organo-lithiu111 compounds are useful reactions. 
Problem 10.2: Can you use both in · a synthesis of sibutran1ine 30 an anti-depressant? 

CI 

30 
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Answer ]0.2: Thinking back to chapter 8, reductive ami nation seems the best way to. make the 
amine and the ketone 31 might come from a Grignard or organo-Iithium addition to the nitrile 32. 
Now a double alkylation with I J-dibromopropane looks ideal. 

C-N 
30 > 

reductive 
amination 

CI 
C-C 
====> 

CI 

+ 

Br~Br 

The published synthesls4 found a short cut. Thedouble alkylation went well and addition of 
the Grignard to the nitrile 32 leel, surprisingly, to the quite stable imine 33 that could be reduced 
to the primary amine and methylated with formaldehyde. 

base BrMg~ 
Ar~CN .. 32 .. 

Br~Br 

',,~ A'O ~ . 1. LiAIH4 
_ .. _------ -- 30 

33 

One-group C-C disconnections are not restricted to alkylations or acylations. Problem J().3: 
See if you can suggest a synthesis of the amine 34 needed to make the anthelmintic (for killing 
sheep liver nukes) closantel 35. 

CN CN 

Me Me 
o OH -

CI ~~ 
35; closantel I ~ I 

CI 

34 

We need a disconnection of one of the C-C bonds between the two benzene rings but neither 
looks possible at the moment. Answer JO.3: BLlt amines are usually made by reduction and, if 
we replace the aromatic NH2 group by nitro 36, things look very dilferent. We can disC(mnect lhe 
nitrile 37 (actually the same as 'ArCH2CN' in the previous problem) from the nitro compound 38 
as the anion of 37 wilf be able to displace only the chloride !){Im to the nitro group. 

FGI 
34 > 

reduction 
CI 

CN 

36 

CI)):Me 
+ I -

CI .& N02 

38 

The nitrile 37 can be made from the benzyl chloride and cyanide ion and 38 from nitration of 
available 3,4-dichlorotoluene and in other ways. Treatment of 37 with base and then 38 gives 36 
and catalytic reduction gi ves the amines 34. 

-, 

- , 
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The drug family of 'glitazones' slIch as euglitazone 39 are used for the treatment of diabetes. 
They are made from the heterocycle 41, and an aldehyde such as 40, by chemistry we shall not 
discuss. Problem 10.4: Your task is to try and suggest how to approach 40. 

o 

Ph 
J)CrCHO 

===> Ph I ~ , + 
o 

39; euglitazone 40 

o 

~NH 
s~ 

o 
41 

If you want a hint, coumarin 43 is readily available and is brominatedf> to give 42 and reduced 
catalyticalli to give 44. 

Br~ 

VnA o 0 

1. AICI3 ~ ~oAo 
.. ~ ~oAo 

.. 
Raney Ni 

42 43 44 

Though we turned the molecule round in the hint, one disconnection 40b should be obvious. 
Answer 10.4: The aldehyde can be introduced by reaction of DMF (Me2NCHO) with the lithium 
clerivative from 46. But what about 40a'1 We can use henzy) Grignard but what can represent the 
electrophilic SY1lthon 45? 

b 

I C-C a I C-C I ro CHO a ~' '-':: CHO b i)()Br 

e h- ' ¢::=Ph ,h- ===> h- ' 
BnMgCI O· 0 Bn O . 

45? 40a,b 46 

The answers would be simple if 45 were an aldehyde. But the hemiacetal 47 is in equilibrium 
with the hydroxyaldehyde 48 and adds benzyl GrignaI'd to give the diol 49 that cyclises in acid to 
the ether 46. Two molecules of the Grignard reagent will be needed: one to open the hemiacetal 
10 the anion of 48 and the other to add to the aldehyde. Naturally, we cannot have the second 
aldehyde present during these r:eactions so we must have the bromo compounds 47 to 49. 

~o I~ Br 

Ph h-
HO 

'i)()Br , COBr I I BnMgCI 
h- ~ OHC ' h- ' ~ 

HO 0 HO 
47 48 49 

So the first part of the synthesis his only two new reactions: the reduction of the lactone 42 
to the lactol 47 and the cyclisation of the cliol 49 to the ether 46. 

42 .. i)()

'-':: Br 
BnMgCI 

h- - ----l .. _ 47 ---l~_ 49 
o 0 

44 
(OIBAL) 

i)()

Br 
TsOH I ~ 
~ ~ 

Bn 0 
46 

Raney Ni 
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The bromo compound 46 i~ treated \)'ith BuLi to give the lithium derivative 50, quenched 
with DMF to give the aldehyde 40 reari y for coupling with the heterocycle 41. 
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11 General Strategy A: Choosing 
a Disconnection 

In the textbook chapter we offered some general guidelines for choosing disconnections and we 
shall be following those principles in this chapter too. We may use C-X and/or C-C disconnec­
tions from chapters 1-10. 

Summary of Guidelines for Good Disconnections 

I. Make the synthesis as short as possible. 
2. Use only disconnections corresponding to known reliable reactions. 
3. Disconnect structural C-X bonds first and try to lise 2-group disconnections. 
4. Disconnect C-C bonds using the FGs in the molecule 

(a) Aim for the greatest simplification. If possible 
-disconnect near the middle of the molecule 
-disconnect at a branch point 

. -disconnect rings from chains 

(b) Use symmetry (if any). 
5. Use FGIs to make disconnections easier. 
6. Disconnect back to available starting materials or ones that can easily be made. 

Problem 11.1: Which bond would you prefer to disconnect in these target molecules? Can you 
suggest known reliable reactions that will make that bond? 

~CO'M' 
1 

Ph Ph' 

HO V 
~OH 

2 

O~NH2 

3 

Answer 1 L 1: We should like to disconnect a C-C bond next to the branch point 1a or 1 b. The 
alkylation of, say, a malonate 7 with a tertiary alkyl bromide '7 would ,probably not be a good 
reaction but the conjugate addition of some derivative of benzene 4 to the unsaturated ester 5 
looks better. 

~b d a C02Me b 
+ ~C02Me C-C I --...::::: C-C I --...::::: Br + 

<== h- ==> h-
4 5 1 a, b 6 

Workhonk Inr OI:t!,({I/;C Synfhesis: The lJisco!Jnl!crioll Apl/ral/ch, Seco1ld Edit/Oil Stuart Wllrrcll and Paul \Vyatt 

D "'009 .Iohn Wile)' & SOilS. Ltd 
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So we suggest the addition of a copper-catalysed Grignard reagent or some copper derivative 
such as Ph2CuLi, PhCu or the sulfide complex we saw in chapter 10 to the methyl ester of 
available 3-methylbutenoic acid. 

Again. there are two alternative disconnections next to the branchpoint with Grignard reagents 8 
or PhMgBr adding to ketones 9 or 10 respectively. Now there are problems with either route as 8 
and .10 will need protection of the OH groups since Grignard reagents and OH groups cannot 
co-exist. 

Ph a Ph Ph 
I C-C . ~>y') b 

HO~M~Br +Ph~O<== HO~'OH 

8 9 2a, b 

b 
C-C 

==> 
Ph 

HO~O+ PhMgBr 

10 

However, there is some symmetry in this target molecule so, if we disconnect both phenyl 
groups 2c we have a hydroxyester 11 that will exist as the lactone 12 with no acidic Hs. And 
indeed reaction of this lactone 12 with two equivalents of PhMgBr gives I the diol 2. 

. ~Ph Ph 
HO 

OH 

2c 

2 x C-C 

> 
OR 

PhMgBr + HO~O .- a o 
va 12 

The diamine 3 presents a different style of problem as we prefer to use C-X disconnections 
where possible. The best disconnection in the middle of the molecule and at a branchpoint is 3a 
but what chemistry can we use? As soon as you recognise the 1,3-diX relationship, conjugate 
addition should come to mind and you had a choice between the amide 13 or the n·itrile 14, 
either being reduced to 3, the nitrile by hydrogenation and the amide with LiAIH4 or BH:\. The 
conjugate addition goes without the need to deprotonate the nitrogen as the amine (piperidine) 
is a good enough· nucleophiJe not to need any help. 

3a 

FGI 
==> 

o 

O~NH2 
13 

The Synthesis of an Unusual Amino Acid 

or 
O~CN 

14 

The a-amino acids that make up proteins have one substituent between the NH2 and C02H groups · 
and are chiral 15. Many variations on this structure have been studied in the design of dmgs 
and we are going to consider the a-amino acids that have two identical alkyl groups between the 
NH2 and C02H groups and are therefore achiral 16. In particular, we are going to consider the 
synthesis of 'pip' 17 having a ring with an extra nitrogen atom positioned so that the molecule 
is still achiral but that nitrogen makes the compound, and peptides derived from it, more soluble 
in water. Problem 11.2: Suggest how 'pip' 17 might be made. 

1 

I 

I 
f 

I 
I 



H R 
)( 

H2N C02H 

15 
amino acid 

11 The Synrhesis of (Ill Unusual A/nino Acid 

R R 

· X 
H2N COzH 

16: alkyl 
amino acid 

H 

Q 17; 'pip' 
4-aminopiperidine-
4-carboxylic acid 

63 

Answer 11.2: If you are familiar with the Strecker reaction, you probably suggested disconnecting 
both NH2 and C02H groups 17a and using the easily made ketone 18 as starting material 
(textbook chapter 19). Cyclisation of the diester 19 (the Dieckmann reaction), ester hydrolysis 
and decarboxylation give 18. 

H H H 
N 

C-N and C-C 1. NaOEt Q > NH3 + KCN +Q .. 
E!O,ef leo'E! Strecker 2. NaOH 

H2N C02H 0 3. H+, heat 

17a 18 19 

In practice,:'. the Strecker reaction requires protection of the NH in the ring either as a 
sulfonamide 20 or a methyl carbamate 21. These groups can be removed from the products 
of the Strecker reaction 22 and 23 to give 17. YoucouJd not be expected to predict the protecting 
group but you might have wondered if one Was necessary. 

Ts C02Me Ts C02Me 
H I I I I 

Q Q Q NH4CI Q Q -- 17 -- or --- or 
NaCN 

0 0 0 H2N C02H H2N C02H 

18 20 21 22 23 

A better version3 involves direct Strecker~style seaction ~ith KCN and ammonium carbonate. 
This gives the heterocycle 24 and these workers were able to prepare the protected version 26 of 
what they really wanted 17 by protecting all the nitrogen atoms 25 and hydrolysing the reactive 
imide. You were not expected to predict this. 

Boc 
H H I Boc 

Q HRo 
. N I 

(NH 4hC03 Boo,O. DMAP • ~ NaOH 

Q .. --KCN 
~OMeBoc 0 H20, HCI MeO 'N 

0 
}-NH . }-N, H2N C02H 

18 
0 o Boc 

24; 93% yield 25; 100% yield 26; 87% yield 
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You might otherwise have thought of disconnecting both the C-N bonds in the ring with 
reductive ami nation of either the dialdehyde 27 or the diester 28 that could be made by double 
alkylation ot'some enolate 29 derived from glycine. 

Q
H 

2 x C-N CHO CHO 

=====» L~ 
reductive \ X I 

H2N C02H amination H2N C02H 

17b 27 

"' ~'R 
H2N C02H 

28 29 

This approach has also been successful but not by alkylation of any derivative of glycine, 
though many were tried.4 Instead malonate provided the enolate that was alkylated by the 
protected bromoaldehyde to give 30 and then the double enamine 31 with any amine you should 
choose. Catalytic reduction gave the saturated piperidine 32. You will have seen at once that this 
is not the target molecule. 

R R 

r\ o/j I I 
0 Br N 

Q [)----I t-BuOK 0yO 1. HCI Q H2, Pd/C 

0 .. .. .. 
./"--.. 2. RNH2 

Me02C C02Me Me02C C02Me Me02C C02Me Me02C C02Me 
30; 47% yield 31 32 

Tanaka's strategy was dominated by the discovery of a good reaction but he still had to 
change one C02 Me group into an amine. In fact such a reaction exists. The diester 32 was 
hydrolysed with aqueous NaOH to give the mono-carboxylic acid 33 which was then treated 
with diphenylphosphoryl azide to initiate a rearrangement to the isocyanate 34 captured by 
benzyl alcohol to give Cbz-protected 35. This is a very flexible synthesis. 

R R R "R 
I I I I 

Q Q 
0 

Q Q II 
NaOH (PhO)zP-N 3 BnOH .. .. .. 
H2O 

Me02C' C02Me H02C C02Me OCN C02 Me BnOzCHN C02Me 
32 33 34 35 

Strategy in the Synthesis of Sildenafil (Viagra®) 

The phosphodiesterase inhibitor sildenafil 36; better known as Viagra®, is one of the best selling 
drugs of all time and must be made on a large scale. In the discussion that follows, we suggest 
you ignore the pyrazole ring and the piperazine ring 36a. Problem 11.3: Which C-X bonds 
would you like to disconnect? 
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o 

a pyrazole 

I h Pr 

O:::-S, ~ 
1/ N I 

o ~NMe a piperazine 

36; sildenafil 

Answer 11.3: You might have chosen the C- S bond of the sulfonamide 38a with sulfonation of 
the benzene ring 37 in mind, and/or you might have chosen the amide 38b · as this is always a 
good place to .stalt. Both are helpful: sulfonation of the benzene ring will certainly be used at 
some stage and disconnecting the amide starts to break up the six-membered ring in the middle. 

b 
C-N 

> 
amide 

However, 39 is not much of a simplification and you might have chosen the two C-N bonds 
of the \ , \-diX disconnection to start with, or at this stage 39a to reveal a much simpler benzoic 
acid 40 and a pyrazole 41. If you were prescient, you might ha ve suggested tll at, as pyrazole is 
aromatic, the nitro compound 42 might also be a possible starting material. 

H02C ~e 
DEt Me Me OEt NH2 X.{N 

2 xC-N H02C)Q H02C~ qC02H FGI I \ 

¢fIN > + I /, N ==> /,N 

I h Pr 1,1-diX I~ H2N 02N 
Pr Pr 

. S02NR2 S02NR2 

39a 40 41 42 

If you got anything like this, you should be very pleased with yourself, as 40 and 42 have 
indeed been used in several of the published syntheses of sildenafi1. 5 The commercial synthesis 
by Pfizer starts with sulfonation of the available (starting material strategy) acid 43 and formation 
of the sulfonamide 40. The amide 45 of 42 was reduced catalytically to give 44, the amide of 41, 



66 11 General Strategy A. Choosing a Disconnectio/:/ 

then 40 and 44 were coupled to give 46 that could be cyclised to sildenafil with base. This 
synthesis is easy to carry out because the last three steps can all be carried out in ethyl acetate, 
making work-up easy on a large scale. This reviews gives many syntheses of sildenafil and makes 
interesting reading once you have had a few ideas yourself. 

o 

S02NR2 

36; sildenafil 

t-8uOK 
t-SuOH 
.... 
EtOAc 

S02NR2 
45 \. 40 ~_4_4_~) 

couple r EtOAc 

One final twist. You might also have considered disconnecting the OEt group to give an 
intermediate 48; X = For Cl as the sulfonamide group activates that po!;ition towards nucleophilic 
attack. The halogen also activates the para position for the sulfonation. There are two advantages 
in ihis: the halo-acids 47 are cheaper than the ethoxy-acid 7'3 and the displacement occurs5 during 
the final cyclisation of 48. 

t-SuOK ------ EtOH 

47; X = F or CI 
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. Strategy V: Stereoseiectivity A 

This chapter is unusual in that it contains little but problems and for a good reason. Stereochemical 
control is the most difficult part of designing syntheses so the need is for exercises in drawi ng 

. structures and interpreting reactions rather than inventing syntheses. 
At the end of the last chapter we discussed the synthesis of a phosphodiesterase inhibitor 

(Viagra) and we start this chapter with another such compound having a very different structure: 
Lilly's tada!afil 1 (CialisTM) 1. Tt also has variolls heterocyclic rings but the new feature is 
stereochemistry. Disconnection of the ,right hand ring reveals the skeleton 2 with . the 
stereochemistry intact and this compound can be made from natura! tryptophan 3 and the available 
aromatic aldehyde 'piperonal' by a Mannich style reaction, the Pictet-Spengler, that you will meet 
later in the book. But what about the stereochemistry? 

o 

H)Y'NMe 

_ NyJ 

~: 
1; tadalafil O-.J 

2 x C-N 

> 
amides 

2 

QJriH 
~ ,;/. "C02H 

I . 
N' NH2 

===~> H V 3; tryptophan 

'- '0 '-'- + ArCHO 

0-1 

The Mannich reaction with the methyl ester of tryptophan gives, as expected, a mixture of 
diastereoisomers. These can be separated by chromatography but the best yield was 42% of the cis 
compound 5 and 28'% of the trans compound 6 when the reaction was run at 4 °C. This highlights 
two main problems: can the wanted isomer be formed stereoselectively and can it separated from 
the unwanted? Though 5 and 6 can be separated, the ratio is pathetic and chromatography is not 
acceptable on a large scale. Luckily , it turns out that the cis compound 5 crystallises from the 
reaction mixture and that 5 and 6 are in equilibrium if the reaction is·run at 70-82 "c. A 92% 
yield of pure 5 is now routinely achieved by this meth~d. 2 Problem 12.1: Suggest a reagent thal 
might be used to convert 5 into tadalafil. 

Workhook for Organic SVlllill's,\ : Tltl' Disi'{JIIIIl'C'lirm Approach. SecIIl!d EdiTioll Stuart Warrell ,111(1 Paul Wy:~H 
© 2009 John \.Viley & Sons. Ltd 
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HCI 

i-PrOH 
70-82°C -

Ar 
5 

+ 

.. Ar 
6 

Answer 12.1: No new stereochemistry here but some useful revision. We already have the 
disconnections 1 and the obvious reagent is 7 that can be made from available chloroacetyl 
chloride 8 and MeNH2. 

o 
H"JYNMe 

-~ 
Ar 0 

1; tadalafil 

2 x C-N 
=====~> 5 
amides 

o 

C-N CI 

> cr ) 
1,2-diX il 

o 
7 8 

As 7 has both nucleophilic and electrophilic groups, it might polymerise, and it is better to 
acyJate 5 first with 8 and add MeNH2 later. The synthesis is short, the yields are high and 
the only separation is by crystaJIisation. Problem 12.2: Is the tadalafil made by this synthesis 
enantiomerically pure? 

-
Ar 

5 

_ NnCI 

Ar 0 
9; 95% yield 

MeNH2 
---I"~ 1; tadalafil 

THF 95% yield 

Answer 12.2: The starting material, natural tryptophan, is enantiomerically pure and no racemi­
sation occurs during the synthesis and so therefore tadalafil, made by this method, is also 
enantiomerical1y pure. The equilibration of 5 and 6 is an epimerisation (an equilibration between 
diastereoisomers at one chiral centre) and not a racemisation. This is the strategy of enantiomer­
ically pure starting materials, often called the chiral pool strategy, described in the textbook 
chapter and developed in Strategy and Control . If you want to know whether a product is enan­
tiomerically pure or not, you must ask where it comes from and you must know the details of 
the synthesis. 
Problem 12'/3: Are these reactions stereospecific or stereoselective? Is the product 11 enantiomer-
ically pure? . 

OH 

t-Bu~Me 
10 

Me 

t-Bu~OH 
12 

Problem 12.4: Catalytic reduction of 13 followed by treatment with LiAIH4 gives 15. If 14 is 
first treated with base and then reduced with LiAIH4, compound 16 is formed instead. Are these 
reactions stereospecific or stereoselective? Are the products 14,15, and 16 enantiomerically pure? 
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C02Et cOo'EI rnO" __ OH 
H 

cO 
- -

H2 , Pd/C LiAIH4 CD )0 )0 

13 14 15 16 , 

Problem U.S: How is it possible that 10 and 12 give the same stereoisomer of the product 11? 
Answer 12.3: The starting materials 10 and 12 are diastereoisomers and each gives the same prod­
uct so the reactions are stereoselective as the stereochemistry of the product does not faithfully 
reproduce the stereochemistry of the starting materials. The product 11 cannot be enantiomer­
ically pure as none of these compounds is chiral: there is a plane of symmetr.y in each case 
bisecting the ring and passing through the (-Bu group and the methyl group. . 
Answer 12.4: The hydrogenation of 13 is stereospecific as both added hydrogen atoms are 
added to the same side. Equilibration in base, via the enolate anion of 14, stereoselectively gives 
the more stable diastereoisomer 17 with the ester group on the outside (convex, exo) face of 
the folded molecule. Reduction with LiAlH4 is stereospecific as no chiral centre is involved. The 
products 14, IS, and 16 cannot be enantiomerically pure as the starting material is achiral and 
no enantiomericalJy pure reagents are used. 

C02Et H C02Et S;02Et 
__ OH 

H H 

cO d)" - - - -H2, Pd/C base 

CD 
LiAIH4 

CD )0 .. 
13 14 17 16 

Answer U.S: The obvious intermediate is the carbocation 18 formed from either 10 or 12 by 
protonation of the alcohol and loss of water. Addition of HeN in a Ritter -reaction (chapter 8) 
gives the amide 19 which is hydrolysed to the amine 11 in aqueous acid. You were not expected 
to explain why the axial amine is the favoured product.' 

10 or 12 

Me 

H2SO\. t-Bu ~ 
18 

HCN 

NHCHO 

t-Bu~Me 
19 

The cyclic ketone 21 can be prepared from the pyridine 20. Problem 12.6: Explain the 
stereochemistry of the amine 22 formed by reductive ami nation of this ketone. You will need to 
consider the step in which stereochemistry appears. 

I~ MeD 

;--;N 

20 

-- MeNH2 
NaBH(OAch .. 

Answer 12.6: The key step i; :!11' Ld ivery of hydride from the reagent to the imine salt 24. 
The reagent NaBtI(OAc)3 is large ano, l )'y :> :;;.Jnyv t() the reduction of ketones described in the 
textbook chapter, we should expect equatorial attack. This will put the . 1L ~'1 r ·",hct;tllenl in the 
axial position.4 The ratio of axial amine to equatorial amine is 97:3. 
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Mer) ' ep;!-MeNH2 N ~ Me N- Bn 
• 

M N 'B ~MeNH 
e n 0 

NaBH(OAch 
• 

23 24 

MePBn . 

MeNH 
22 

The amine 25 is easily acylated to give the two derivatives 26 and 28. When these are 
epoxidised with mCPBA, the cis epoxide 27 is formed from 26 while the trans epoxide 29 is 
formed from 28, both with high diastereoselectivity.5 Problem 12.7: Suggest an explanation. 

0 0 0 0 

PhANH A Jl /Ts Jl /Ts 
NH2 mCPBA Ph NH t-BuO N 

mCPBA 
t-BuO N 

6 6 N'HCO: Q 6 .. 
6 NaHC03 

CH2CI2 CH2CI2 

0 '6 
25 26 27; 97:3 cis:trans 28 29; 2:98 cis:trans 

Answer 12.7: You might see a similarity to the contrasted epoxidations at the end of textbook 
chapter J 2. The difference between the two alkenes 25 and 27 is that 25 has a free NH while 28 
has not. So steric hindrance from the two large acyl groups in 28 pushes the epoxide to the 
other face of the ring while the free NH in 26 guides the reagent to the same face by hydrogen 
bonding. 

The amido-alcohol 31 can be made easily from pyroglutamic acid 30 derived from natu­
ral glutamic acid. Reaction with benzaldehyde under acidic dehydrating conditions gave6 one 
diastereoisomer of 32 imd alkylation of the lithium enoJate of 32 gave one diastereoisomer of 33. 
Problem 12.8: Explain why these reactions give 32 and 33 with the stereochemistry shown. 

R 
--

O~IIH O~ O~ 013 1. ROH PhCHO 1. LOA 
• HN "H • N "'H • N "'H 

2. NaBH4 TsOH 
Ph lll ( 

2. RBr 
Ph lll

( 
C02H . toluene 

30; pyro- HO 0 0 

glutamic acid 31 32; 86% yield 33 

One example, compound 34, was formed in 100% yield by this alkylation reaction. But in fact 
the compound these workers wanted to make was not 34 but 35, the corresponding compound 
without a double bond ' in the six-membered ring. This compound, however, could not be made 
by direct alkylation of 32. Problem 12.9: Suggest why the one alkyl halide reacts well while a 
very similar one fails. Suggest how to convert 34 into 35 (several steps needed). Why was the 
stereochemistry of 34 difficult to analyse ') , 

o o 
? 1. LOA - 0% yield .. 32 

34; 100% yield 

-
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Answer 12.8: The formation of 32 is reversible and controlled thermodynamically (rather like 
acetal formation). The bicyclic structures 32 and 33 are folded molecules and the large phenyl 
group prefers to be on the outside (convex or exo face) of 32. The formation of 33 is definitely 
not reversible and is kinetically controlled. The intermediate lithium enolate 36 is flatter than 32 
but still folded and the large e1ectrophile prefers to approach from the same outside (convex or 
exo face). 

R 
--Db uOl1 Db N "'H 

1. LDA 
N '''H N "'H .. .. 

Ph"'( Ph"'( . 2. RBr 
Ph'\'( 

° 0 0 
32 36 33 

Answer 12.9: Secondary alkyl halides are poor at SN2 reactions and evidently it is too difficult to 
add the two hindered molecules to each other. By contrast alJylic halides are much more reactive. 
Converting 34 into 35 involves removing the 'acetal' and reduction of both the amide and the 
alkene. Any reasonable sequence will do as an answer. In fact tbey found that reduction with 
LiAIH4 both reduced the amide and cleaved the benzylic C-O bond of the 'acetal' to give 37. 
Hydrogenation then gave 35. The difficulty with 34 is that it has a third chiral centre 34a 
as the cyclohexene ling has no plane of symmetry so, even though the centre that matters 
is fully controlled, 34 is formed as a 50:50 mixture of diastereoisomers at the ringed centre. 
Hydrogenation removes that annoyance. 

0 0 0 Q ,hi,d 
- = - ___ chiral 
- - - centre - - - = - - -Db LiAIH4 H2,Pd/C 

"g,," Db ~ ~ 

N Ii'H THF 8,," N "'H 

Ph"'( 
Ph ---.l 

Ph"'( 

° HO HO 0 
34 37 35 .~4a 

Problem 12.10: The epoxide 38 might cyclise stereospecifically in acid solution to either the five­
or six-membered cyclic ether 39 or 40. What would be the stereochemistry of these products? 

HO, I ~/"I 
~R ~RO,~R 

38 39 40 

Answer 12.10: The molecules cannot cyclise as they are drawn so it is essential to redraw them 
in a shape that will allow for cyclisation. A simple way to do that is to draw the starting material 
in the shape of the product. This is easy to do for 38 as the carbon chain remains in the same 
extended shape. It is also helpful to draw the reacting bond (the epoxide) in the plane 38a. 
Cyclisation of the protonated epoxide 41 with inversion at the centre under attack gives7 39a 
redrawn as 39b. 
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38a 41 39a 39b 

For 40 the best we can do is to distort 38 so that the OH can reach the other end of the 
epoxide 38b. Cyclisation 42 then gives 40a. In both products the alcohol centre shows retention 
but the centre under attack by OH is inverted. If you had problems with the stereochemistry then 
you are not alone - drawing the stereochemistry of epoxides is notoriously difficult. Making a 
model that you can hold in your hand really is the best way to deal with such difficult situations. 

R ~" H - ' R o , 
HO "-

3ab 42 40a 

A series of drugs was needed8 in two stereochemical forms: cis 43 and trans 44. These com­
pounds may easily be made by acylation of the heterocyclic diacids 45 and 46. Problem 12.11: 

. Suggest ways to control the stereochemistry in compounds 45 and 46. 

0'2:h Ar O~Ar 
H H 

(NXeO," cNrC02H c-o CNXC02H cNrC02H and ===> and 
amide 

N C02H N 'C02H N C02H N 'C02H 
H H H H 

43 44 45 46 

Hint: Have you considered which is the more stable? Answer12.11: The trans compound 46 
is more stable as it is diequatorial so it may be possible to equilibrate some derivative of 45 
(or a mixture of the two) to give pure trans. In fact the cis compounds 45 is easily made by 
hydrogenation of the available aromatic heterocycle 43. The ethyl ester of this compound can be 
equilibrated with NaOEt via the enolate and hydrolysed to 46. Probably the last double bond to 
be hydrogenated is the one remaining in 48 and the last molecule of hydrogen adds cis to this. 

H H H 
cNrC02H H2, Pd/C CNXC02H 1. esterify cNrC02H cNrC02H . • • 

KOH, H2O 2. NaOEt 
N C02H N C02H 3. H20 N 'C02H N C02H 

H NaOH H . H 
47 45; 93% yield 46 48 

There is another way to make the trans diacid 46. If the diamine 49 is combined with a 
mixture of diastereoisomers of 50, only the trans compound 51 is formed. Thi s may surprise you 
as it looks like a stereospecific double SN2 reaction. But the diastereoisomers of 50.equilibrate 
under the reaction conditions, either by enolate formation or by elimination of HBr. So the more 
stable trans-51 is formed fast and the remaining dibromo-ester 50 equilibrates. However, the 
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yield is only 32%. Hydrogenation removes the benzyl groups and hydrolysis of the diester 52 
gives 46. 

Bn Bn 
I I H 

c:: B'xCO'E' EtJN (NreO'E! H2, Pd/C ("XeO'E' 
+ - .. -46 

EtOH 
Br C02Et N 'C02Et N 'C02Et 

I I H 
Bn Bn 

49 50 51 52 

Finally, a normal synthesis problem except that it involves stereochemistry. The smell of 
passion fruit is largely caused by a simple heterocycle 53. Problem 12.12: Suggest a synthesis of 
this compound: you need not consider the stereochemistry at this stage. Remember that two-group 
disconnections are best. 

53 
aroma of 
passion 

fruit 

Answer 12.12: The obvious first disconnection is the J, J-diX of the thioacetal 53a. This reveals 
a hydroxy-thiol 54 with a 1,3crelationship between SH and OH. This suggests 55 conjugate 
addition (chapter 6) of some sulfur nucleophile to an unsaturated carbonyl compound such as 56. 

+ MeCHO 

1 1-diX SH ' OH 
~ 31 2 1 1 
C-S~ 

53a C-O 54 

If fact this synthesis was carried out by addition of H2S to the unsaturated aldehyde 57 
catalysed by piperidine to give 58 which is reduced to 54 with NaBH4 . We do not usually use 
unsaturated aldehydes for conjugate addition but sulfur nucleophiles are good at this reaction and 
hexenal 57 is available. 

~CHO 
Pr 

57 
catalytic 

piperidine 

SH 

~CHO 
Pr 

58 

SH OH 

pr~ 
54 

MeCHO .. 53 

Now what about the stereochemistry? The compounds are all racemic as no enantiomerically 
pure material has been used, so the stereochemistry comes in the thioacetal formation. This is 
under thermodynamic control and the cis-diequatorial isomer is favoured 9 by 10: l. It is not a 

. surprise to know that this is exactly the ratio observed in the passion fruit though these compounds 
are also the enantiomers shown.lo 

= 

cis-53 

~10:1 
o ~ o 

trans-53 
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13 One-Group C-C Disconnections II: 
Carbonyl Compounds 

Problem 13.1: The metabolite 1 of Sandoz's non-sedating anti-histamine prodrug terfenadine 
seems rather a large mOlecule for you to tackle at this stage. Start by suggesting which bonds 

. you would like to disconnect. 

Ph Ph 

HO~ OH 

1 ; meta bolite 
of tertenadine 

Answer 13.1: There are various bonds around the edges of the molecule that could usefully be 
disconnected but we should really prefer to break the molecule into three parts by one C-N and 
one C-C disconnection. The C-N disconnection would give the amine 2 and either the aldehyde 3 
(with reductive ami nation in mind) or the halide 5 (with alkylation in mind). It follows that C-C 
disconnection Ib fits best with the first case and Ie with the second so that we keep our aldehydes 
separate and our activating groups (X, Y = halide) separate too. 

R'D' C-N R'D + OHCl OHC'O 
===> NH + . I 
C-C X ...--:;:. R2 

b 
1a,b R2 2 3 4 

R'D' OH 
C-N R'D . CHO Y'O +~ ===> NH + I . . 
C-C X . ...--:;:. R2 

c 
1a,c R2 2 5 6 

The published synthesis J uses strategy l a,e. The amino-alcohol 2 was made from the ester 7 by 
protection and reaction with PhMgBr. Catalytic hydrogenation removed the Cbz group (chapter 9). 

lrVorkhouk .!(J!' OrX{lllir S.vnthesis: The DisconneCfioll Approach, Sf'colld Ed;!ion Stuart Warren and Paul Wyatt 
© 2009 John Wiley & SOilS. Ltd 
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0 1. PhMgBr, Ph· Ph 

E!O'CD" H<~ .,00CD THF, 25 °c 
Et3~' 73% yield HO~ -:;;;- N .... 

CbZ 
2. 'H2, Pd/C, 

• 
NH 

25 °c 9; 99% yield 
EtOH, 25 °C 

7 8 0 88% yield 2 

The starting material for the ether en;! , ~ molecule 6 was made by dimethylation of the 
nitrile 10 and hydroly:.is LO the :arboxylic a,.,.. v = Br. 

Br~ , 

~C'J 
Brill 

~CO'H 
10 6; Y :: Br 

Now the aldehyde 14 needsto be, epared from ~ "OJr couplingwith 6; Y = Br. Alkylation with 
the protected bromoaldehyde 12 gi\.·, If ex(: " yield of 13: note that strong base is avoided 
so that alkylation ot OH does not OCCUl . 1- ' Jehyde 14 is easily revealed in aque0us acid. 

Ph Ph 

12 13; 94% yield 

HO~ , 

~ , ~~~CHO 
HOAc . 

14; 93% Yield 

Finally the bromoacid 6; Y = Br is treated with NaH to deprotonate the acid and with {­
BuLi to make the lithium derivative from the bromide, Coupling with the aldehyde 14 gives the 
terfenadine metabolite 1 in reasonable yield. It would of course have been possible to reverse 
the order of the coupling reactions , alkylating o n nitrogen last. This synthesis involves making 
fi ve C-C bonds and introduces two of the main methods used in this chapter. Other strategies 
are possible 2 

Ph Ph 

1.Na~ HO~, N 
2. t-BU~i , ~ ~ 

3. 14 

OH 

6; V:: Br 1; 60% yield 

And now to remind you of the third important method used in C-C disconnections to make 
carbonyl compounds, we stud y a potential breast cancer drug pyridoglutethimide, Problem 13.2: 
Suggest a synthesis of pyridoglutethimide 1 S. 

I ~ 
N // o 

o 
15 

pyrido­
glutethimide 

j 

1 
I 
I , 

H 

, '. 
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Answer 13.2: The first thing to do is to disconnect the two structural C-N bonds 15a to reveal 
a simple pyridy I acetic ester 17, a molecule of EtBr, and a synthon 18. 

o 

15a 

2 x C-N 

> 
amides 

16 17 18 

We hope you have already realised what type of reagent to use for 18: an unsaturated carbonyl 
compound. In fact the unsaturated nitrile was preferred to the unsaturated ester in the published 
synthesis and EtI to EtBr. Hydrolysis of the nitrile 20 gave the amide 21 that could be cyclised3 

to 15 with t-BuOK. Conjugate addition of carbon nucleophiles to unsaturated carbonyl compounds 
and nitriles is the third important method of C-C bond formation. 

CN CN CONH2 
H2O 

1. base ':::::: C02Et 
1. LDA 

C02Et 
H2SO4 C02Et 

17 ~ I ~ ~ 

2. N ~ 2. Etl HOAc 
~CN 

19 20 21 

Now for some more general problems. Problem 13.3: Suggest two syntheses for compound 22, 
each using a different C-C disconnection. 

o 

~ 22 

~CI ·U 
Answer 13.3: Friedel-Crafts disconnection 22a suggests combining chlorobenzene 23 with the 
acid chloride 24. Alternatively, acylation at carbon 22b suggests combining the nitrile 25 with 
some organometallic derivative 26. 

o a . 0 

-~'::::::~. CI+ CI)~r < C-C d5ba 
Br 

Frledel- I b 
Crafts ~ 

CI 

b 
C-C _.' CN >C( Acylation I + 
atC ~ CI 

23 24 22a, b 25 26 

There are advantages and disadvantages to both routes. The acid chloride 24 can be made 
by direct bromination of available cyc10pentane carboxylic acid 27 and chlorine is ortho, para­
directing. But, the para compound 28 may well be the main product. 

0 0 

HO~ ~ 
1. PCI5 or SOCI2 23 

~ CI -- 22 + 
2. Br2, PBr3 AICI3 

CI 
27 24 28 
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. ,The 'ortho-chloronitrile 25 is also available but it is difficult to have an organometallic deriva­
tive 26 with a bromine atom on the same carbon as it would elilninate to form a carbene 
(chapter 30). However, the bronline can be introduced' after the ketone· is synthesised and,this is 
the method that was adopted by Parke-Davis in the synthesi~ of the anaesthetic ketamine.4 

0 o 
Br Brl) 1. Mg NBS or Br2 

• ~ 

2.25 
3~t-f>,H20 CI 

29 30 

It may appear that the synthesis of the t-butyl ketone 31 is a trivial matter of a Friedel-Crafts 
reaction .of 32 on benzene. Unfortunately the intennediate acylium ion decomposes with loss of 
CO and the main product is para-di-t-butyl benzene 33. 

o 0 

d)< o + CI~ -----AICI3 

31 32 33 

. Sadly, the alternative route we have just been exploring fails also as neither 
t-BuLi nor t-BuMgCl adds to benzonitrile 34 in lTIOre than 80/0 yield. But if catalytic copper 
is added, just as if we were doing a conjugate addition, and the intermediate imine 35 hydrolysed 
in aqueou's acid, 940/0 of 31 can be isolated.s 

NMgBr o 

crCN 
t-BuMgCI ~ H2O 

10 . .. .. 
cat. CuBr H2SO4 

THF 
~4 35 _ 31; 94~0 yie\o 

Another problem in the addi~ion of a t-butyl group is solved by conjugate addition. As 
expected, attempted alkylation of an enolate of symmetrical ketone 36 fails to give any 37, 
as SN2 reactions fail with t-alkyl halides. But removal of just one methyl group reveals an 
enone 38 that can be made by an aldol reaction (chapters 19 and 20). The conjugate addition 
with MeMgI and CU2C12 gives 1000/0 of 37. The trans compound is the only product6 as expected 
from such large groups. . 

o? J-BuBr )~ C-C aldOl? )(. .:> ====> + Me2CO 

base conjugate 0 0 
0% yield 

addition 

36 37 38 36 

A Problem from the Chapter in the Textbook: In the textbook we challenged you to think . 
about this. In his synthesis of the [4.4.4]'propellane' 42, Paquette made the diester 39 easily but 
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wanted the mono methyl ketone 41. Rather than add MeLi directly, he first hydrolysed one ester 
to the free acid 40 and then made the acid chloride with oxalyl chloride . Reaction with Me2CuLi 
gave the ketone in excellent yield. 7 Proolem 13.4: How was 39 made? Explain the hydrolysis 
of only one ester to give 41. 

C02Me cD" COMe 

cb NaOH. 1. (COClh cb ~ .. »-

H2O 2. Me2CuLi 

C02Me MeOH C02Me C02Me 42 
a [4.4.4] 

39 40; 88% yield 41; 92% yield propellane 

Answer 13.4: Diester 39 is an obvious Diels-Alder adduct and disconnects 39a on either side to 
butadiene 43 and a new diester 44. Repeating the Diels-Alder disconnection gives the alkyne 45 
and another molecule of butadiene. No doubt the first Diels-AJder will give 44 but the second 
has a choice as there are two alkenes in 44. Bu~ this is no problem as Diels-Alders require a 
conjugating electron-withdrawing group and only the alkene in the left hand ring has that. 

CO2 Me Me02C 
. MeO'Cll ef5 ~( )© C-C ) + .. {J ==> + 

jr-." Diels- ~ Diels-
C02Me Alder 

Me02C 
Alder Me02C 

39a 43 44 45 43 

We can make 45 using two C--.:.C disconnections. It is easy to make metallic derivatives of 
acety lenes (chapter 16) so we can disconnect both C-C bonds at the ends of the triple bond. 
Acetylene would be treated with BuLi and then C02 to give 48. Then treatment with BuLi 
again - two equivalents as one will be consumed by the C02H - and a suitable alkylating agent 
such as 47. But none of this was carried out as it was known that acetylenes like 45 with only 
one activating group react only once with butadiene. The product would be 44 not 39. 

Meo,c

l1 
MeO'Ct Me02C '-./ Br 

H H 

FGI c-c 1 c-c 
II + cO2 ===> ===> + ===> 

Me02C H02C H02C H 

45 46 47 48 

We need double activation on the triple bond and available acetylene dicarboxylic acid 49 is 
just right for this. The reaction goes twIce but the product8 is the cyclic anhydride 52. As soon 
as one cycloaddition occurs, the two carboxylic acids in the product 50 are close together and at 
180 °C the anhydride 51 is formed. This is even more activated towards a second cycloaddition 
so 52 is formed in one step. But 52 is not what is wanted so we must differentiate the two 
carbonyl groups . 
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0 C02H [QCO,Hj ~ 43 ~~ II ,.. 1 I -I 10 180 0 180°C I . 0 
12 hours . C02H 12 hours 

C02H 0 0 
49 50 51 52; 40% yield 

Reduction with LiA1H4 gives the lactone 53 and an SN2 displacement of carboxylate with 
cyanide ion gives the chain-extended nitrile 54, easily hydrolysed to the diacid 55 and hence, 
after esterification, the diester9 39. 

THF 

c-GCN 

~ :~;-"~v DMSO 

52 .. 

o 
53; 97% yield 

c6 
C02H 

54; 80% yield 
C02H 

55; 87% yield 

The rate-determining step in .ester hydrolysis in base is the addition of hydroxide to the 
carbonyl group 56. In this step, the flat ester 56 becomes tetrahedral 57 and this ionic intermediate 
is more heavily solvated by water and for both reasons becomes much larger. So the rate of ester 
hydrolysis depends on steric hindrance. The ester that does hydrolyse in 39 is in free space but 
the other is joined to a tertiary carbon atom and the product is 40. 

O~ 
G~ 

HO ROMe 

56 
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Strategy VI: Regioselectivity 

Problem 14.1: Suggest how the available ketone 2 might be converted into the two new ketones 1 
and 3. Problem 14.2: What will be the stereochemistry of 1 and 3 produced by your chosen 
methods? Problem 14.3: Will the products 1 and 3 be single enantiomers when formed by your 
chosen methods? 

cP- Et 

? 

H H 

2 

? 

H 

3 

Answer 14.1: The disconnection in each case is of the ethyl group and strongly suggests the 
alkylation of some kind of enol(ate). Alkylation on the less substituted side to give 1 could be 
done via the lithium enolate 4 . But, as we pointed out in the textbook chapter, regioselectivity 
between primary and secondary centres is not wonderful. 

H 

2 

1. LDA .. -.~ Et 
2. EtBr \-tJ 

H 

1 

An alternative is to make the ~-keto-ester 5 by reaction with diethyl carbonate under equili­
brating conditions as this gives excellent selectivity in favo\lf of 5 . Alkylation with ethoxide as 
base gives 6 exclusively and hydrolysis and decarboxylation of 6 gives 1. 

H 0 H 0 

~Et CO(OEth 

WeO'Et 
1. NaOEt c:f:=j: Et t. NaOH 

2 ~ JO .. 
NaOEt 2. EtBr C02Et 2. W 

heat 
H H H 

5 6 
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Reaction on the more substituted side will need the silyl enol ether 7 formed under equilibrating 
conditions. Reaction of 7 with EtBr and a Lewis acid might give 3 but such reactions with primary 
alkyl halides are usually poor. So it might be better to remove the silyl group with MeLi (releasing 
Me4Si as the by-product) and alkylate' the lithium enolate 8. 

H 

2 7 8 

EtBr - cf) 
. . Et 0 

H 

3 

Answer 14.2: Two small rings fused together much prefer the cis ring junction as in 2. This 
ketone has been made by old chemistry and every synthesis gave the cis compound 2 So 1 will 
also have cis fused rings however we make it. The new substituent (ethyl) added t04 will also 
prefer the outside (exo or convex) face and so that will go on the same side as the ring-junction 
hydrogen atoms. In the formation of 5 neither ring junction will change its stereochemistry and the 
~-keto-ester 5 will probabJy also have the C02Et group on the outside face. However, that doesn ' t 
matter as the stereochemistry is lost in the formation of the enolate from 5 and the decarboxylation 
of 6. The stereochemistry of 1 is under thermodynamic control when derived from 6 and this too 
means that the C02Et group will be on the outside face. So, however we make 1, it will have 
the same stereochemistry. The ring-junction stereochemistry is lo'st in the formation of 7 und 8 
but will be restored to much the more stable cis-3 when the ethyl group is added. 

eP-Et ... ee • ee 
H H H 

all-cis 1 2 cis-3 

Answer. .14.3: We don't know from the information given . If the sample of 2 we use is racemic, 
- all products formed from it will also be racemic. If it is a single enantiomer, since one of the two 

centres remains intact in all the sequences we have proposed: the products all-cis-1 and cis-3 
will also be single enantiomers. The chemistry we have described controls diastereo-selectivity 
but cannot create asymmetry as nothing asymmetric is used. 

Pulegone 9 is a natural terpene and a good source for enantiomerically pure compounds. It 
has been used to make (-)-8-phenylmenthol 10 for use in asymmetric synthesis. Problem 14.4: 
Suggest how 9 could be converted into 10 as the main stereoisomer. 

9; R-(+)­
pulegone 

? ~OH 

V""~ I 'Ph 

10; (-)-8-phenyl 
menthol 

Answer 14.4: The stereochemical aspect is similar to that we have just discussed: one chiral 
centre (carrying the methyl group) remains unchanged in any synthesis so we do not have to 
worry about enantiomeric purity , just about diastereoselectivity. The only disconnection needed 
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is of the phenyl group and that can surely be put m by conjugate addition. So the analysis 
becomes: 

'C(H D~' ~ 
FGI c-c 

""(: ~ = > 
conjugate Ph Ph addition 

10 11 
9 

ConJ'ugate addition will be achieved by the use of copper: a copper-catalysed Griunard add't' 
'11 . b 1 Ion gives good results. Any reduction of the ketone WI give the alcohol 10 so the synthesis in outline 

. . I 3 
IS simp e. 

~ 
PhMgBr '(::( redUction '(X0H .. 

• 6 mol% CuBr . 
. (Ph 

(Ph 9 11a 
12a 

Now the question of stereochemistry must be addressed. Have you noticed that 10 is the 
all-equatorial product? This means that we should be able to equilibrate 11a to 11 as the main 
product via the enol(ate) and thi s can be done by rCAuxlllg the mixture lla with KOH in aqueo . 
ethanol. As much 359J % of 11 can be isolated. The final product 10 cannot be equilibrated us 
we need an equilibrating reducti on method. This will not be a hydride redUCing agent Such so 

LiAIH4 , but sodium in isopropanol at reflux in toluene achieves full control Over the final chir:~ 
centre. ReductiOns using alkali metals in alcohols are a good way to get the thermodynamic 
product as explained in chapter 12 of the textbook and chapter 33 of Clayden. The .redUCing 
agent (an electron) IS. very small. 

'(::( Me 
Me KOH 

~O 
Na, i-PrOH 

~OH 
.. 

• 
H20, EtOH 

toluene 
(Ph reflux 3 hours reflux R 

11a 11; R = CMe2Ph 
10; R = CMe2Ph 

The four ketones 14 to 17 are all notionally derived from pentan-2-one 13 by the addition of 
a phenyl group. Problem 14.5: Suggest syntheses for these four ketones from readily available 
starting material s and discuss any regloselectlVlly . You may use 13 if you wish, but ... 

o 

~ 
o 

~Ph 
o 

Ph~ 
Ph 0 

AA· 
13 14 15 16 

o 

~ 
17 Ph 

Answer 14.5: Phenyl groups cannot generally be added as electrophiles to enolates so the dis­
connection of a C-Ph bond to give 13 as starting matenal is going to be rare. There are many 
ways to make all these simple compounds and we shall descnb~ only a few. The most obvious 
way to make 14 isby acylation of an organometalhc denvatlve 18 or 21; M = meta\. Copper 
derivatives made from the alkyl halides are the best and no regloselectivity is involved. 
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000 
M II Ph C-C _ a ( li -P Ph C-C II p 

~ + CI~ ¢::::::=: /~~ ===> ~CI + M"-./ h 

18 19 14a,b 20 21 .. 
Two disconnections I5a and I5b suggest themselves for 15. Copper catalysed conjugate 

addition of benzyl Grignard reagent 21 to butenone 22 or alkylation of acetone 24 with the alkyl 
halide 23. The latter could be done with a lithium enolate, an enamine, or ethyl acetoacetate. 

0 a - b 0 b Br 0 

Ph '-.../ M ~ C-C Ph~ C-C Ph~ A + < > + 

conjugate alkylation 
21 22 addition 15a,b of ~nolate 23 24 

With 16 a C-Ph disconnection 16a becomes a good idea as conjugate addition of some PhCu 
derivative to the enone 25 is the obvious method. 

Ph 0 

AA 
C-C 

> 
conjugate 
addition 

o 
PhCu +~ 

16a 25 

With our last example 17 alkylation of the more stable enolate 27 of the ketone 26 with ethyl 
bromide looks the simplest route. You may well have thought of other routes that are as good 
such as FGI to the aicohol and disconnection of a Grignard reagent. Though these four ketones 
are very simple, none is commercially available but all have been made, generally some time 
ago, often llsing the methods we have mentioned_:; . -

0 0 0 8 
. 
~ ~ c-c 

EtBr + > ~ 
Ph alkylation Ph Ph 

17a of enolate 26 27 

Other Examples of Regioselectivity 

So far we have explored mostly C-C bond formation but there are many other kinds of 
regioselectivity. One published synthesis6 of f1uoxetine -(Prozac™) uses the regioselective open­
ing of an epoxide with a reducing agent. Before this work started, it was known that catalytic 
hydr9genatiol1 of epoxy-amides 28 gave isomer 30, the wrong one for this work. The challenge 
was to get reduction at the other end of the epoxide. 

o 

Ph~NR2 
28 

o 
epoxidation ,\\9 II 

~ Ph~NR2 

29 

o 

~-
Ph : NR2 

OH 
30 
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Fluoxetine 31 comes fr~m the alcohol 33 that could be derived from the epoxy-amide 34 if the 
regioselectivity problem could be sol ved. The answer was a reducing agent that complexed to 
the amide carbonyl group and delivered hydride to the nearer end of the epoxide. 

, ~CF3 

o~ . c-o ,()' ' \ CF
3

, ~~H . FGI' ~o 
I===>+ ' , ===> \,\ = 
~ SNAr X ~ Ph NHMe Ph - ,NHMe Ph ' NHMe 

31 32 33 34 

Red-AI, ,NaAIH2 (OCH2CH20Me)2 , turned out to be the answer, gIvIng 80% of the right 
regioisoluer 35. Reduction of the amide with LiAlH4 gave a quantit~tive yield of 33 and ,the 
chloro compound 32; X ...::.. CI turned out to be the best for the final step. Note that the anion of· 
the alcohol must be ,made with NaH to avoid substitution at nitrogen. 

OH 0 OH ~'CF3 ' 
. Red-AI ~( LiAIH

4 
I I NaH 

34 • Ph NHMe ~ Ph~NHMe + ~ -----.- '31 
, CI , OM SO 9~0/0 yield 

35; 800/0 yield 33; 100% yield 32; X = CI 

A Heterocyc~ic Example 

The heterocyclic system 38 is the core of a group of drugs used to treat metabolic disorders. It can 
be Inade by simply COD1bining the chloro-derivative of ethyl acetoacet~te 36 and the thioamide 37. 
Problem 14.6: Comm~nt on any selectivity shown in this reaction. 

Et02~CI + 

o 
36 37 

Answer 14.6: There is a great deal! We have a compound 36 with three electrophilic centres 
combining with a c'ompound 37'with two nUCl~~philic centres. We might say that chemoselectivity 
is s~own by 36 as the three electroph-iles are separate functional groups. But a thioamide, is one 
~onJugated functional group so 37 shows regioselectivity. Sulfur (soft) prefers SN2 reactions to 
add~t~ons to , carbonyl ,groups so it displaces the chlorine aton1 in 36. Nitrogen (harder) prefers 
addltlons to carbonyl groups to' SN2 reactions but it still has a choice and it prefers the more 
electrophHic ketone to the ester. 7 The need for regioselecti vi ty is common in -synthesis and you 
will meet many examples in the remaining chapters of the book. . 
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Alkene Synthesis 

Problem 15.1: Suggest a synthesis for each of these two isomeric alkenes 1 and 2. 

~Ph ~Ph 
2 

Problem 15.2: Suggest a synthesis for each of these alkenes 3 and 4, isomeric in a different way. 

Ph~C02H 
3 

Ph 

~C02H 
4 

There are many solutions to these problems and yours may be as good as our proposals. 
Answer 15.1: Notice. that neither alkene has any stereochemistry. The doubJe bond is more 
stable inside the six-membered ring so a simple elimination on the alcoholS will make mainly 2. 
Addition of some organometallic derivative 7 (organa-lithium ar Grignard reagent) ta 
cyclahexanane 6 will give the alcoholS. 

~Ph 
0 . 

2 

FGI 
====> 

OH 

~Ph 
5 

c-c 
====> 

6 

+ 

M 

~Ph 
7 

You could use many methods for the dehydration step. As 5 is a tertiary alcohol, an E I reaction 
is preferred so an acid, such as TsOHin toluene, shauld do well. 

OH 
Sr 

~Ph ~Ph ~Ph 
1. Mg, Et20 TsOH .. .. 

2. cyclo- toluene 
8 hexanone 5 reflux 2 

As 1 cannot be formed by dehydration, a Wittig disconnection la is suggested and, as usual, 
there are two possibilities: we can put the phosphonium salt and the carbonyl group at either end. 

Workbook jor OI:~{JIlic SYlllhesis: Tht' Di.,('ollneclioll AppI'IIlIch. Sewlld EdirirJII S(U~rt Warren and Paul Wyatt 
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, 0 ' 

~Ph 
0 

OPPh' Wittig Wittig 0° PPh3 

+OHC~Ph <== ===> + ~Ph 
9 10 1a ,6 11 

As we already have some halide 8 for the synthesis of 2, we might as well use it here too: 
displacement of bromide by Ph3P gives the phosphonium salt 11 and BuLi gives the unstabilised 
ylid 12. Reaction with cyclohexanone should give only 1. 

Br 
o o 

PPh3 

~Ph 
PPh3 Buli 

~Ph-
8 11 

0~Ph 
12 

6 - ~Ph 
1 

Answer 15.2: Again, there are many possibilities. Dehydration of the benzylic alcohol 13 would 
give only that alkene, mainly as the more stable E-isomer. The alcohol 13 could be prepared 
from benzaldehyde but the orgariomelallic derivative required is 15 which would destroy itself 
unless the acid were protected in some way, . 

OH 0 

FGI 1) - - . c-c) 
3 ===> Ph~~'-.C02H ===> Ph + 

13 14 

M ~C02HI protect? 

15 

One simple way would be to make a salt of a haloacid before treatment with the metal. The 
Z-isomer 4 could be made from an acetylene by Lindlar reduction (chapter 16) but a Wittig 
reaction would also be good providing we choose the right reagents . The ylid from 16 would be 
stabilised by the phenyl group and would tend to give the E -isomer 3 but the ylid from 18 is not 
stabilised and shotlld favour the 2-isomer 4, Again, we shall have to remove the acidic proton 
from the C02H group before making the ylid, 

14+ ~C02H' 
0 pPh 

3 18 

Treatment of the phosphonium salt 18 with two equivalents of NaH in DMSO removes first 
the C02H proton and then makes the yl id 20. Reaction with benzaldehyde would give mainly 
2-4, This ylid 20 has been widely used in prostaglandin synthesis, I 

~C02H 2xNaH 
o • 

PPh3 . . DMSO 
18 

A Pharmaceutical Example 

PhCHO 
---l"~ 4 

The rigidity of alkenes makes them attractive drug candidates where restricted conformation is 
needed, as in drugs for breast and sk in cancer. One such drug is BASF's etarotene2 21 (also 
Roche' s Ro 15-1570). Problem 15.3: Suggest a synthesis of 21 ·from available starting materials. 

f , 
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21 
etarotene 

89 

Answer 15.3: It seems best to split the molecule in half with a Wittig di sconnection 21a and to 
put the phosphonium salt 011 the' aryl sulfone half 23 as the ylid will then be stabilised by both 
the benzene ring and the very electron-withdrawing sul fone ensuring that the E -isomer 21 is the 

_ main product. The ketone 22 needs some more analysis - any suggestions') 

22 23 

Two Friedel-Crafts disconnections do the trick. The first is an acy lalion with the (-alkyl groups 
on the ring activating all four positions electronically but directing to the right positions by s teric 
hindrance. Then a doubl e alkylation , using perhaps the cliol 25, should give 24. 

Friedel-

~ 
Friedel-

0 0 Crafts Crafts ~OH > > OH 
+ 

acylation alkylation 

22 24 25 

Thediol 25 is very easy to make from acetylene by addition of two m0lecules of acetone 
(chapter 16) to give the. diol 26: catalytic hydrogenation then gives the saturated compound 25 . 
It turns out that the Friedel-Crafts double alkyl ation to give 24 is exceptionally easy. The diol 25 , 
the corresponding dichloride, the diene 27 or even the cyclic ether 28 all give a good yield wi th 
AICh as catalyst3 . . .. 

26 27 28 

As it happens the chemists preferred4 to do the Wittig reaction the other .way round with the 
y lid 29 and the aldehyde 30. It cou ld be thanhe extra electrophilicity of this aldehyde over the 
conjugated ketone is a good thin g. 

AC20 1. NaBH4 8) O so,., or AcCI 0 2. HBr pph3 
24 .. .. , I 

AICI 3 3. Ph3P 
OHC ::::--.. 

4. BuLi 

22 29 30 
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The Importance of Experimental Work 

We normally do not consider how chemists have found the best conditions for a given reaction 
but, even with such a well-established method as the Wittig reaction, new developments are often 
produced. For example", the rather unreactive aldehyde 31 gives no 33 with the stabilised ylid 32 
in CH2Ci2, a commonly used organiC solvent. In the more polar solvent MeOH, the yield is 78% 
and the E:Z ratio is 75:25 . But in water, even though the reagents are not completely soluble, the 
yield is 8 J % and the E:Z ratio is 90: 10. Dramatic improvements ,occur with many aldehydes. s 

o 
+ Ph3P~C02Me 

8 
32 

Such considerations can be very important ill the manufacture of drugs . The alkene 34, used 
to treat Chargas disease in South America, could obviously be made by a Wittig reaction. The 
strange heterocycle at the right hand end of the molecule can be made from 35 or 36 giving a 
choice of three Wittig disconnections. 

0 8 

Ph~~0 -:/" --, 
o 

:::::-.... -...' 
N 

34 

Ph~N -:/" ---, 
" 0 

:::::-.... --.' 
N 

35 

Ph~N02 
I " 

:::::-.... 
36 NHAc 

In each case the Wittig reaction used benzaldehyde and the phosphonium salts 37-'39. In the 
original laboratory synthesis, 39 gave a good yield but the E:Z ratio was I: I, In addiliol), 39 
was difficult to make. The ylid from 38 gave low yields and it turned out that the most direct 
reaction of the ylid from 37 gave a reasonable yield (65%) and a good (3.8: I) E:Z ratio,6 Most 
drugs are manufactured by a process very di fferent from the original laboratory synthesis and 
this is developed by careful study of reagents and conditions . 

0 8 

0~0 
Ph3P~-- '0 

:::::-.... -... , 
N 

37 

Analogues of the human blood clotting factor thromboxane 40, such as 41, might inhibit 
thromboxane synthesis and are of some potential in the treatment of heart disease Problem 15.4: 
Suggest a synthesis for 41 . 

40 
thromboxane 

OH 

0=X'''=~CO'H 
+0 Ph " 

41 

The removal of the acetal 41a reveals the carbon skeleton and then a Wittig disconnection 42 
takes us to the dihydroxy-aldehyde 43 and a strangely familiar phosphonium salt 19 already met 
at the start of this chapter. 



H0-=X'''CHO 

HO Ph 
+ 

43 

15 The' illlp0rTuncr: oj Er/Jerill1enrui Work 

H0=X\\\~C02H 
1,1-diX. Witti~> > . 

-a-c-e-ta-17 HO Ph 42 . 

19 

C-~> Br~ C0
2
H 

18 

91 

The remaining question is how to make 43. This compound would exist as a cyclic hemi-acetal 
or ~ven a bicyclic acetal so we cannot allow all three functional groups to co-exist. One solution 
is to protect the aldehyde by the reconnection strategy (chapter 26) using oxidative cleavage of 
the alkene 4~ to make the aldehyde. This reveals a J ,3-diCO relationship and invites FGI to the 
1 J-dicarbonyl compound 45 and disconnection of the allyl group. 

1 1 

=:t2 \\~ R02C~ R02C ~ 
recbnnect HO ,\ FGI 2 C-C:l Br 

43 > 3 ===> 3 > + 
HO Ph 0 Ph alkylation 0 Ph allyl 

44 45 of enolate 46 bromide 

The synthesis7 follows these Jines: ii' 45 is reduced with LiAIH4 the diol 44 is .formed as 
a mixture of diastereoisomers (cis and ft'CIIIS). To the surprise of the chemists at AstraZeneca, 
cis-44 proved more biologically active than frans and so they made cis-44 with the chelating 
reducing agentS Zn(BH4h. This was cyclised to the cis-acetal 47 and oxidised to give the 
aldehyde 48. The Wittig reaction gave almost entirely the Z-alkene 41. Problem 15.5: Comment 
on the stereoselectivity in this syi1thesis. 

Et02C:l 

o Ph 

46; R :: Et 

1. NaH, DMF Et02C~ Zn(BH4h HO 
11 .. 

2. ~ THF 
Br~ o Ph 

45; 82% yield 

1. 0 3 , CH2CI2 
-78°C °XCHO +0 Ph 

cis 47 48; 93% yield 

T Me2C(OMeh .. 
TsOH 

HO Ph toluene 

cis-44 

19, NaH, DMSO Z-41 
82% yield 

Answer 15.5: Some good, some bad. The stereochemistry of the alkene in 40 is very well con­
trolled by the Z-selective Wittig reaction with. the unstabilised ylid 20 but the diastereoselectivity 

does not look so good. In fact with LiAIH4 it is non~existent: This problem was solved by the 
more selective reagent Zn(BH4h as explained in Strategy and Control . 

We promised in chapter 17 of the textbook to reveal the synthesis of the diene £,£-51 used 
in Weinreb's synthesis of the cytochalasins.'J Disconnection of the benzyl ether reveals . the true 
TM: the diene alcohol £,E-52: Problem 15.6: Suggest a synthesis of £,£-52. 
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BnO .......... Ph~O HO 

~NEI 
0 

O-A <NEt ,,-:;: 
C-O 

,,-:;: 
===;> + ====> PhCH2Br + 

~ 
ether 

~ 
:: H 0 0 -

49 50 E,E-51 E,E-S2 

. Answer 15.6: There are obviously many good answers so we just give the published method. 

Weinreb chose to change the alcohol into an ester 53 'and use a HWE reaction to make the 
conjugated alkene. The required aldehyde 54 could be made by aldol chemistry but this is not 

necessary as it is available 'tiglic' aldehyde. 

HO 
C02Me 

0 
~ .~ 

II 

FGI HWE CHO (MeOhP"-...../ C02Me 

==> ===;> 

~ 
+ 

~ 

55 
trimethyl 

E,E-52 E,E-53 E-54 phosphonoacetate 

The synthesis is straightforward and every step is high yielding. Reduction with LiAlH4 
ensures no conjugate reduction occurs. 10 

CHO 

~ 
0 

" NaH LiAIH4 PhCH2Br 
+ (MeOhP"-...../ C02Me .. E,E-53 .. E,E-52 .. E,E-51 

benzene 80% Et20 87% NaH,OME 90% 

E-54 55 yield yield yield 
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Strategy VII: Use of Acetylenes (Alkynes) 

Examples from the Textbook Chapter 

The Synthesis of cis-Jasmone 

We discussed at length in the textbook chapter a synthesis of cis-jasmone 3 from an acetylene 1 
by regioselective hydration to give 2 and cyclisation in base. I In fact acetylenes have been used 
in other ways to make cis -jasmone 3. 

n/R 
HgS04 0'- 0 

H2SO4 

~~ NaOH • • 
MeOH H2O 

0 H2O 0 
2 3; 75% yield from 1 

We also described in the textbook the synthesis of the propargyl bromide 7 by standard 
acetylene chemistry. This compound can obviously be used to make the cis-allylic bromide by 
Lindlar reduction for use in a synthesis of cis-jasmone 3. 

HO BuLi 
\'-------:==:o----- H ----- [

LiO 1 Etl HO / PBr3 Br 
\'-------:==:'-- Li ----- \'-------:==:=--....J. ----- \'------:==:O-----~/ 
5 6 4 7 

But the bromide 7 can also be used with the idea of doing the hydrogenation after the skele­
ton is assembled . In one ingenious synthesis,2 cycloh~xan-l,3-dione (that exists as an enol) is 
alkylated with 7 to give 8. So far, so good but now chlorination to give 10 (not isolated) and 
reaction with sodium carbonate causes a ring contraction by the Favorskii rearrangemen(3 to give 
the cyclopentenone 9 which looks a lot more like jasmone. 

0 0 0 0 

Lta 7 
~ 

1. t-BuOCI ~ If: - • 
KOH 2. Na2C03 
H2O 0 xylene 

cyclohexan 8; 82.5% yield 9; 74% yield 10 
-1,3-dione 

).\~I/'kbook for OI~~Qllic Synlhesis: The DisClI/lJ/t'Cliol1 ApJ'rlloch. Second Edilio/l Sluart Warren and Paul Wyatt 
(f::. 2009 John Wiley & Sons. Lttl 
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Hydrogenation put in the cis alkene 11 and all that remains is the addition of a methyl group. 
MeLi adds to the carbonyl group and then oxidation gives cis-jasmone. 

H2 ~O MeLi rMe~oH 1 Cr03 
9" ______ 3 

Lin,dlar I I ' H2S04 cis-jasmone 
catalyst . . 

11; 91% yield 12 

The same oxidation trick was needed in Grieco's Wittig-based synthesis4 from the bicyclic 
lactone 13. Reduction with DIBAL gives the hemiacetal that reacts with the ylid from triphenyl­
pro(lylphosphonium bromide to give the Z-alkene 14. Oxidation to the ketone 15 and equilibration 
with weak base via a sequence of enols gives 11. 

(()=o 1.DIBAL 
o .. 

~ 2. Ph3PPrB 

13 NaH,DMSO 14; 70% yield 15; 100% yield 

2% NaOH 
---.. ~ 11 

Synthesis ofa CycJic Ketone by Hydration of an Acetylene 

We said, in the textbook chapter, 'Symmetrical acetylenes can also be hydrated to one ketone 
as the two possibilities are the same. An intriguing example is the hydrationS of the diol l6 
that presumably gives the ketone 17. This is not isolated as, under the conditions of the reaction, 
fOrmation of the cyclic ether 18 is faster than the hydration.' Problem 16.1: Suggest a mechanism 
for the cyclisation of17 under the reaction conditions. 

-
16 17 18; 76-82% yield 

Answer 16.1: Either of the OH groups in 17 could be protonated to give 19 or 20. But 19 will . 
not lose a molecule of water as the resulting cation would be destabilised by the carbonyl group. 
Cation 21, formed by loss of the other OH group 20, is a stable I-alkyl cation and can cyclise 
readily to 18. 

o 

- . ~ '-18 h¥'\ >< 
:OH 

21 

An Interesting Mechanism and a Useful Separation 

Reactions that give a 50:50 mixture of two products are not usually highly valued. Yet the 
example we gave in the textbook chapter quotes 'Treatment of furfural with aqueous NaOH 
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disproportionates6 the aldehyde 22 into equal amounts of the acid 23 and the alcohol 24.' This 
route was used to make 25 and, eventually, an acetylene. Problem 16.2: Suggest a mechanism 
for the reaction of 22 with NaOH. Why is a reaction that gives a 50:50 mixture of products 
acceptable in this case? 

1/1 
i(O/--CHO 

NaOH 
• ~OH 

o 
~~OH 

o 
22 . 24 25 

Answer 16.2: This is the Cannizzaro reaction? It involves a hydride transfer from the dianion 28 
giving, initially, the carboxylate anion 29 and the alkoxide 30. Under the reaction conditions, the 
products are 29 and 24. 

n ~o - . OH 
"o~ 0 

H '-./ OH 
0-+-\ d3 

o 
H 

26 

0-- 0 o CO2 . 

29 

27 

1/10 
+ i(_~0 

o 
30 

0-- 0 o . CO2 
+ ~OH 

.0 
29 24 

This mixture is very significant as the carboxylate anion 29 is soluble in water while the 
alcohol 24 is soluble in organic solvents. Extraction with ether removes the alcohol 24 and 
acidification of the aqueous solution precipitates the crystalline acid 23 and the separation is thus 
very easy. So, as the starting material; furfuraldehyde 22, is exceptionally cheap~ this method is 
acceptable. 

Electrophilic Acetylenes 

As is the case with alkenes, alkynes conjugated with carbonyl groups are electrophilic. One 
such compound 33 is used in the manufacture8 of the cardiotonic medorinone 35. The stable 
enamine 32 reacts .with 33 to give the pyridone 34. Problem 16.3: Draw a mechanism for the 
formation of 34 and identify the synthon(s) represented by 33. Hint : You may find it helpful to 
number the atoms in 34 arbitrarily and work out where they come from in 32 and 33. 

o 0 

AA 
31 . 32 

COzMe 
• 

33 P
H 0 

o 1--:::-

34 

H 0 

('(~yO 
~~ 

Answer ]6.3: We have arbitrarily chosen to number the atoms 34a but any method will do. 
It is clear that the enamine with its two methyl groups must supply atoms C-l to C-9 and the 
nitrogen atom tells us which way round it goes .. So the synthon must be doubly electrophilic: at 
C-6 to acyl ate the nitrogen and at C-4 to make the new C-C bond . Both these atoms are naturally 
electrophilic in 33. 
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;r9 8 ~H2 

o 2 I + 
3 

1 
34b 32a 36 33 

We don't know which bond is formed first so we shall arbitrarily go for the C-C bond. 
The nucleophilic enamine does conjugate addition to the electrophilic alkyne 37 and a proton 
exchange gives 39. Amide formation between the amine and the ester gives the product 34. If 
you had formed the amide first, you would have followed with the conjugate addition, and the 
reverse order is equally acceptable. 

e 

J:
' H2 OMe 

-0 .~00 
-;/" 

H 

37 38 

e 
:!:H ),NH2y02Me 

O~ -34 

39 

Whichever way YO ll did the reaction, the second step, being a cyclisation, is an easy reaction. 
This is just as well as there is a stereochemical problem, Compound 39 is drawn with two alkenes 
of the specific geometry necessary for the cyclisation . The enamine is a tetrasubstituted alkene 
and there is little to choose between the stability of the two isomers . But the conjugated ester 
will much prefer the E-isomer to the Z-isomer 39. The cycli sation happens because cyclisation 
of 39 is very fast, because the product 34 is aromatic (4n electrons from the two alkenes and the 
lone pair on N) and because rotation of conjugated alkenes is easier than that of simple alkenes . 

Alkynes in Synthesis 

We have not featured steroids very much because they are such large structures but thi s chapter 
offers you the chance to try your hand at some steroid chemistry. The intermediate 41 is needed 
for the synthesis9 of the Roussel UCLAF drug lilopristone 42 used in veterinary abortions. 
Problem 16.4: Suggest how the starting material 40 might be converted into the intermediate 41. 

o 

o 
41 42; lilopristone 

Answer 16.4: Addition of a fllnctionalised acetylene to the ketone is the answer followed by 
reduction to give the Z-alkene 46. Propargyl alcohol 43 was protected (chapter 9) as its THP 
derivative 44 and the acidic proton (explicitly drawn) removed with BuLi. Addition to the 
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ketone 40 occurred from the bottom face opposite the axial methyl group to give 45. Notice 
how we abbreviate the steroid by removing all the parts that do not react. Note that the lithiated 
alkyne prefers to add to the ketone rather than to the hindered epoxide. Now reduction and 
deprotection give 41. 

.. OTHP 
OH OTHP OTHP 

HO) / H® / 1. BuLi 
HO / 

H2, Pd/C HCI # .. .. .. -----41 

H 0 H 2.40 {i)' pOison {i)' MeOH 

0 

43 44 H 45 H 46 

Alkynes may be needed to explore new reactions. Hayashi 10 needed compound 47 to investi­
gate the possible Rh-catalysed cyclisation and arylation of an alkyne to give the cycIopentane 49. 
Problem 16.5: Suggest a synthesis of 47. 

Bno~~e 

BnO~CHO . 
47 

PhB(OHh 
Rhodium catalyst 

? 

Me Bnorp , 

BnO Me 
48 

Answer 16.5: The key to this problem lies in the quaternary centre (black blob in 47a) .. No 
C-C bond can be disconnected easily in this structure but if we convert the two benzyl ethers 
into esters 49 the dialkylation of malonate 50 with 51 and 52 (X is a leaving group) looks very 
promlsmg. 

BnO~Me 

BnO~CHO 
47a 

===> > ) 
FGI MeO,C [: Me 2 x C-C MeO,C 

Me02C CHO alkylation Me02C 

49 50 

X 
/r----:::==:-- Me 

51 

X 

LCHO 
52 

The aldehyde will have to be protected as we shall need to reduce -the esters without reducing 
the aldehyde so the first alkylation was done with the acetal 53. A second alkylation with 
propargyl bromide gave the complete skeleton 55 and it only remained to reduce, benzyJate and 
deprotect 57 to give 47. 

1. MeONa 
Me02C H 

50 • Xy0Me 2.Br OMe 
Me02C y 

OMe 
53 OMe 54 

HO~Me 
OMe 

HO 2. BnBr 

OMe 
56 

1. NaH .. 
2. 

Br/ 
Me 

57 

Meo,x < Me LiAlH4 
. OMe .. 

Me02C 

OMe 
55 

.BnO~Me 

BnO~CHO 
47 
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·Two-Group C-C Disconnections I: 
Diels-Alder Reactions 

Problem 17.1: What would be your starting materials for Diels-Alder reactions to make com­
pounds 1 and 2? 

0 ~ 0 

oj cO 2 

-
H 

Answer 17.1: Compound 1 is shown without stereochemistry so only the disconnections lb 
are needed to reveal the starting material 3. We suggested in the texthook that drawing the 
mechanism of the imaginary reverse reaction 3a is the eas iest way to find the di sconnections, 
but ei ther method gives 3 which is drawn more conventionally as 3a. 

o o 

00 or 00 
1a 1b 

Diels­
Alder 

===> 

o 

e:J 
3 

o 

3a 

Compound 2 does have stereochemistry shown but the disconnections 2a are the same. How­
ever, if we draw the starting material in the shape of 2 we ha ve £,Z-4but we can see that this is 
wrong. The two marked Hs in £,£ -4 areJrans to each other and thi s is also how they are in the 
product 2b. The Diels-Alder reaction stereospecifically transfers the geometry of the dienophile 
into the stereochemistry of the product. 

~ 0 

OC 
Diels-
Alder 

===> 
~-

H 
2a 

~ or? ~ 

E,Z-4 

o H 

£,E-4 
H 
2b 

But what about the third cen tre? This is an endo:exo question and must be deduced from a 
3D diagram . Our attempt is £ ,£ -4a but, as long as your diagram reveal s that the i -Pr and both 

l1iorkhook for OrR(lI/ic Symliesis : The Disco/ille'erioll App1"Ooch. Second Editioll Stuart Warren and Paul Wyall 
© 2009 John Wiley & Sons. Ltd 
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Hs are cis to each other, as in E ,E -4b, you will discover that the endo transition state is required 
for the formation of 2. 

carbonyl 
__ group under 

~ - -" the diene 
o 

E,E-4a (endo) 

i-Prand 
both Hs 
all cis 

E,E-4b 

--- 2 

The same diagram, but without the iso-propyl group E -3a, gives the ring junction in 1 as cis 
also. We expect both ring junctions to be stereoselectively cis from the usual endo-selectivity. 
However, the attraction of the reagents by orbital interaction across space does not apply to 
intramolecular Diels-Alder reactions, and steric hindrance may lead toexo-selectivity,. We need 
to do the experiments to discover what happens: 

o 

E-3a 

endo-Diels-Alder -

o 

dJ -
H 

cis-1 

Fortunately the experiments have already been done.' Neither 3 nor 4 could be isolated as the 
intramolecular Diels-Alder reactions were so fast. The alcoholS was prepared and on oxidation 
with Mn02 (a good reagent for oxidising allylic alcohols) in chloroform at 22°C the adducts 
cis- and trans-l were formed directly. With ordinary Mn02, the reaction needed 5 days and a 
90:10 ratio of frans:cis -l resulted. But with activated Mn02, only 4 hours were needed and a 
5:95 ratio of trans:cis-l resulted .2 The frans compound is more stable and is the thermodynamic 
product while the shorter reaction time gave the kinetically preferred endo-product cis-I. 

OH Mn02 
---[3] 
CHCI3• 22°C -

- -
H H 

5 trans-1 cis-1 

The precursor for 4 was the aldol product E -6 (chapters 19 and 20) so elimination was 
necessary to give the enone 4 . Any method, such as MsCI and Et3N, gave only the product 2 of 
the endo-selective Diels-Alder reaction. 

o OH 

·~(A/· 
~ ~ T -

~O 

m-~ 
~ -- . - . 

H 
£-6 2; 85% yield 
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Compound 7 was needed by Woodward1 for his synthesis of marasmk acid 8. Problem 17.2: 
How might 7 be made? 

". 

HO 

7 

o 

-
H 

8 
marasmic 

acid 

Answer 17.2: This target molecule has two alkenes in the six-membered ring so there are two 
Diels-Alder disconnections 7a and 7b. The first 7a gives two simple starting materials 9 and 10 
but the second7b gives one starting material 11 that looks difficult to make. Woodward preferred 
the first 7a and we think you can see why. There is no regioselectivity problem as the dienophile 
is symmetrical. 

7a 

Diels­
Alder 
===> 

Diels­
Alder 

==> 

+ 

9 

OHC 
11 . #-

.(V 
OHC~"'-... 

. 10 

Problem 17.3: Assuming that £-10 is used as the diene (as drawn), what will be the stereo­
chemistry of the product 7') 

Answer 17.3: The dienophile is linear so there is no endolexo question: the answer comes from 
the stereochemistry of the diene 10. As the two marked Hs are on the same side as the molecules 
approach each other 12, they are also on the same side in the product cis-7. 

12 cis-7 

The DieJs-Alder step was good but this synthesis as a whole was unsatisfactory as it proved 
difficult to add the three-membered ring needed for marasmic acid 8. The final choice4 for a 
satisfactory synthesis fell upon the less good Diels-Alder reaction between the substituted maleic 
anhydride 13 and the alcohol 14 from reduction of 10. The .two products were 15 and 16. 
Problem 17.4: What was the structure of the initially formed Diels-Alder adducts? Comment on 
the selecti v i ty . 
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oy~ ~ 2:::~:; a Y roo IT) 
o OH temperature 

+ 

H 
13 14 15 16 

Answer 17.4': The most striking thing about these structures 15 and 16 is that both the anhydride 
and the OH group have disappeared, The appearance of a lactone suggests that the OH group 
has attacked one of the carbonyl groups of the anhydride, We can then argue backwards (a kind 
of mechanistic disconnection') to the primary products of the Diels-Alder reaction 17 and 18. 

~O 
H 

Br 

-- 15 
o 
.. J - 16 

HO 
- -
H H 

17 18 

Now the stereoselectivity is perfect but the regioselectivity is not. Evidently the CH2Br sub­
stituent on 13 is not enough to make a steric or electronic difference so both 17 and 18 are 
formed, Fortunately the I-butyl esters of both regio-isomers 19 and 20 cyclise in base to the 
same cyclopropane 21 in 44% overall yield from 14, This begins to be recognisable as the core 
structure of marasmic acid 8, 

C02 t-Bu 

t-BuOK 
+ .. 

0 t-BuOH 0 

-
H H H 

19 20 21 

A third approach, based on an intramolecular Diels-Alder reaction, involved heating com­
pound 22 at 100°C for half an hour to give an excellent yieldS of 23, Problem 17.5: What is 
the structure of 23? 

-::?' 100°C 
0 .. 23 

30 minutes 9,2% yield 
toluene 

22 0 

Answer 17.5: To discover the product, we need first to redraw the starting material in a con­
formation in which it can cyclise so that we can draw the mechanism 22a, The product 23 is 
well on the way to marasmic acid: just compare 23 with 20. You should have drawn structure 
cis-23 to show the endo product but in fact a mixture of cis- and trans-23 was formed, OUf 
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diagram 22a shows the regioselectivity. but you would have to draw It in the style of 12 to see 
the stereochemistry. We leave this to you. As' this is an intran:olecular reaction, the endo product 
cis-23 is not necessarily fonned. T~e diene is deactivated by the lactone so this Diels-Alder 
reaction is probably successful only because it is intramolecular. 

22a 

100°C 

30 minutes 0 
toluene 

H 
cis-23 

+ 
o 

H 
trans-23 

The next Jew stages are interesting: the alkene is brought into conjugation 24 with t-BuOK, 
the OAc group turned into a good .leaving group (mesylate 25) and the three-n1embered ring 26 
formed with an alnine base. This intermediate resembles 21 very closely. 

4 H 
24 

1. TsOH 
MeOH .. 

-
H 

25 

o 

DBU 
~ 0 

26 

-
H 

These three' syntheses of marasmic acid illustrate an important aspect of the Diels-A]der. 
reaction: its versatility. Here we have two inter- and, one intramolecular reactions with rather 
different cOlnpounds, all leading to the same structure. This is one of the most important synthetic 
reactions at our disposal: all, we need is a conjugated diene, an alkene, and a carbonyl grollp or 
t\VO and we are in business. 
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Strategy VIII: Introduction to Carbonyl 
Condensations 

In chapter 6 of this workbook, we analysed the synthesis of the bicyclic compound 1 and deduced 
that it might come from the open chain compound 3. Problem 18.1: What relationships in the 
style presented in the textbook chapter 18, are present in this molecule? 

1,1-diO 

> 
acetal 

OH 

~
. OH 

. 0 
OH 
2 

redraw 

OH 

> ~OH 
o OH 

3 

Answer 18.1: There are two obvious 1,2-diO relationships 3a .There is a J ,3-diO and a 1,4-diO 
relationship from the same carbon atom 4a and some more remote relationships from the ketone: 
a I,S-diO and a 1,6-diO 4b. 

OH OH 

~OH ~OH 
o I OH 

3a 
o OH 

4a 

OH 

,1/'0-.. ~5~ I( '-.,/ 'I ' OH 

o OH 
4b 

Problem 18.2: If we decided not to use a C-C disconnection to make either of the 1,2-diO 
relationships in 3a, what other chemistry might we use instead? 
Answer 18.2: I ,2-Diols are easily made by dihydroxylation of alkenes or by epoxide formation 
fo llowed by hydrolysis. Such di sconnections on 3a reveal two attractive . starting materials 5 
and 6. 

1,2-diX 
~OH <¢:::~ 

o 
5 

OH 

~OH 
. 0 OH 

3a 

OH 

1,2-diX ' ... /'-.. ~ ~ ./:/ 
; > I( '-.,/ 'V' 

o 
6 

Workbook for OrRGl1ic Synthesis: The Disconnection Approach, Second Eel/rion SIU~n ,",Vanen and Palll \Vyall 
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Synthon Revision: The synthons we used to make C-X bonds earlier in the book will now 
be needed for C-C bonds. Problem 18.3: Using C-S dIsconnections and drawing the synthons 
before choosing the reagents, suggest syntheses of these three isomeric compounds 7-9. . 

OH 

~SPh 
7 

SPh 

~OH 
8 

~OH 

SPh 
9 

Answer 18.3: The routine is: (a) number the relationship, (b) choose the disconnection.Cc) draw 
the synthons and (d) choose the reagents_. With bur first compound 7 this is easy: the 1,2-diX 
relationship disconnects 73 to the synthon 10 and the obvious reagent is the epoxide 11. I\s your 
experience grows, you may choose to omit stage (c). 

OH 

~SPh 
7a 1 

1,2-diX 

=-Y PhSH 
C-S 

OH 

+~0 
10 

=~:>~ 
11 

So the synthesis is to make the epoxide 11 and treat it with PhSH in basic solution so that 
the nucleophile is PhS - . 

12 

o 
mCPBA ~ 

11 

PhSH 

NaOH 

OH 

~SPh 
7 

The second compound 8 al so has a 1,2-diX relationship Sa but we cannot make it from an 
epoxide as the I'egioselectivity is wrong. Instead we must change the oxidation level and use the 
bromoester as (he electrophile. We'prefer not to use the over-reactive bromoaldehydes. 

SPh 

~OH 
2 

8a 1 

1,2-diX 

====> 
C-S 

PhSH + 
o 

~OH 

13 

FGI 

~ 

Br 

~C02Et 
14 

The synthesis involves making the a-bromoester 14 from the acid 15, reacting it with the 
thiol, and reducing the ester with LiAIH4. 

~C02H 
15 2. EtOH 

Br 

~C02Et 
14 

SPh 
1.PhSH,NaOH I 
________ ~.~ ~OH 

2. LiAIH4 
8 

The third example 9 has a 1,3-diX relAtionship so we know at once that we need a carbonyl 
group for the conjugate addition (chapter 6). We hope very much that you did not disconnect 16 
to a bromo compound: if you did, you should read chapter 6 in the textbook again. Thi s time 
we can lise an aldehyde as Ci,~-un satllrated .aldehydes are easy to make and sulfur is very good 
at conjugate addition. Shortly in chapters 19 and 20 we shall see how to make compounds 

.like 17 using the aldol reaction. But you have already met a method for making such alkenes. 
Problem 18.4: Suggest a suitable route. 
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~OH~ 
SPh 

9a 

~CHO 
SPh 

16 

1,3-diX 
=:::::;» PhSH + 

C-S 

107 

~CHO 

17 

Answer 18.4: The obvious route is a Wittig reaction (chapter IS) and this compound is an ideal 
Wittig product as the stabili sed ylid 19 is available. and would react well with the aldehyde 18 
giving only E -17. This ylid 19 may look like a reagent that would destroy itself but drawing it 
as the enoJate 19a should show you that it is very stable. In chapter 20 you will discover that 
reactions of stabili sed ylids with aldehydes are formally examples of the aldol reaction. 

~CHO + 
Wittig ==> ,/"--CHO -

17a 18 19a 

Looking for C-C disconnections by counting relati onships between f uncti onalised carbon 
atoms may have to wait until structural C-X bonds are disconnected. An example is the drug 
acifran 20. Problem 18.5: Disconnect any structural C-X bonds to expose the l'Clrbon skeleton 
of acifran and state what relationships are present. 

o 

Ph~CO'H 
20 

acifran 
a lipid-lowering drug 

Answer 18.5: Disconnecting the ether 20a and writing the diol 21. as recommended in chapter 4 
of the textbook. reveals the carbon ske leton but 21 is un eno l and tautomeri ses to the ketone 22. 
So we need to look at the relationships in 22 

o 

Ph~CO'H 
20a 

C-O 
~ 
ether 

. 0 . 

. ~. keto-enol 
»( \)-COzH 

Ph HO. OH tautomerism 

21 

Starting at either end we have 1,2-, 1,4- and 1,S-diCO relationships 22a. Looking at either 
ketone we can see ) ,2- , ) ,3- and 1,4-diCO relationships 22b and 22c. It is not obviolls which of 
these will be helpful and in theory we could analyse all of them. But in chapter 23 you will find 
that the most helpful are the 1,3-diCO relationship between the two ketones and the 1,2-diCO 
relationship between the alcohol and its neighbouring ketone. 

o 0 

Ph~ 4 . 2 COzH 
t .. 

OH 
22a 

o 0 

Ph,2A A 4 

f\,~ '-" 3 COzH 
OH 

22b 

o 0 

Ph , 4AA2 
l\,~ ~ 1 COzH 

OH 
22c 

Now a rather different kind of exercise: The gingerols, the flavouring compounds in ginger, 
have the general structure 27 where R can be a number of different saturated linear alkyl chains. 
One synthesis I of gingerol is give n in outline below. Problem 18.6: Without worrying about the 
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details of the chemistry, draw the disconnections and mark the 1,n-diCO relationships that are 
involved. There may be FGAs and FGls as well. 

. I Me2CO • 
. MeoX)CHO MeO 

HO ~ NaOH, H20 HO 
23 

MeO 

Me3SiO 
26; 84% yield 

24; 82% yield 

o 

1. LDA 

o 

2. RCH2CHO 

o 
3. H ,H20 

o 
MeO 

Raney Ni· HO 

25; 96% yield 

o OH 

MeO R 

HO 
27; R :;;; Bu, 57% yield 

Answer 18.6: The first disconnection 27a uses the obviolls I ,3-diCO relationship and corresponds 
to the aldol reaction. Before we can do the next disconnection, we need to add the alkene by 
FGA 24a and change the alkene into an OH so that we can use a second disconnection of the 
same kind 28. If you drew this disconnection on 24 than you have done well as we recommend 
just that in chapter 20 of the textbook where you will meet this synthesis in detail. Notice that 
we have not put in the Me~Si protecting group 26 in the analysis. The need for that would be 
discovered during the synthesis. 

0 OH 0 

MeO R c-c MeO 0 

===> + ~R 
1,3-diCO ~ H 

HO 27a HO 25 
0 OH 0 

1 

FGA MeO ~ FGI MeO C-C 3 3 
25 ===> 2. ===> 2 ===> 23 + Me2CO 

HO HO 
1,3-diCO 

24a 28 

The exercises in this chapter aim to prepare you for the very important chapters ahead and 
we finish with one more having something in common with gingeroJ but with a significant 
difference. The widely used rat poison warfarin is a mixture of keto 28a and enol 28b forms. 
The enol predominates. Problem 18.7: Why does the enol form predominate? Using the keto 
form 28a, identify the l,n-diCO relationShips. Which C-C bond would we like to disconnect 
most to achieve the greatest simplification? 

o o 

o 

d . 0 0 

28a 28b 
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Answer 18.7: The enol fonn 28b is more stable because the heterocyclic ring is aromatic: it has 
4n electrons from the two double bonds and 2n electrons from a lone pair on oxygen. There is 
a 1,3-diCO relationship between the two carbonyl groups in the ring and I,S-diCO relationships 
between each of those carbonyls and the one on the side chain 28c. The C-C bond we should 
most like to disconnect is the one joining the ring to the side chain as it is in the middle of 
the molecule and between two branchpoints 28d. This means we want to use the I ,S-diCO . 
relationship. 

o o 

o 4 ~ 
3 

Q 

28c 28d 

Problem 18.8: Now that you have analysed the problem, you can look at the synthesis2 and 
dravv the corresponding disconnections. You should find that onc of them is as shown in 28d. 

0 OH 

~ m () 
0 

(EtOhCO ~ I' • OH 
::::..... OH N o 0 H 

29 30 .. ':::::: 

0 0 

V
eHO )~ v~ 

a 
0 0 

la .. la 28b 
NaOH 

31 32 

Answer 18.8: We can indeecl make the key disconnection the first one 28e as conjugate addition 
is required. This idea is developed in chapter 21. Note that the geometry of the alkene in 32 
doesn't matter as it disappears in the conjugate addition. 

o o 
o o 

ro::::.....
1 

.+ 1,5-diCO 

> 
o 0 

28e 30 32 

Each of these compounds needs further disconnection: compound 32 is very similar to 24 
and this time we shall disconnect without bothering to add the OH group. The starting materials 
are again ArCHO and acetone. Compound 30 is best approached by opening the ester first 



no 18 Strategy VIlI: Introduction to Carbonyl Condensations 

30a to reveal a I J-diCO relationship and disconnection of the acid group leaves available 
ketone 29. 

o o 0 0 ro c-o ~3 1,3-diCO 29 "/ ===> "/ 1. OH > + 
~ , I ester ~ I 2 (EtOhCO 

o 0 OH 
32a 30a 33 
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Two-GroupC-C Disco!lnections II: 
1,3-Difunctionalised Conlpounds 

Do not despise these first three problems because of their simplicity. Skill at finding these 
disconnections is essential. Problem 19.1: Make disconnection(s) on these compounds and wr!te 
the structures of the starting materials . 

o 

1 2 

CI CI 
o 

, Answer 19.1: There are two 1,3-diCO disconnections for the keto-ester:la and lb . The removal 
of one structural carbon atom la , though it gives a symmetrical ketone 3, is not so attractive 
as the disconnection in the centre of the molecule Ib especially as thi s reveals two identical 
esters 4. Condensation of 4 with base (i -PrMgBr was actually used) gives 1 in 93% yield. I 

CI 
1a,b 

a 
> 

1,3-diCO 
CI 

o 
3 

CI b .~OEt 

1,3-diCl JJ 0 + 
CI 4 ' 

+ CO(OEth 

diethyl 
carbonate 

CI 

There is only one J ,3-diCO disconnection of symmetrical 2 revealing a new keto-ester 5. 
It may appear that other cyclisations are possible but the alternatives shown by dotted arrows ' 
on 6a and 6b would give less stable four-membered rings. Treatment of 5 with NaOEt gives a 
quantitative yieJd 2 of 2. Notice that there is one remaining proton' between the two ketones in 2 
so that the product will be formed as the stable enolate, 

.... 
0 

C02Et 

cPEt cP· 0 '\ 0 

,: l. 
~> ' '+ 

0 1,3-diCO Et ' Et 

2a 5 6a 6b 

Wurkbuokfo;' Organic Svnrhesis: The DiSCOllnection Approach Second Edilioll Stuart WQ.rren and Pall I Wyatt 
© 2009 John Wiley & Sons. Ltd 
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Now a slightly different combination of functional groups: Problem 19.2: again, make dis­
connection(s) on these molecules and draw the starting materials. 

o OH 

7 8 

Answer 19.2: This time the target molecu1es are ~-hydroxy carbonyl compounds rather than 1,3-

dicarbony I compounds, so the disconnection must be next to the hydroxyl groups on the carbonyl 
side if we wish to use the aldol reaction. This disconnection 7a on 7 gives two molecules of the 
ketone 9. The reaction of 9 with potassium in ether gives3 only 50% of 7 presumably because 
alternatives such as 10 are also formed . 

> ¥O+~ 
o o 

c-c 
1,3-diO 

7a 9 9 10 

Disconnection 8a gives two m01ecules of the aldehyde 11. Reaction of 11 with NaOH gives 
76% of 8 . Here, as the starting material is an aldehyde, enolate formation can occur only in one 

place.4 

The third type of target molecule made by simple carbonyl condensation is the Ci,B-unsaturated 
carbonyl compound. Problem 19.3: Disconnect 12 and 13 and draw the starting materials. 

_ t-BU-N~. 0 

12 0 
o 

N 
\ 
t-8u 

13 
OMe 

o 

Answer 19.3: As there is only one alkene in 12, th(lt must be disconnected but there are two 
ways to do thaL. As the aJkene is conjugated to a carbonyl group at both ends, either could be 
the carbonyl in the starting material. One possibility 12a is the enol ate from the simple amide 14 
reacting with 15 as the electrophile. This is not very appealing as it would be difficult to make 15 
and it is not obvious which ketone would be the electrophile. 

t-Bu- N 

o 0 
~

. 

. N 

12a 

\ 
t-8u 

c-c 
::::::::> 
aldol 

t-BU-N;J 
o 

14 

+ 

o 

O~o 
N 

15 

\ 
t-Bu 
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The other possibility lib is much better as the enolate provider and the electrophile are the 
same 16. There is also no doubt that the ketone will be the electrophile rather than the amide. 
In factS simply standing 16 in the fridge with catalytic pyridine gives 96% of 12. 

'-BU-NM · 
• 0 

'-BU-N~O 0=0 C-C 

0 ===> .+ 
0 aldol 

N N 
\ 0 \ 

t-Bu t-Bu 
12b 16 16 

Compound 13 offers two different aldol disconnections as there are two alk~nes each conju­
gated with the same ketone. One 13a achieves little simplification and there is doubt as to which 
six-membered ring would be formed . The other 13b splits the molecule more or less in half and 
reveals an available aromatic aldehyde 19 and a simply made enone. The aldehyde cannot enolise 
so there is no selectivity problem and heating a mixture of 18 and 19 in ethanol with KOH gave 
60% of 13 used to make the natural product torreyo16 

a 
C-C 

===> 0 ~ 
aldol OMe 

0 17 
OMe 

b 

~ 0 0 C-C 13a,b ===> + 
OHC ::::'-" OMe aldol 

0 
18 19 

One of the starting materials in the last problem 16 can also be made by I ,3-diCO chemistry. 
FGA of an ester group provides the 1,3-diCO relationship and disconnection 21 giv~s a simple 
amine, easily made from t-BuNH2, ethyl acrylate and diethyl oxalate. 

The published synthesis5 adds the acrylate first to give 22 which is not isolated but treated 
with diethyl oxalate in base to give 20 directly. The cyclisation occurs under the conditions of 
the reaction. Hydrolysis and decarboxylation gives 16 in 57% overall yield from f-BuNH2 . 

C02Et C02Et 'BU-N~O / ~ (C02Eth 1. NaOH, H2O 
t-Bu-NH2 .. 

t-Bu-NH .. 20 .. 
NaOEt 2. HCI, heat 0 

22 EtOH 16 
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A Synthesis of the Enzyme Inhibitor Elasnin 

Elasnin 25 has been synthesised7 from starting materials 23 and 24. It should be clear which 
parts of elasnin come from which starting material. But that is not your problem. Problem 19.4: 
Suggest syntheses of the two stalting materials 23 and 24. .. 

o 

CHO ---+ ---
23 24 25; elasnin 

Answer 19.4: The enal 23 is a classic aldol product (an a,~-unsaturated carbonyl compound) 
and the aldol disconnection 23a reveals that the starting materials are both hexanal 26. Boric 
acid catalysed the condensation of 26 with itself and removal of water by distillation of xylene 
gives a 77% yielu of 23. 

CHO ;> f. . .CHO+ fC. HO 
ex, ~-unsaturated 

aldehyde 
========~ 

aldol 

23a 26 26 

The other starting material 24 is a 1,3-dicarbonyl compound and also ideal for aldol-style 
reaction except that we are using acylation. Disconnection 24a reveals that we yet again have 
two identical starting materials: ethyl hexanoate 27. Reaction of the ester 27 with NaH in THF 
gi ves a 90%· yield of 24. Sometimes syntheses tum out to be easier than expected. On other 
occasions ... 

.OEt 
Et02C~ 

24a 
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Strategy IX: COlltroi in Carbonyl 
Condensations 

This chapter also starts with some apparently simple problems. Do not dismiss them as, at the 
least, they should confirm your understanding of the basic reasons for selectivity in carbonyl 
condensations. Remind yourself of the 'three questions' in the textbook chapter: Problem 20.1: 
Explain the formation of these products . In each case suggest an alternative product t'hat might 
have been formed and exphlin why it isn't formed. 

0 0 

(a) 1 H02C~ 
PhCHO 

H02C~Ph 2 .. 
KOH 80% yield 

0 Dlj:) CHO KOH 
or TsOH 

(b) 3 .. 4 

0 

-'VY CO(OMeb 
. 'C02Me 

(c) 5 ... 6 
NaH 'V'Y 80-85% y;eld 

~ ·0 

Answer 20.1: (a) Only the ketoacid 1 can form 'an enoJate and it reacts with benzaldehyde as 
the electrophilic component 7 to give the dian ion 8 in equilibrium with the new enolate that 
elim~n3tes hydroxide by the EJcB mechanism 9 to give l 2. 

o 0 8 c: 0 HO -=::> 

e02C~Ph ~ e02C~Ph 
8 9 

E1cB 
~2 

There is only one alternative product here: the self condensation of the ketoacid 10 to give, 
presumably, the enone 12, So the only doubt is which of these two ' compounds 1 or PhCHO 

Work/){Inkfor Or~lIl/i{' SI'lllhesis: The Disoll7l1ecrirm A,'j'roar'h, Second Edil i(l ll Sluarl W;m'cll and Pau l Wyall 
r<;') 2009 Jllhn Wiley & SOilS, Lid 
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reacts as the electrophile. The aldehyde is the most electrophilic of the functional groups present. 
Furthermore theelectrophile from 1 would really be the much less electrophilic anion of 1. 

(b) There are three sites for enolisation (black blobs) and three electrophilic carbonyl groups 
(circles) 3a. It is clear from the structure of the product 4 that the cyclisation must happen when 
the enolate on the methyl group attacks the aldehyde 13. 

D1?D~ 0\l)8 0ljJ . E1cB --- .-. 

o .... 0 0 

3a 13 14 4 

We can dismiss three of the alternatives 3b immediately as they would form four-membered 
rings and under these equilibratJng conditions such products would decompose back to starting 
material. Much the best alternative product 15 would be formed if the enolate on the methyl 
group attacked the ketone in the ring 3c. We can deduce that the greater electrophilicity of the 
aldehyde makes 13 the better reaction. The final possibility 3d would give a bridged compound 
that could not dehydrate and would revert to starting material. You might reasonably have drawn 
any of these alternative products. Note the control achieved 2 by an intramolecular reaction! 

o 
"'CHO 

0 0 
CHO CHO 

.. - ... '" - - ... --:W 0 
3b 3c 15 3d 

(c) This type of acylation was explained in the textbook: though there are two sites for 
enoJate formation on the bicyc1ic ketone 5, diethyl carbonate CO(OEth cannot be enolised. 
Reaction could occur at either site but compound 6 exists as the stable enolate 16 under the 
basic reaction conditions whereas the alternative 17 has no protons between the two carbonyl 
groups and will revert to starting materials. So both reactions may occur but the anion 16 is in a 
'thermodynamic well'. It does not revert to starting materials as it would have to be protonated 
first and the reaction is in base. Self-condensation of 5 does not occur because carbonates are 
more elcctrophilic than ketones . .) 

Vjo'Me _ 
5 

~o~e 

V II 
17 
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It is generally mOI~ difficult to predict products than to explain results but try your hand 
at these predictions using only the same principles. Problem 20.2: Suggest structures for the 

. products of these reactlons. In each case, one product is formed in high yield. 

o 

Ph~ 
o 

18 

NaOH 
-----I .. ~ 19 

o 

~ 
20 

base 
-21 

CHO 

6N Ih-
22 

00 

~ pyr 
+ 0 0 -24 X HOAc 

23 

Answer 20.2: The first reaction is a cyclisation 25 to give the five-membered ring 26 as this 
will be faster than self-condensation of two molecules. The product4 is the enone 19 from 
BlcB elimination 27 but if you drew the hydroxy-ketone from protonation of 26, that is also an 
acceptable answer. 

Ph 

~O8 
Ph Ph 

18 ~ ~ --- - ~~ - . Q ~ ------
ceo 0 ;J 0 

25 26 27 19 

The reaction of 20 with base must be a self-condensation and the only question is which side 
of the ketone forms the enol ate? Though enolate 28 is all right, it is condensation 29 of the less 
substituted enolate with 20 that leads to the product 21 as 30 can dehydrate to give a stable 
enone whereas the alternative adduct cannot.' Draw the structure of this alternative if you don't 
see why. Again this compound may form but it will revert to starting materials. 

E1cB - -
28 29 30 21 

T~e cross-cOndensation of 22 and 23 is easy to explain if YOLl answer the questions: which 
compound enolises? Only 23 can. Which compound is the electrophile? The aldehyde 22 is much 
more e1ectrophilic than 23. So we getS 24. In fact 23 is a famous compound for forming stable· 
enolates known as Meldmm's acid. 

~ ~+ ClXt E1cB 
-....::::.: 0 0"f--

~ ~o -- - ~Q 
N C6 070 

OH 0 0 
31 32 24, 76% yield 

It's time for a straightforward synthesis question: Problem 20.3: Suggest a synthesis for target 
molecule 33. 
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o 

XX1 target 
molecule 

33 

Answer 20.3: This compound has two alkeries but only one is conjugated with a carbonyl group 
so we must disconnect that one 33a with an aldol reaction in mind. The intermediate we discover 
is an obvious Diels-Alder adduct of a diene 35 and an ene-dione 36. Stereochemistry is not 
mentioned in the problem but it will be difficuh to make Z -36 and £-36 was probably used. The 
compounds were made in just that way with the cyclisation of 34 to 33 being accomplished with 
NaOMe in methano!./) 

o o 

:of aldol 

> 

33a 34 35 Z-36 £-36 

Three Exam pIes 

Three examples follow of the use of these methods in medidnal chemistry. The first is easy. 
Problem 20.4: Suggest a synthesis of an intermediate 37 in the synthesis of donepezil 38 a drug 
proposed for the treatment of Alzheimer's disease .7 

o o 
MeO MeO 

MeO MeO 

38; donepezil 

Answer 20.4: The aldol di sconnection is easy and in the middle of the molecule 38a giving two· .. 
much simpler starting materials 39 and 40. We shall not follow this synthesis any further back 
but note that transformation of aldol products by many reactions widens the scope of the reaction 
greatly. 

0 
MeO 0 OHC 

aldol Meow 0., > ~I 
+ 

MeO 
MeO 

39 40 

In our second example conjugate addition is used after two aldol-style reactions, one a Mannich 
process and one a simpler aldoL Problem 20.5: With those hints to guide you, suggest a synthesis 
of ecadotril 41, an ACE inhibitor usedto control high blood pressure. 8 
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41 
ecadotril 

119 

Answer 20.5: The obvious first disconnection is the structural C-N bond of the amide 41a. The 
available benzyl ester of glycine 43 is revealed along with a carboxylic acid 42 that must be 
made. Any ideas? 

o 

Ph~~"'CO'B" 
SAc 
41a 

C-N 
;> 

amide 

/'... 
+ H2N C02Bn 

43 
benzyl ester 
of glycine 

With the hint in the question that conjugate addition might be involved, the C-S disconnec­
tion 42a is not hard to find and the unsaturated acid 45 looks an ideal candidate for a Mannich 
reaction. If we add an alkene (FGA), we get cinnamic acid 46 made by an aldol reaction. 

o 

Ph~OH 
YSAC 

42a 

FGA 
===> 

C-S ====» 
1 ,3-diX 

AcSH 

o 

Ph~OH 
46 

o 

+Ph~OH 
44 

c-C > PhCHO 

aldol 

C-C 0 

Manni~~ Ph~OH 
45 

· [0 )LOH I 
enolate 

equivalent 

this strategy was followed with some interesting variations in detail. The first step was a very 
favourable aldol ('KnoevenageJ') condensation between diethyl malonate and benzaldehyde. The 
product 47 was hydrogenated and the esters hydrolysed but not decarboxylated to give the isolable 
malonic acid 48. Direct Mannich reaction using Et2 NH as the amine and decarboxylation gave 44. 
Conjugate addition worked well and the final step was a standard peptide coupling method to 
make the amide 4l. . 

CH2(C02Eth 

diethyl 
malonate 

o 

PhYOH 

44; 78% 'yield from 
. diethyl malonate 

. AcSH --

1. H2• Pd/C .. 

o 

PhYOH 
SAc 

42; 95% yield 

.. 
DCC, HOBt 

heat 

41 
ecadotril 
90% yield 

Our last example is Pharmacia and Upjohn's anti-HJV drug tipranavi r9 49. The· key interme­
diate 50 is made from two starting material s coupled by an aldol reaction. Each starting material 
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is also made by an aldol reaction. We shall concentrate on making the skeleton and ignore the 
stereochemistry at this stage. 

Ph 

OH 

I~ 
~. ~CF3 

HN2N 0s . 
1/ ,\ 

o 0 . 
49; PNU-140690 (tipranavir) 

N-S 

> 
sulfonamide 

Ph 

50 

Disconnecting the remamlOg stmctural C-X bond - the ester in the ring already marked 
on SO - reveals the carbon skeleton 51 and disconnecting the 1,3-diCO relationship (also more or 
less in the middle of the molecule) reveals the two starting materials 52 and 53. Both carbonyls 
are marked as acids but that may well not be the best choice in the synthesis . 

C-O 
50 => 

ester 

51 

OH 

.C-C ~C02H 
====~> ~ + 
1,3-diCO Ph . 

52 
NH2 

53 

The first intermediate 52 contains an obvious aldol and disconnection 52a shows that a specific 
enolate of the acid part will be needed as the ketone 54 can also form enolates. 

Ph 
52a 

c-c 0 
=====» .~ + 

aldol Ph 

54 
enolate of some 
acid derivative 

The workers at Pharmacia & Upjohn chose to use the lithium enolate of ethyl acetate for this 
reaction and hydrolysed the product to the free acid 52 in order to resolve it with norephedrine. lo 

OH 

1. LOA, -30 °C 
Me-C02E! .. 

2. ketone 53 

3. NaOH, H20 

70o," 
Ph 

52; 95% yield 

resolve .. 
OH 

~C02H 

( 
Ph 

(R)-52 

The other s tarting mate;ial 53 has no l,3-diCO relationship but removing the ethyl side 
chain 53a, with the idea of conjugate addition, reveals just such an a , ~-unsaturated carbonyl com­
pound 55 as we have been discussing. The geometry of the alkene doesn ' t matter. We'd rather not 
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have an amine and a carboxylic acid in the same molecule so available m-nitrobenzaldchyde 57 
was chosen for the reaction. 

3 NH2 
5 a . 

C-C ~FGI ~ 
~ CO,H Y ~ CO,H Y 

NH2 N02 

E- or Z-55 E- or Z-56 

1,3-diO 0 
==> CH2 
aldol I 

C02H 

OHCn. ~ +y 
enol ate of some 
acid derivative 

N02 

57 

The 'aldol' reaction was carried out in Knoevenagel style with dimethyl malonate and the 
aldehyde 57. Copper-catalysed addition (chapter lO) of diethyl zinc gave the malonate 59 which 
was converted into the ester 60; AT = 3-nitrophenyl that could be resolved 10 with a chiral column 
to give the right enantiomer. 

Meo2ci MeO'CJQ 
Me02C 

1. H2O fAr 57 
• Me02C I ~ Et2Zn Hel 

Me02C -- Me02C --PhC02H CuBr 2. HCI C02Me 
d· h piperidine Me2S MeOH Imet yl N02 N02 
malonate 58; 85% yield 59; 95% yield 60; 85% yield 

The two halves were coupled in an aldol reaction between the sodium enol ate 61 of 60 and 
a protected hydroxy-aJdehyde 62 derived from 52 by protection and reduction. 

OR OH /' 
OR --

~CHO 
--

NaHDMS "": 
(+)-60 " + - ------ ( 0 ( Me02C ~ 

0 OMe 
Ph Ph 

61 
N02 

(R)-62 63; 90% yield 
N02 

The rest of the synthesis involves oxidation of the secondary alcohol to a ketone, deprotection 
to 64 and cyclisation to give 65 in excellent yield. You can now see why the lack of stereochemical 
control in the formation of 63 doesn't matter as both the undefined centres are lost in the 
cyc1isation. The last step was reduction of the nitro group to an amine 50 and sulfonation to 
give 49. This is a complicated molecule but it should show you that aldol and related reactions 
are important and versatile and have an important place at the centre of modern synthesis , 

OH /' 
~ 

./ -
OH 0 

--
oxidation NaOH 

63 • -deprotection MeOH 0 0 

( N02 

N02 Ph 
64 65; 75% yield 
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Two-Group C-C Disconnections III: 
1,S-Difunctionalised Compounds 
Conjugate (Michael) Addition 
and Robinson Annelation 

Two standard di sconnections can be applied to unsymmetrical J ,5-dicarhonyl compoun ds. 
P roolem 21.1: Carry out bOlh JiSC()IlllCcliUlls un TM 1 and suggest which is the bette r strategy. 

Answer 21.1: The first la leads to a simple ketone 2 and an unsaturated ester 3 that can be 
disconnected in turn to benzaldehyde and malonate. 

0 Ph 0 Ph Ph 

y~COZEt ~C02Et 
I 

1,5-diCO ~ .1,3-diCO CHO (COzEt > J + ;> + 

COzEt COzEt C02 Et 
1a 2 . 3 

T he ,second lb gives malonate and an enone 4 that can be disconnected to the same ketone 
2 and benzaldehyde. Note that the geometry of the enone is unimpol1\lI1t as it disappears in the 
conjugate add ition. 

0 Ph 0 Ph 0 Ph 

~. ~ 
I 

~C02Et 1,5-diCO ( C02Et . 1,3-diCO CHO . ;> + > + 

C02 Et C02Et 
1b E- or Z-4 2 

So the starting materi a ls 2, benzaldehyde and diethyl malonate, are the same for the two ralites: 
only the order of events is different. Either route should work weI!. The published synthesis I uses 
s trategy Ib as no control is needed in the aldol re action between benzaldehyde and the ketone 2. 
Dehydrati on of the alternative aldol product would not be possible and the E-compound results . 
Malonate anions are very good at conjugate addition. 

WorklJank for Orgonic Synfhes(\: Th e Di.H'O/J}/(Y/iof1 Apl""Oach. Sf'colld Editioll Stuarl Warren and P:1.U 1 Wya tt 
© 20119 John Wil ey & SOilS. Lid 
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0 0 0 Ph 

~ PhCHO ~Ph CH2(C02Et) ~C02Et .. .. 
NaOH, H2O NaDEt, EtOH C02Et 

2 E-4; 57% yield 1; 790/0 yield 

Problem 21.2: Suggest a synthesis for 5. 

Answer 21..2: We JTIllch prefer disconnection Sa as it is at the branchpoint and conjugated esters 
are good at Michael addition while conjugated aldehydes are not. We shall need a. specific enol 
equivalent for the aldehyde to prevent self-cQndensation: 

b a b a 

~ 
CHO 

1 ,5-diCO ~~ C02Et 1 ,5-diCO ~ + ~ C02Et 
+ MeC02Et <: . I,) C. - ;> I 8 

CHO . CHO ethyl 

6 5a,b 7 acrylate 

T'his was one of Stork's original appl1cations of enamine chemistry and the piperidine 
,enamine 9 re~lc~? cleanly with ethyl acrylate to give 5 in .one step.2 

7 ~o 
piperidine 9 

aqueous 
work-up 

~C02Et 

CHO 

5; 67% yield 

The combination of aldol reaction and conjugate addition was described in the textbook as 
very powelful. Problem 21.3: How might it be used to make this compound to? 

0lX) 10 

N, 
. Me 

Answer 21.3: The disconnections are simple: aldol fol1owed by conjugate ~ddition. The starting 
Inaterials are butenone unethyl vinyl ketone or MYK) 12 and the sYlTItnetrica] heterocyclic ketone 
13. The synthesis of this C0t11pound 13 was 'discussed in chapte~" 19 of the textbook. 

o 

°D · 1,5-diCO ~ 
N, . ~> + N 

Me 0 'Me 

10a o 11 12 13 

We need a specific enol equivaJent of ]3 to control the reaction as 12 can also enolise. You 
Inight have suggested adding a C02Et group but the published method3 again uses a piperidine 
enalTIlne . . 

. t 

1 



piperidine 
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0'0- -I . 
N ... 

14 Me 

o 

" aqueous 
work-up 

O~ 

~N"'Me 
10; 80% yield 

125 

The cyclic enone is was used in a synthesis of the anti-cancer compound vernolepin . 
Problem 21.3: Suggest a synthesis for 15 . 

. ~ 
O~ 

15 

Answer 21.3: The same disconnections reveal the same enone 12 and a specific enolate 17 of 
an unsymmetrical ketone. 

005 
0 OH 

0 

~. aldol 1,S-diCO ~ :::=:;> > + 

0 

1Sa 16 12 17 

This is a tough problem with the OH group on tIle side chain but if we imagine making the 
alcohol by reduction of an ester. we have a much easier task_ Now the enol ate wi II be of a 
I.3-dicarbonyl compound easily made from cyclohexanone 20 and diethyl carbonate. 

~O):) 
o . 

18 19 

1,S-diCO 

> CO(OEth + 

diethyl 
carbonate 20 

In the published synthesis4 the enone 12 was replaced by a Mannich ' salt 22 made from 

acetone_ This eliminates Me2NEt to give 12 under the- conditions of the reaction to give only a 
low concentrati.on of 12 and hence avoid its self-condensation_ 

0 
CH20, Et2NH 

0 0 

)t...... )~NEt2 
Mel 
~0 .. ----H0 NMeEt2 

acetone 21 22 

EIO':)) C02Et 

D CO(OEth 22 om .. .. 
NaOEt NaOEt 0 

20 19 23 



126 21 Two-Group C- DisconneCliOIlS Iff: J,5-Dijulluiona/ised Compounds 

All that remains is to reduce the ester to the alcohol but that needs acetal protection 24 of the 
more easily reduced ketone, The alkene wanders about in the protected compound 25 but comes 
back into conjugation when the acetal is hydrolysed. 

C02Et (p5 1\ oW LiAIH4 He HO OH 15 23 .. .. ~ 

He ~O 24 
H2O 

65% yield 

25 

Now for a rather unusual type of problem. In 1940 the ketone 26 was combined with ethyl 
acrylate with NaOEt as catalyst and the product, identified by elemental analysis only, was 
proposed5 as 27. Problem 21.4: Suggest an alternative and more likely structure for this product: 
spectroscopy (not available in 1940) shows that there is no alkene. 

o 

~ 
26 

+ 

o 

EtO~ 
ethyl acrylate 

? 
NaOEt .. 
xylene 

o 0 

27; proposed product in 1940 

Answer 21.4: The proposed stnlcture 27 is perfectly reasonable mechanistically but the 
evidence - all that matters - shows that it is not correct. The molecular formula dictates that, 
if there is no alkene, there must be a ring, and what really happens is conjugate addition of 
the more substituted enolate 28 to ethyl acrylate to give 29 and exchange of protons via EtOH 
to give the new enol ate that can cyc1ise 30 to the true product,6 the cyclohexanedione 31. The 
base NaOEt is not strong enough to form only the kinetic enolate on the methyl group (you 'd 
need LDA for that) so all the different enolates are in equilibrium and 31 is the thermodynamic 
product as it will exist in the reaction mixture as the stable enolate 32. 

NaOEt 
26 :::;::::=b~ 

<:) o 

o 

~f\ " 28 ~OEt 29 

o 

o 
31; correct structure of product 

o 

------... 

32 

Now for a more serious example. aSK's phosphatase inhibitor ariflo™ 33 is made from 
the ketone 34. Problem 21.5: Suggest a synthesis for this ketone. Hint: Are yuu aware of the 
structure of vanillin? If not, look it up! 

CN CN era C02H ==> era 
0 

MeO MeO 

33; arifloTM 34 
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Answer 21.5: Drawing 34 in a simpler form 34a . we note al ,S-relationship between the 
ketone and the nitrile. To take advantage of this we need to use a strategy met in chapter 
19: FGA of an ester group so that we can disconnect a 1,3-diCO relationship 35 preparing 
the way for two 1,5-diCO disconnections at the branchpoint 36. So we need two molecules 
of methyl acrylate and the nitrile 37 that can surely be derived from vanillin 38 by simple 
chemistry. 

CN 
NC (J):i Ar.-J 

~C02Me 
+ 

~C02Me MeO . 
37 2 x methyl acrylate 37 

? 
==> 

1,5-diCO · 

> 

HOnCHO 

I~ 
MeO 

38; vanillin 

Alkylation of vanillin 38 (only a weak base was needed for the alkylation of a phenol) gave 
the ether 40 which was converted into the benzylic b;'omide 41 by a process the chemists 7 at SKB 
call 'reductive bromination' . The reducing agent is the hydrosiloxane (Me2SiHhO and bromide 
provides the nucleophile for, perhaps, an SN I displacement. A normal SN 2 reaction with cyanide 
ion gives 37. 

37 
84% 
yield 

The rest of the synthesis was as conceived by the plan.· Triton-B (N -benzyltrimethyl ammo­
nium hydroxide) was used as the base for the double Michael addition and the diester 36 was 
cyclised and. decarboxylated. 

~C02Me NC 
NaH NaCl, H2O 

CN CC02Me Ar~ 37 .- Ar ~ 35 .-
Triton-B 

C02Me 
DME 93% yield DMSO 

MeCN . 0 
36; 74% yield 34; 77% yield 
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Strategy X: Aliphatic Nitro Compou.nds 
in Synthesis 

A common use for aliphatic and aromatic nitro-compounds IS in the synthesis of amines. 
Problem 22.1: Suggest how this triamine might be made. 

Answer 22.1: All three amino groups in 1 might be made by reduction of nitro groups . Discon­
nection of 2 suggests alkylation of a.nitroalkane anion 4 (derived from available 2-nitropropane 5) 
with the benzylic derivative 3. 

02N~N02 02N'CC 
1 ~ I" :S I" X 

. ~ ~ 
N02 N02 

2 3 4 5 

The chloro~compound 3; X = Cl was chosen as the alkylating agent since available benzyl 
chloride is nitrated arrha and para. The anion 4 was created from 5 with NaOEt: alkylation and 
reduction then went well. l 

3; X=CI 
70% yield 5 

1. NaOEt 
~------''''' 2 
2.3; X = CI 

H2 
Raney Ni .. 

EtOH 

Problem 22.2: Suggest a synthesis for the spirolactam 7, needed to check the structure of a 
. ') 

rearrangement reactlOn.-

cf{=0 spiro­
lactam 

7 

Answer 22.2: The obvious amide (lactam) disconnection 7a reveals an amino ester 8 strongly 
suggesting FGI to the nitro-ester 9. Disconnection of the C-C bond at the branchpoint can now 
use the excellent conjugate addition of nitroalkanes such as 10 to unsaturated carbonyl compounds 
such as an acrylate ester: 

Worklmok Jor Org(lIlic SVlllilesi,,: The DisCfJl1neCl i(JII A"I'r!)(tch. Second Edilirlll Stuart Wanen <lnd Pnul Wyalt 

© 2009 Johll Wiley & Sons, Ltd 



130 22 Srrutr:!5Y X: Aliphatic Nitro Compmlllds ill Synthesis 

cP.= o.:C02R cjCC02R o C-N FGI C-C N02 · 
~ . 

. N ===> NH ~ NO ==> + -::? C02R 
H amide 2 2 

(laClam) U acrylate 
7a 8 9 .. to ester 

. All three reactions go very well: the conjugate addition with ethyl acrylate and a tetra-alkyl 
ammonium hydroxide as base. Catalytic hydrogenation leads to spontaneous cyclisation2 to the 
five-membered lactam 7 . 

UNO, o.:CO,Et cfi=0 ~C02Et H2 .. N02 -R411fJ HOG Ni 
10 9; 92% yield 7; 96% yield 

Other reducing agents sLlch as sodium borohydride do not reduce the nitro group but do reduce 
nitroalkenes to nitroalkanes ':~ This means that many nitroalkanes 12 can be made by a 'nitro­
"ldol', otherwise known as the Henry reClctiol1.4 Nitromethane reacts with aldehydes to give 13 
and then reduction of the alkene gi ves the nitroalkane. This can be easier and more reliable than 
alkylation with 11. 

R '-./' Br 
+ 

11 

Since the reaction can be done twice (12 can be combined with a different aldehyde) and 
the product converted into a ketone. by one of'the methods discussed in the text, this sequence 
is an unusually simple'synthesis of ketones. Problem 22.3: The ullsymmetrical phenolic ketone 
15 was needed to study selectivity in biomimetic phenol coupling. Suggest a synthesis of the 
protected ketone 16. 

°lYlruOMe < I ~ 0 I ~ 
o OH °mruOMe < Ih- 0 Ih-

o OBn 
unsymmetrical ketone 15 16 

Answer 22.3: As it doesn't matter which group you disconnect first, after FGI to nitroalkane 17, 
we shall call the groups Arl and Ar2 and say later which order was used ill the published work. 
So we end up with nitromethane and two aromatic aldehydes as starting materials. 

Ar1~Ar2 Ar1~Ar2 II FGI I FGA rAr2. 

NO'L (> ===:::;> NQ2 ===:::;> 
16 17 

FGA 
==> 

. 19 

In the published synthesis, aldehyde 21 was first condensed with nitromethane and the product 
22 reduced to the nitroalkane 23, Condensation with the second aldehyde 24 gave the second 
nitroalkene 25: reduction and hydrolysis gave the ketone 16. Since nitro-compounds like 17 or 
19 can alternatively be reduced to amines , this is u versatile route .3 
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o ~ CHO MeNO" MeOH O~NO' <:~NO' < 1 MeNH3CI .. < 1 

NaBH4 -. 0 .h- KOAc, HC(OMeb o .h- . MeOH 

21 22; 94% yield 23; 82% yield 

OHClC):0M' 23 0 OMe 
1. NaBH4 

1 . -- < .. 16 
.h- etc 0 2. TiCI3 67% yield 

OBn OBn from 24 
24 25; 75% yield 

The unconjugated enone 26 was needed as a synthetic intermediate.5 Our first thought might 
have been Birch reduction (chapter 36) until we see that the starting material would be 28 and 
one of two very similar rings would have to be reduced to give 27 and hence 26. Problem 22.4: 
Suggest a synthesis of 26. 

MeO MeO MeO 

26 o 27 MeO 28 MeO 

1f we first change the ketone into a nitro group, a Diels-Alder disconnection 29 gives a 
nilroalkene 30 and butadiene. The nitroalkene can be made from available aldehyde 3] and 
nitromethane by a nitro-aldol reaclion , as we have just seen. 

MeO 
Meo~ MeoU 

FGI 
Diels- 1 

c-c I. ~ Alder . ~ 
26 ===> ===> ===> CHO 

02N N02 
+ MeN02 

29 30 31 

Various catalysts such as amines call be used..! to make 30 and the Diels-Alder reaction gives 
a good yield of the trans-29, though the stereochemistry doesn't matter as it disappears in the 
hydrolysis of the nitro-compound to give 26. In the published synthesis5 acid hydrolysis of the 
'enolate' of the nitro-compound 29 gave the best results. 

Meou 
1 . 

.h-

31 

CHO 

30 
97% yield heat 

The Synthesis of an ACE Inhibitor 

MeO 

.. 
02N' 

,\ 

trans-29; 82% yield 

1. NaOEt 

2. HCI 

26 
88% yield 

We conclude this chapter with an JccOllnl of the synthesis of an angiotensin-converting enzyme 
inhibitor 32 used in the treatmenl of high blood pressure.6 Some obvious disconnections of 
structural C-N bonds lead to the simplified heterocycle 33 and the open chain compound 34. 
Problem 22.4: Suggest how a nilroalkane could be llsed in the synthesis of 34. Do not concern 
yourself with the stereochemistry. 
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Answer 22.4: We still have structural C-X bonds in 34: the two C-S bonds. There is nothing 
to be gained by changing the left hand amino group into a nitro group, but if we do FGI on 
the right hand amino group 35, the sulfur can be added by conjugate addition of the thiol 36 
to the nitroalkene 37, easily made by a nitro-aldol reaction between available aldehyde 38 and 
nitromethane. 

. s~,O SH· IJ~ · n 
FGI I" S C-S I S C-C OHC S 

34 ===> H2N -\ ===> H2N -\ + ===> 38 
C02H N02 C02H 02N 

35 36 37 + MeN02 

The nitro-aldol reaction needed only NaOH as catalysr? and the Boc-protected amino acid 39 
added ill good yield with N -methyl morpholine as catalyst.6 In fact 39 was a single enantiomer 
and the product 40 was formed as a mixture of diastereoisomers which were separated. 

)[) 
OHC S IJ~ . SH O~ 

MeNO; . S I ~ IS"]"" S 

NaOH . I + BocNH -\ BocNH -\ .l... 
MeOH 02N C02H . C0

2
H N0

2 
38 37; 78% yield 39 40; 84% yield 

Catalytic hydrogenation reduced the nitro group to the primary amine 41 which cyclised with 
the rather unusual reagent diphenylphosphoryl azide to give 33 after removal of the Boe group 
with acid. This sequence was used to make a variety of compounds of this general type from 
which. ~2 was selected for further development . 

. -fS1'O~ H2 " S 
40 ~ BocNH 

C02H NH2 

1. (PhO)zPON3 
» 

. 0 
H'N{)" S 

o H 

2. HCI, dioxane 

41; 84% yield 33; 69% yield 
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Two-Group Disconnections IV: 
1,2-Difunctionalised Compounds 

Acyl Anion Equivalents 

The Synthesis of Amino Acids: We listed available compounds with a 1 ,2-rela6onship in chapter 23 
of the textbook and alTIOng these amino acids 1 are particularly valuable. That is, if they come 
from proteins. Other .'unnatura)' amino acids have to be lTIade. We also discussed cyanide ion 
as an acyl anion equivalent briefly in the textbook. One important application is the Strecker 
synthesis of ainino acids. The 1 ~2-re]ationshjp suggests a disconnection between the two FGs 
1a requiring an unstable imine and a reagent for the carboxy] anion 3. The Strecker synthesis 
cOlnbines an 'aldehyde 4 (or ketone), alnmonia and cyanide in one rea·ction. 

8 
+ NH3 + . eN + 

The amlnonia, usually added as a salt, combines with the aldehyde ,to give an imine that is 
attacked' by cyanide 5 to give an amino-nitrile 6. A separate· hydrolysis step is usually needed to 
convert this to -the an1ino acid. 

Hel 

An example comes from Sanofi' s series of ACE inhibitors 7 used to treat hypertension. 1 

A series of C-N disconnections ren10ving the side chain then disconnecting the ilnine 8 and the 
amide 9 reveals the unnatural alnino acid 10. 

7 8 

Workhook for Orgmzic Synthesis: The Disconne('tion Approach. Second Ediri(m 
© 2009 John Wiley & Sons. Ltd 
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The synthesis starts with a Strecker reaction using ammonium carbonate2 The immediate 
product is the 'hydantoin' 11 that can be hydrolysed to 10 in acid or base. 

KCN, EtOH .. 
° 

r-\ J--NH 

UN~O 
H 
11 

Of course, other strategies can be used. One successful way is to disconnect both C-C bonds 
at the branchpoint lOa with double alkylation of the synthon 13 in mind (the dianion might be 

. needed). This synthon can be represented by the imino-nitrile 14, prepared from the amino nitrile 
15 and benzophenone 16. 

Sr 

~CO'H 2xC-g ~ 
C02H FGI CN C=N CN Ph 

+ e( ===> < ~ ~--> ( + 0=\ 
NH2 NH2 N CPh2 Imine NH2 Ph 

10a 12 Sr 13 14 15 16 

The double alkylation is best achieved" under phase-transfer conditions and the hydrolysis of 
both imine and nitrile requires only dilute He!. 

CN ~Br 
1M HCI ( Sr .. .. 

N= CPh2 . PhCH2NEt~ cf3 
(XCN 

N=CPh2 

(XC02H 

. NH2 

14 50% NaOH, toluene 17 10; 51% yield from 12 

Acetylene and Dithian as Acyl Anion Equivalent 

We can illustrate both these reagents with the same compound; Ayerst's lipid-lowering acifran 18. 
Disconnecting the enol ether gives the open~chain 19 with plenty of functionality. We choose the 
1 J-dicarbonyl disconnection 19 because it needsenolisable 20 and symmetrical, unenolisable 
but very electrophilic diethyl oxalate (chapter 20). 

0 
C-O Me OH 1,3-diCO Me OH 

===> ~~~C02H > PhXy + 
C02Et 
I Ph~ enol Ph 1 3 COzEt 

o C02H ether 0 0 0 diethyl 
18; acifran 19 20 oxalate 

Now we have to make the hydroxyketone 20. We don ' t normally consider one-group C-C 
disconnections such as 20a but this one reveals a symmetrical reactive and available a-diketone 
21. In fact,4 no Grignard reagent is needed as 21 is reactive enough to combine with benzene 
in a Friedel-Crafts style reaction under AICI) catalysis, though the yield was only 48%. The 
alternative J ,2-diCO disconnection 20b requires the addition of an acyl anion equival,ent 23 to 
available acetophenone 22. 
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0 
a b 

C-C Me OH 1,3-dICO 0 

)ly ~ Ph)~ G( PhMgBr + <~ :> + 
Ph a -

0 
0 0 22; aceta-

21 20a,b phenone 23 

In. one synthesis5 Ayerst used the sodium derivative of acetylene and hydrated it in acid with 
Hg(II) catalysis. 

Me OH Me OH 

1. NaNH2 Ph~ HgO, H2SO4 Ph~( H H .. • 
2. 22 THF, H20, 55 °C 0 

24 20; 89% yield 

In another,6 -a dithian provided th~ reagent for 23. Acetaldehyde reacts with propane dithiol 
with Lewis acid catalysis to gjve the dithian 25. The 1ithium derivative of 25 adds. to 22 to give 
26 w0ich was hydrolysed by acetal exchange with pyruvic acid so that the least stable carbonyl 
group was removed as the dithian 27. This avoids -the need for mercury jn the hydrolysis. The 
synthesis of acifran is discussed in more detail in Strategy qnd Control, chapter 14. 

Me . OH. 0 

HI( . BF3 sXs 1. BuLi Ph~ ~C02H 'X02H 

s· S S S 
HS~SH· · V • V 

.. 20 + 

V 0 2. 22 He 
25 26 27 

Some Problems 

The .half ether ·29 of the diol 28 was peeded for a study of stereochemistry. Problem 23.1: How 
Inight 28 be made'? Assess the chance of making 29 by selective methylation of 28 and suggest 
how you might try it. Prob1em 23.}: Which' 'do you prefer of the alternative disconnections 29a 
or 29b? Suggest how you might continue from your chosen precursor. 

OH QMe OMe OMe 

~<? ~~~ 
28 29 29a 29b 

Answer 23.1: . Of the many ways to make 28, the most obvious is by dihydroxylation of the . 
alkene 30 and that might 'perhaps be · Inade by a Wittig reaction from a phosphonium salt such 
as 31 and a carbonyl compound. The . chance of selective D1ethy lation of 28 is probably not 
very great as achieving chemoselectivity between the two alcohols might be difficult. Secondary 
a]cohol~ are slightly more acidic that tertiary so you might try one equivalent of a base such as 
Na·H and then a methylating agent such as Mel. 
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28 30 31 32 

Answer 23.2: Both require the addition of a Grignard reagent (or organo-lithium) to an a­
methoxy-ketone 33 or 37, made from the hydroxy-ketones 34 or 38. There is now no selectivity 
problem in the methylation. Further 1,2-diCO disconnection suggests addition of an acyl anion 
equivalent 36 or 23 to isobutyraldehyde 35 . 

OMe OH 0 

29a ~~~ ~~J 1,2-diC~> Y + G~ 
0 0 
33 34 35 36 

OMe OH 0 

C-C 
P,MgB,+ n ~~( 1,2-diCO Y G( 29b ==> > + 

. 0 0 
37 38 35 23 

The published synthesis7 uses acetylene for 23, methylation with dimethyl su lfate, and mercury­
catalysed hydration before addition of propyl Grignard reagent to give 29. You might well have 
chosen other acyl anion equivalents such as 25. . 

o , OH OMe 

y-~ ~ NaOH HOAc 

37; 75% PrMgB: 28; 60% 
yield yield 

35 39; 70% yield 40; 65% yield 

' . . 
C(-Functionalisation of Carbonyl Compounds 

Problem 23.3: The simple a-hydroxy-ketone 41 can obviously be made by addition of an acyl 
anion equivalent to acetone. Suggest two alternative syntheses, one based on functionalisation of 
"an alkene and the other on a -functionalisation of a carbonyl compound. 

H~ H0);y ~o G rr Ph 
Ph Ph 1,2-diCO 

> + 0 
0 0 acyl anion 

41 41a equivalent 

Answer 23.3: Functionalisation of an alkene is found by a series of FGls, the alkene 43 being 
made easily by a Wittig reaction or by dehydration of either alcohol 44 or 45. These are also 
easily made by the methods of chapter J O. The diol 42 will need to be oxidised but there is no 
selectivity problem as only the secondary alcohol can be oxidised. 



HO-J 
/yPh 

o 
41 

23 (X-Functionalisatioll of Carbollyl COll1pounds 

FGI Ph FGI HO~ 
===> ===> ~Ph ~ HO~Ph or 

OH 
42 43 44 

137 

JyPh 
OH 

45 

The approach based on a-functionalisation of a carbonyl compound is more interesting. 
Halogens are easy to add so FGI to 46 (X = Br or Cl) and then to the simple ketone 47 gives a 
simple route from benzene. In fact 47 is commercially available. 

HO-J 

~'I(Ph 
o 

41 

FGI 
===> 

o o 
46 47 

C-C 
> 

Friedel­
Crafts 

~CI 
o 

48 . 

+PhH 

The only problem is the hydrolysis of 46 to the alcohol as neither SN I nor SN2 looks very 
promising. It turns out that either 46; X = Br or 46; X = Cl can be used . The bromide was 
hydrolysed vvith aqueous NaOH without isolation8 and the chloride needs only aqueous bicar­
bonate fot three days at room temperature Y 

~Ph 1. Br2, dioxan ~Ph CI2 c~ Ph NaHC03 .. 41 .. ... 
98%.yield 2 .. NaOI;i HCI, H2O H2O 

0 H20, EtOH 0 . 0 

41,80% yield 47 46; X = CI 

We conclude with an example with two 1,2-diX relationships - a leukotriene analogue that 
may be helpful in the treatment of bronchial asthma. lo Problem 23.4: Suggest a synthesis of 49. 

49 
R = Ph(CH2)s-

Answer 23.4: The two most obvious 1',2-disconnections are 49a'to the aldehyde 50 and some 
reagent such as cyanide for the carboxyl acyl anion. This removes only one carbon atom and we 
shall not pursue it. An alternative is the 1,2-diX disconnection 49b of the C-S bond requiring 
the trans epoxide 51 and the available acid 52. 

50 49a,b 51 52 

The epoxide 51 could be made from the alkene 53 in turn made by some aldol reaction 
between the aldehyde 54 and a reagent such as malonate for the synthon 55. 
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55 

In fact this was not the route chosen by the SKB chemists (now GSK) who preferred to 
use the Darzens reaction. The same aldehyde 54 was combined with methyl chloroacetate with 
methoxide as catalyst. Addition of the enolate from methyl chloroacetate to the aldehyde gave 
the intermediate 56 that cyclised under the conditions of the reac tion to the trans epoxide 57, 

NaOMe CC
CHO 

I~ 
· R 

54 

Now the methyl ester of 52 was added in base to the efJoxide . Both enus 0[' the cpoxidc are 
activated towards SN2 reactions and in practice a 1: I mixture was formed. This looks like disaster 
but treatment of the mixture with NaOMe in MeOH caused a retro-aldol reaction with 59 giving 
54 and the stable enolate of 60. Note that both regioisomers 58 and 59 are the frans isomers as 
the SN2 reaction at either end must go with inve rsion. Hydrolysis of 58 (NaOH) gave 50~ 
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~::A. Strategy XI: Radical · Reactions. 
~'-t . in Synthesis 

The ~echanism of Allylic Bromination with NBS 

In the textbook we promised lTIOre details of this often misrepresented reaction. Alkenes sllch as 
cycJohexene 1 are brOlninated in the allylic position with NBS (N -brOlTIO-Succinimide) 2 to give 
the allyJic bromide 3. This is a radical reaction. 

a 
Br 

0 ~N-Br non-polar sorvent 6 . + ~ 

0 
1 2; NBS 3 

The first step is a homolytic cleavage 2a of the weak N-Br bond. One product is the stable , 
sllccinilnide radical 4 but the other is the key player in the re~ction: the bromine radical. This 
step that first produces radicals is known as initiation. 

0 O. 

~NS-r heat ~N. ~ + Br-

a . , 0 ' 'a bromine 
2a 4 radi~al 

The broll1ine radical now abstracts a hydrogen atom (not a proton but a hydrogen atonl with 
one electron He) fron1 the allylic position 5 to give HBr and the allylic. radical 6. This is the most 
stable radical that can be fon'ned as it is delocalised 6a. The allylic C-H bonds are the weakest 
jn 1. 

• 
-----l.... H Br + o 

6 6a 6b 

Workbook for Orgollic Synthesis: The Dis('OIlIlt::C1ioll Approach. Se("ol1d Edition St.llar! Warren and Paul Wynn 
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The next step is the reaction of the allylic radical with molecular bromine 7 giving the allylic 
bromide 3 and a new bromine radical. Of course we cannot tell which end of the symmetrical 
allylic radical 6 captures the bromine atom as the product from the alternative 8 is the same 3. 
These last two steps are pmpagation: no radicals are created or destroyed and the final radical 
(Br-) is also the radical that starts the sequence. This is a radical cnain reaction. 

0
·:=\ Sr-Br 

I l/ ______ 

Br 

6 + Br· 

7 3 

0.1\ Br-Br -
V 

8 

0.,+ 
3 

• Br 

There is one mystery still to be solved: where do the bromine molecules come from? The 
answer is in a neglected product: HBr. This reacts with NBS in an ionic reaction 9 and 10 to 
produce molecular bromine and succinimide 12. So the final products are the allylic bromide 3 
and succinimide 12. 

~i1' OH OH 0 

:t. HBr GN'1., r e., GN ~N-H N Br ~ --- Br2 + ' 0 

0 0 0 0 
9 10 11 12 

This last reaction is very important. If we simply mixed cyclohexene with bromine, we should 
get the well known electrophilic attack on the alkene .to give the dibromide 13. In the radical 
chain pathway only a small amount of bromine is formed from the small amount of HBr from 4 
and therefore al so the same amount as the allylic radicalS. The bromine radical is more reactive 
than bromine molecules so hydrogen abstraction 4 is preferred to ionic addition of bromine. Be 
warned: ill a polar solvent, NBS may produce much more bromine and the dibromide 12 may 
become the major prodllct. 

0 
Sr 

C( ~N-.' ' ' Br2 0 non-polar solvent 

6 -- + .. 
Sr 

0 
13 1 2; NBS 3 

An application of this reaction comes in the synthesis of carotenoids of general structure14 . 
. As R is a large group, greatest simplification comes from disconnection of the inner alkene 14 
using the phosphonium salt 15 and the appropriate aldehyde RCHO. Clearly 15 comes from the 
bromide 16. Problem 24.1: How might radical chemi stry be lIsed to mal<.e 16') What potential 
problem is there in this approach ? 

A~c02Me 

14 

o C~P =====» ACHO +Ph3P~C02Me ~ Br~C02Me 

15 16 
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Answer 24.1: Since 16 is an allylic bromide we might be able to make it by allylic bromination 
of methyl crotonate 17 derived from acetaldehyde and some reagent for the synthon 18 such as 
a malonate or a Wittig reagent. 

Br~C02Me ~ ~C02Me 1,3-diCO> MeCHO + 0CH2C02Me 

15 17 18 

The potential problem is that after hydrogen abstraction from 17 the allylic radical 19 will be 
unsymmetrical and might react at either end with bromine. So the product might be 16 or 20. It 
turns out that the alkene much prefers to be in conjugation with the carbonyl group and that 20 
rearranges to 16 under the conditions of the reaction. 

16 or 

19 

So the synthesis I involves a Knoevenagel aldol reaction, methylation, allylic bromination 
using CCI4 as the non-polar solvent and a Wittig reaction . 

MeCHO ___ ..... ~C02H 
pyridine 

piperidine 21; 75% yield 

MeOH -H0 

NBS 
17- Br~C02Me 

16 

o 
Ph3P~C02Me 

NaOH o 
Ph3P~C02Me 

RCHO 
- - ... 14 - o 

15 22 

Application of NBS in Synthesis 

Compound 23 was needed as a drug for the treatment of inflammatory bowel di sease .2 Discon­
necting the heterocyclic amine revealed a simple benzene 24 derivable from the nitro compound 
25 and hence froin available 26. 

o ° 
I N o====> I => I => I y1-O=' . NH 2 x C-N VC' C02Me FGI 9:. C02Me ~C02Me 

~ ~ Br ~ Br ~ 

NH2 NH2 N02 N02 
23 24 25 26 

In the synthesis, the bromination was carried out with NBS in chloroform with activation by 
light. The coLipling and cyclisation with the amine 27 required only weak base to absorb the HBr 
produced and it turned out to be better to reduce the nitro group at the end. 

VC
C02Me 

NBS · I 
26 -. ~ Br + 

CHCI3 
hv N02 « 0 -0=0 .NH P~/C 

I N 0 -- 23 
~ MeOH . 

25 N02 28 
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Carbon-Carbon Bond-Forming Reactions 

A remarkable variety of these reactions has now been discovered and we shall content ourselves 
with Wst two. In the first reaction, dibenzoylperoxide 30 catalyses the cyclisation of theunsatu­
rated ester 29 in reftuxing c;yclohexane to give a good yield3 of 31. Problem 24.2: Suggest what 
might happen on heating dibenzoyl peroxide 30 and how that might lead to the reaction. Hint: 
Whilt has been lost from 29 to allow tbe cyclisation to occur? 

~C02Et 

CN 

29 

+ 

o 
)( /OV Ph 

Ph 0 II 
o 

30; dibenzoyl peroxide 

heat .. 
. M 

aC:,E' CN . 
31; 75% yield o 

Answer 24.2: Just as with NBS , a weak (J-bond in 30 between electronegative elements is cleaved 
homolytic ally 30a to generate two radicals though this time they are the same 32. 

o 0. 0 

)( /OyPh heat 
Ph)(O· 

·0 Ph H/ OyPh 
Ph OJ .. + 

y 
- - - ...... 

0 0 0 
30a 32 32 33 

Now the OH bond in 33 is very strong so the radical 32 abstracts a hydrogen atom 34 to give 
the most stable radical possible:. the tertiary delocalised radical 35. The combination of CN and 
C02Et is more stabilising than the simple alkene at the other end of the molecule. Cyclisation 

. now gives a new and unstable radical 36. 

~. 
H o · Ph 

~C02Et Y 
CN 0 

34 

---
• 

aCO,E' 
CN 
36 

You might recall from the textbook chapter that good radical reactions are chain processes 
in which the last step creates another molecule of the key intermediate, in this case the stable 
radical 35. The chain continues in this example when 36 abstracts the same hydrogen atom 37 
to regenerate 35. Radical 35 is stable because it is tertiary and conjugated with both eN and 
C02Et. Radical 36 is primary and has no stabilisation at all. 

/ 

. .~. 

~. HC02Et U 
"/ --- 31 + 35 --- 36 --- 31 + 35 etc. 

Et02C . 
. CN CN 

37 

The second example is even more amazing. Combining the unsaturated nitrile 38 with chloral 
and catalytic amounts of Cu(!) gives an addu~t4 39 that cyclises on heating to the substituted 
pyridine 40, Probleril 24.3: Suggest how the first step might occur. This is of course the radical 
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step and you may regard Cu(I) as a source of radicals, perhaps CICu·. Remember to make the 
sequence a radical chain process as very little Cu(I) is needed. 

Clyy 
~ 

1%CuCI 
+ CI3C·CHO • 

OHCA:!\CN - ~A. CN 110°C CI CI CI heat . N CI 
. 38 chloral 39 40; 65% yield 

Answer 24.3: Drawing the initiator as CICu·, chlorine abstraction is clearly indicated as one 
chlorine is lost in the product. In this step Cu(I) is oxidised to Cu(II). The new radical now 
adds in conjugate fashion to the nitrile 42 and the product completes the chain by removing a 
chlorine atom from another molecule of chloral 43. Problem 24.4: Now can you suggest how 
the cyclisation occurs? This is an ionic reaction and you may like to try a disconnection approach 
so that you can work out which bonds are formed in the reaction. 

OHC~CIA. OHc~0brCN OHCM-CN CI~CHO 
/\ CuCI-- /\ __ .-----/ /\ -- 39 

CI CI . CI CI CI CI CI CI 
41 42 43 

Answer 24.4: There are many ways to get at the answer: we peefer to disconnect the enamine 
bond 40a as the relative positions of the nitrogen atom and the methyl group reveal where the 
nitrile must be in the possible intermediate 39. To write CN we also must remove a chlorine 
atom 40b. Now we have a structure 44 that is starting to look like 39 and all we have to do is 
move the alkene 45 and add a chlorine atom back again. 

CI'(X 
I b 

~ 

a N CI 
40a,b 

? CI~ 
~ 1 ":1 

CHO CN 

44 

? CI~ 
~ I~ 1 

CHO CN 

45 

? 
~ 
CI~ 
CI/I 1 

CHO CN 

I: 39 

The details may not be correct but the mechanism might involve an elirrlination of HCI to 
give 45, addition of HCI to the nitrile to give an intetmediate that can cyclise 46 and a loss of 
water from 47 to give 40. 

-HCI 
39 -

CI.yy 

CHO CN 

45 

+HCI -
A Pharmaceutical Example 

Clyy 
0J~A_ o HN CI 

46 

-

Parke-Davis have developed a series of selective analgesicsS such as enadoline 48 that is clearly 
made from the complex chiral amine 50 and either the benzofuran 49 or the benzothiophene 51. 
We shall be concerned only with 49 and 51 as these compounds have been made both by radical 
and by ionic chemistry. 
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o & . CO," 

N ====> + 
~ . : C-

N c6 . 0 amide ij I "-'::: 
1-. I"CO'" 

o h- ~1) 
48;enadoline 49 .50 51 

The radical route starts with the oxidation of available 52 with potassium persulfate 54 to give 
the alcohol 53. Note the impressive chemoseJectivity: only the more hindered methyl group is 
oxidised. 

Oe°" 
0 0 Oc K2520a, cat Cu504 \' 'I 0 

2.fJ .. o ... 5 ....... 0 .... ... 0 
MeCN,H2O 005 

1/ ,\ 
OMe pyridine OMe 0 0 

52 53 54 

This must be an electronic rather than a steric effect. 1i Potassium persulfate breaks down in a 
familiar radical way 54a into two radicals 55. But these are not simple radicals: they are radical 
anions and would much prefer to be simple sulfate anions 56. 

o 0 0 0 0 0 \' '/ C'b 0 \' '/ 
·0 0 0 ? \' 'I 

o ... S, .......... 0 .. 8 ... 5 :... • .. 8 ... 5 .... 8 
o OJ 5 o 0 .... s ... o 0 

I, ,\ I, ,\ 
o 0 0 0 

54a 55 55 56 

They therefore capture an electron from Cu(U) to give very reactive Cu(JII) which removes 
an electron from the aromalic ring. The radical cati on 57 loses a proton (not a hydrogen atom!) 
to give the more stab le radical, that is the one delocalised onto the OMe group 58. This captfres 
another 55 and the sulfate produced 59 hydrolyses to 53. 

Cu(lIl) 
52-~0 " ~"0 Jyo 55 

\V --Ur-
OMe ' OMe 

57 58 59 53 

Allylic oxidation with Mn02 gives the aldehyde 60 that reacts with bromo-malonate to give 
the benzofuran 62, presumably via 61, by an aldol reaction followed by decarboxylation. 

1. Mn02 
53 ... 

2. BBr3 

Now the other methyl group must be functionalised and NBS is fine for that. Hydrolysis of 
hoth the ester and the benzylic hromide in 63 gives 64 and decarboxylation gives the alcohol 65. 

f) 
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step and you may regard Cu(I) as a source of radicals, perhaps CICu·. Remember to make the 
sequence a radical chain process as very little Cu(l) is needed. 

110°C 

OHC~CN 

CI CI CI 

1% CuCI 

38 chloral 39 

He -heat 

Clyy 
~.A_ 
. N CI 

40; 65% yield 

Answer 24.3: Drawing the initiator as CICu·, chlorine abstraction is clearly indicated as one 
chlorine is lost in the product. In this step Cu(l) is oxidised to CuOI). The new radical now 
adds in conjugate fashion to the nitrile 42 and the product completes the chain by removing a 
chlorine atom from another molecule of chloral 43. Problem 24.4: Now can you suggest how 
the cyclisation occurs? This is an ionic reaction and you may like to try a disconnection approach 
so that you can work out which bonds are formed in the reaction. 

OHC~CIA. OHc",0b(CN OHC!('y." " CN CI~CHO 
/\ CuCI-- /\ -- .------/ /\ -- 39 

CI CI CI CI CI CI CI CI 
41 42 43 

Answer 24.4: There are many ways to get at the answer: we prefer to disconnect the en amine 
bond 40a as the relative positions of the nitrogen atom and the methyl group reveal where the 
nitrile must be in the possible intermediate 39. To write CN we also must remove a chlorine 
atom 40b. Now we have a structure 44 that is starting to look like 39 and all we have to do is 
move the alkene 45 and add a chlorine atom back again. 

I ~ b 
CI1); 

a N/. CI 
40a,b 

? CI~ 
===> I ~I 

CHO CN 

44 

? " 

~Clyy 
CHO CN 

45 

? 

===> 
CI~ 
CI/I I 

CHO CN 
~ 39 

The details may not be correct but the mechanism might involve an elinllnation of HCl to 
give 45, addition of HCI to the nitrile to give an intermediate that can cyclise 46 and a loss of 
water from 47 to give 40. 

-HCI 
39 -

CI.yy 

CHO CN 

45 

+HCI -
A Pharmaceutical Example 

Clyy 
0)~A_ o HN CI 

46 

-H20 - - 40 

Parke-Davis have developed a series of selective analgesicsS such as enadoline 48 that is clearly 
made from the complex chiral amine 50 and either the benzofuran 49 or the benzothiophene 51. 
We shall be concerned only with 49 and 51 as these compounds have been made both by radical 
and by ionic chemistry. 
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The rest of the synthesis is trivial. 7 More conventiona1 syntheses of 49 and 51 without radical 
chemistry have' also been completed.8 

1. NBS 
62 • 

2. ,NaOH 

Br OH 

~ ~ ~ Cu, 
C02Et --.. C02H • 

0 0 quinoline ~ 0 
63 64 65 
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. Two-GrQup Disconnections V: 
1,4-Difunctionalised Compou.nds 

A Problem from the Textbook: We revealed in chapter 25 of the textbook that compound 1 
(54 in the textbook) cyc1ised in acid to the enamine 2 and that this enamine was reduced to the 
saturated amine 3 by cyanoborohydride. Problem 25.1: Enamines are not usually reduced by 
nucleophilic reducing agents. How is this step successful? 

H H H 

~. 
Na8(CN)H3 --- Yi. .. . w 0 ~ 

H2O pH 3.8-5.4 - H 
Bu 

H - . ~ 

Bu :: Bu 

1- 2 3 

Answer 25.1: The slightly acidic conditions allow equilibration between the enaminc 2 and the 
iminium ' salt 4 that is reduced by cyanoborohydride.' 

H H H 

9=?u 
pH 3.8-5.~ .Y? NaB(CN)H3 

.-
~N W ~ H 

Bu 
H - -

:: Bu 

2 4 3 

Buying the 1,4-rliCO Relationship 

The Pharmacia & Upjohn drug 5, loosely based on adrenalin, has a I ,4-diX irelationship between 
the alcohol and the amine in the side chain. Problem 25.2: Suggest a synthesis of this compound 
using the hint that the 1,4-relationship 5a is bought and not made. 

H 
Me, /N 

S 
/, ,\ 

o 0 

OH 
5 

MsNH 

OH 
5a 

4 

. Answer 25.2: The alcohol suggests that the benzene ring has been joined to the side chain by a 
Friedel-Crafts reaction so we would change it into a ketone 6 . But the amine could also be made 
from an amide (chapter 8) and 7 gives us a compound with a l,4-diCO relationship. 

Work1>vok/(!r O'g{/I/ic SYllfhesis: The DisCfJ/1l1{'Criol1 A Pf)IOCiCit. Second Edirioll Stuart Warren and Paul Wyatt 
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MsNH 

FGI 
5 ===> 

o 
6 

FGI 

NBu2 ==> 
I . , ~ Jl . 

MSNH~. 0 

~ r ~ 4 ' NBu2 

b . 

7 

You might at this stage be reminded of succinic anhydride 9, mentioned as an available 
starting material in the textbook chapters 5 and 25. An amide such as 8 is perfect for getting a 
Friedel-Crafts reaction in the para position and the two identical carbonyl groups in 9 are now 
automatically distinguished in 10. Conversion of the acid into the acid chloride and then to the 
amide 7 is followed by reduction with LiAIH4 that reduces both amide and ketone. 2 

0 MsNH MSNHD 1. Et3N 
LiAIH4 ~ AICI, i-BuCOCI I . + 0 -----..- C02H .. 7 ... 5 

h- CS2 2. BU2NH THF, 0 °C 

0 
0 

8 9 10 

In the textbook we also made the dic.hloroketone 13 from the available staJ1ing material 
butyrolactone 11. An alternative synthesis comes from a substituted butyrolactone 14. 
Problem 25.3: Suggest a synthesis for 14. Hin!: This time the 1,4-diCO relationship can be 
made rather than bought. 

o 
3 2 

rr~ 
4 0 1 0 0=0 o 

HCI --
11 12 

o . 
.3_11_3, 
CI~CI 

1 

13 

o 0 

12M~4 _ 4 

HCI O ' 
2 1 

14 

Answer 25.3: Opening the lactone 14a reveals a compound with two carbonyl groups and an 
alcohol 15. Disconnection at the branchpoint allows the addition of ethylene oxide to a stable 
enolate from the 1 J-dicarbonyl compound 13 that can be made by regioselective acylation of 14. 

~ c-o ~JvCO'H 
\I ~O 1~\1 ~OH 

o 

1,4-d;CO> ~CO'Et 
and FGI + \7 o 

14a 15 16 17 

Reaction of 17 with diethyl carbonate and ethoxide gives the keto-ester 16 and reaction of 
its enol ate with ethylene oxide gives the target molecule 14, no doubt via the alkoxide 18 that 
cyclises spontaneously under the reaction conditions . 

0 0 0 

~ CO(OEth ~CO'EI 1. NaOEt 
v\:'Et ... .- -14 

NaOEt 2. \7 <3 0 

17 16 
'0 

18 
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Problem 25.4;· Suggest a 111echaois01 for the transformation of 14 into 13. 
Answer 25.4: Protonation and loss of C02 19 give the enol 20 and hence a protonated ketone 
that is attacked by ~hloride3 with the opening of the strained three-membered ring 21 to give 
the enol of the product 13. You may well have suggested routes that differ in detail but, as 
long as they have two nucleophilic attacks by chloride ion on a protonated · internlediate and a 
decarboxylation, that is acceptable. 

oc±) . c: 0 

HBr~ 14~ (0 ~ 

e 
19 V CI 

OH . CGQH 

~ ~~~ , CI e CI 
. CI 

20 21 

Problem 25.5: Suggest a synthesis of the spiroenone 22 that was needed for a synthesis of 
acorone.4 

o o o 

22 acorone 

·Answer 25.5: The obvious aldol disconnection 22a reveals a 1 ~4-diC.O compound that \\-7e should 
very 111uch like to disconnect next to the branchpoint 23. The sensible way to do this is to use 
the aldehyde 24 and a reagent for the a2 synthon 25. 

1
CHO 

~O 0 
aldol 4 1,4-diCO D

CHO 

====> 0 ~> + 
0 

22a 23 24 25 

The main reason that this is 'sensible ' is that the aldehyde 24 is a Diels-Alder product revealed 
by drawing the Inechanism of ,the inlaginary reverse reaction 24a (chapter 17). We must check 
that the starting materials' 26 and 27 will give the right regiochemistry and we can do that by 
combining the more nucleophilic end of the diene 26a and the lllore c]ectrophilic end of the 
dienophile 27a . Hence the Diels-Alder should have the right regioselectivity. 

~CHO 

24a 

Diels­
Alder 

:> J:+ 
26 

~CHO 

27 

~ J? 
A~ rl5 H 

26a 27a 

And it does. The obvious way to can~y out the next step would be to cOIubine the enalnine 
of the aldehyde 21 with chloroacetone. The published synthesis4 uses the pyrrolidine enamine 
of 24 but combines it with an a]]ylic jodide to give 28 that needs mercury(II) and a Lewis 
acid to forn1 23. There is no ambiguity In the cyclisation of .23 to 22 as the aldehyde cannot 
enolise. 
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heat 
26 + 27 ---24 

2S Two-Group l)iscIJlll1eCliolJS V: /,4-Dijilllctiollolised CO/JI/}()wu/s 

1. pyrrolidine fYlt-iO 
cat. TsOH 

12J~ I CI 

CI 28; 74% yield 

Hg(OAch KOH 
------I .. ~ 23----

BF3 
HOAc 

Troubles and Triumphs with Homoenolates 

o 

22; 64% yield 

Perhaps the least favourite method for 1 ;4-diCO synthesis is the direct addition of a homoenolate 
(a d1 reagent) to an electrophilic carbonyl compound. Recent works illustrates problems and 
successes. The natural amino acid serine 29 is cheap and available as a single enantiomer. If 
the CH20H group could be turned into a carbon nucleophile, we should have a general reagent 
for amino acid synthesis corresponding to the synthon 30. It turned Ollt that all three functional 
groups of serine had to be altered: the carboxylic acid had to be reduced ancl protected, the amino 
group had to be protected and the OH group changed to a chloride 31. 

29; serine 

G 
? CH 2 _ .. ~ 

H2N C02H 

30; d3 synthon 

An example of its use is synthesis of the unusual keto-amino acid 34. Two bases, BuLi and 
lithium naphthalcnide give the dilithillm derivative 32 that reacts with benzaldehyde to give 33. 
Then HCI in MeOH removes the SEM group and oxidation converts both alcohols inLo carbonyl 
compounds 34. 

31 1. BuLi l ( Li 1 ------.. ~ ~OSEM 
2. LiNp BOc~ 

Li 

PhCHO 

Ph Ph t 1.HCI I: 
OH MeOH 0 

. OSEM 2, PD~ 
BocNH DMF BocNH C02H 

32 33 34 

A General Synthesis of Partly Protected Succinic Acids 

The substituted succinic acids 35 with one acid protected as an ester were needed at Roche to 
make compoLlnds sLlch as 36 as cartilage-protecting agents for the prevention of arthritis. We tell 
YOLI these details partly out of interest and partly so that you can see that the simple chemistry 
you are seeing in these books is relevant to much larger molecules .' Problem 25.6: Why isit 
necessary to have one acid protected? Which bond in 35 would you like to disconnect? 

HO'C~O 
o 

35 36 
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Answer 25.6: One acid D1USt be tUlned into an amide so they need to be different. The bond we 

should like to disconnect is "between th~ two branchpoints. Problem 25.7: How might that be 

achieved? 

Answer 25.7: One acid (or ester) can supply a nucleophilic enolate 37 while the other will have 

to be a reagent for the a2 synthon 38 such as an a-halo-acid 39. 

R1 R1 R1 

R02C~ 1,4-diCO R02C
1 

e ®lC0
2
H CI~C02H _ C02H :> + :> -

R2 R2 
35a 37 38 39 

In fact the workers at Roche" chose to use an a-hydroxy-acid because such compounds are 

more available" tha"n a-halo-acids and Inany are" available as single enantiolners. The acid was 

first protected as its benzyl ester 41. Note the conditions for this step: Et3N is strong enough to 

remove the carboxylic acid proton but not the alcohol proton and the anion of the carboxylic acid 

is n10re nucleophil1~ than the neutral alcohol (chapter 5). The alcohol was turned into ~ leaving 

group by mesylation 42. 

1. PhCH2Br, NEt3 R1 
EtOAc, reflux 

----------~.~ ~ . 
HO C028n 2. Ms20, pyridine 

41 

The enolate was supplied by a malonate ester 43 with two different ester groups. Alkylation 

with 42 nlust occur with inversion and gives 44 with the right stereochell1istry. Now R2 can be 

added by a second alkylation to give 45. 

2.42 

43 

Hydrogenation rC?ffioves both benzyl groups 46 and heating with N -lnethyln10rpholine 48 

decarboxylates the Inalonate to give 47 (== 35~ R == t-Bu). Using a malonate 43 for 37 has allowed 

alkylation with 42 without racelnisation, has allowed us to keep just one of the three esters, and 
has aI1owed6 epin1crisation at the centre bearing R2 during the decarboxylation in favour ,of the 
1110re s table anti -product 47 .. 

R1 

48, toluene t-Bu02C ~ 
~-------I.~ - C02H 

reflux -
R2 
47 

rN,Me 

OJ 
48 
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A Remarkable Reaction from the Textbook 

In the textbook we promised to discuss the mechanism of the remarkable methanolysis of furan 
50 into the keto-diester 51 with two lA-relationships, 

3 2 rr . 
40 1 CHO 

49 

At first sight it appears that a mistake has been made, but we'll take itstep by step, The side 
chain (C-l to C-4) must gain two protons so a good beginning is to protonate at C-3 using the 
furan oxygen atom 52, Addition of MeOH at C-l naturally follows and now a series of proton 
transfers 54 - 56 saturate the side' chain and allow the addition of one molecule of water 57. 
These latter stages could be written in various ways but the essence is the liberation of ester and 
enol of the ketone 59 as the furan is cleaved. 

References 

J. R. V. Stevens and A. W.M. Lee, 1. Chel1l , Soc" Chel/l, COmmltH ., 1982, 102. 

2. 1. B. Hester, 1. K , Gibson, M, G. Cimini, D. E. Emmert, P. K Locker, S. C. Perricone. L. L. SkaJetzky, 
1. B. Sykes ancl B. E. West, J. Med. Chem" J 991, 34, 308; S. C. Perricone, C. G. Chidester and 
1. B, Hester, Tetrahedron: Asymmetr.V, 1996,7,677. 

3, H. Hart and O. E. Curtis, 1. Am. Chern. Soc., 1956,78, 112, 

4 . S, F. Martin and T. Chou, 1. Org, Chem., 1978, 43, 1027: see also 1. N, Marx and L. R. Norman, 
1. Org. Chel11 .. 1975,40, 1602; D, A. McCrae and L. Dolby, I Org, Chem" 1977,42, 1607, 

5, M, N, Kenworthy, 1. P. Kilburn and R. 1. K. Taylor, Org, Lett. , 2004, 6, J 9. 

6. M. J. Broadhurst. P. A. Brown, G, Lawton, N. Ballantyne, N. Borkakoti, K. M. K. Bottomley, 
M. 1. Cooper, A. J. Eatherton, 1. R. Kilford, p, J. Malsher, J. S. Nixon, E. J, Lewis, B. M. Sutton and 
W, H, Johnson. Bioorg, Med. Chem, Left ., 1997,7,2299. 



· , , . 
'r~."~ 

Strategy XII: RecOllnection 

A Problem from the Textbook: We revealed in chapter 26 in the textbook that: 'The aldehyde 
2 is in equilibrium I with a cyclic compound I that also can be used in the Wittig reaction to 
give the same product 3,' Problem 26.1: What might this cyclic compound 1 be ') 

1 base 
2 3; 75% yield 

Answer 26.1: The hydroxyaldehyde 2 is in equilibrium wilh its hemi-acetal I as is more obvious 
from diagrum 2a, If it had been a five-membered hemiacetal. it would probably have existed 
entirely in that form but seven-membered rings are less slable. The hellli-acctal opens under the 
basic reaction conditions to give 4 thus freeing the aldebyde for the Wittig reaction, 

0 HO 0 

b-OH b base b-oG 
/'--0 

C6H13 PPh3 
• 3 

base 

-::: , , 

2a 1; hemi-acetal 4 

Synthesis of 1,2- and 1,4-:diCO Compounds by Oxidative C=C Cleavage 

The amido-aldehyde 5 has a l,4-diX relationship. The obvious amide disconnection Sa gives 
an amino aldehyde 6 that would instantly cyclise , Problem 26.2: With this in mind, suggest <1 

synthesis of 5. 

5 

o 

)ltN~CHO 
H 

5a 

C-N I . 
===:;> H2N~CHO 
amide 

6 

Wurkbook/oJ' Org(lIIir Smllle"is: Til e Di.\·colllleClioll !I""r()/ Iell. Second Edilion , Swart Warren :\lld Paul W)':l11 
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Answer 26.2: We want to reveal the aldehyde only after the alTIlde is in position so reconnection 
to 7 gives a pelfect solution.2 The alkene wi]] not react with the alnine so the amide disconnection 
7 to 8 now gives a reasonable solution. 

reconnect 
;> 

7 8 

The branched amine in 8 could come from a ketone 9 by reductive atnination and the ketone 
should be easy to make by alkylation., SOlne reagent for the enolate 10 of acetone and reactive 
allyl brolnide 11 will do this,. 

H2N~ 
8 

C-N 
~> 

reductive 
amination 
o~ 

9 

enolate 
alkylation 

o~e +' ~ 
10 11 

In fact the known ketone 12 (it is cOlupound 62 in chapter 13 of the textbouk) , \VJ.S already 
available so the chelnists chose2 to produce amine 13 by reductive cunination and oxidise the 
alnide 14 to give 5. This is old work so reduction of the oxil11e of 12 with sodiunl in ethanol 
was used \vhere \ve nlight prefer a 1l10re Inodern 111Cthod (chapter 8) , It is of course unilnportant 
that there are t\VO 111ethyls instead of two hydrogens on the alkene as that just nleans that the 
by-product is acetone rather than forrnaJdehyde. 

Problenl 26.3: Suggest a synthesis of the ,bicycljc ketone IS, often drawn less realistically as 15a. 
Work on \vhichever diagraln you prefer. You should examine the functional group relationships 
before considering any reconnection as a disconnection is needed first. 

bicyclic 
ketone 

15 

HO 

1Sa 

HO 

Answer 26.3: There is a 1 ,3-diCO relationship between the c==o and OI-I groups revealing that 
]5 is an aldol product froll1 the keto-aldehyde 16~ now better drawn in a Hat dra\ving 16a. We 
no\v have a L4-diC'O relationship and direct disconnection of the bond to the branchpoint would 
require a reagent for the 'synthon 18 and an a-hromoaJdehyde 17 we should rather avoid. 

0 Sr 0 

4J OHC) GO 1,3~diCO OH; 2 
1,4-diCO 

aldol >O~ 
= :> 

HO 
17; ·avoid 

H a-bromo-
15b 16 16a aldehydes 18 
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The solution is to use an -allyl group, that -is reconnection of 16 to 19. Now alkylation of the 
same enolate 18 with allyl bromide 11 is easy. But we still need to control the regioselectivity of 
en~lisation of the unsymmetrical ketone 20. It is time to read chapter 14 of the textbook again. 

a a 0 0 

.OHC~ reconnect ~ c-c 0 Met) ;> ;> 0 + 11 
aH<ylation 
of enolate 

16 19 18 20 

But if you do that, you will see that forming an enolate on the less substituted side is easy - just 
use LDA 21 - but not so easy on the other side. The answer is to make a silyl, enol ether 22 

under equilibrating conditions. Then addition of MeLi produces Me4Si and reJeases the lithium 

enolate 23 which reacts with allyl bromide. This is rather complicated chemistry for this bo.ok 
and is developed further in Strategy and Control. 

ali 0 OSiMe3 Oli 

a~e~ Met) Me3SiC'· Me '0 . Me~ Me'O ' 11 
• --.... 19 

Et3N 

21 20 22 23 

Then ' the al1yl group in 19 was ozonised and 'worked up with Et3N to ensure that no oxidation 
to the carbo'xylic acid occurred ~nd that the aldehyde 16 was the product. Reaction with methoxide 
in methanol , gave the required aldol product3 15. ' . 

0 0 

~ 
1.03 OHC~ 

NaOMe 
.- • 

2. Et3N MeOH 

19 16 
HO 

When Corey4 wanted to synthesise the plant hormone gibberellic acid, he chose to use 24 
as an intermediate. It was essential that only one OH group was free as the next step was the 
oxidation of 24 to the quinone 25. Later, each of the protected OH groups needed to , be freed 
selectively so they had to be protected differently. ,Problem 26.4: Suggest a synthesis of 24'­
Selective protection of 26 is not a realistic strategy. 

v::
0'-..../'Ph , 

I/, ' , . . O2 
,/ /' ------1 .. ~ 

OH sensitiser 

o O~Ph. 

v::
OH 

I '. 
~ OH o 

OMe OMe OH 
24 25 26 

Hint: Did you consiaer another 'probJenl: nov/. tD get three 5ubstituents next to eacJi Dther 
round a benzene ring? Or to put it another way: what would be a suitable starting material? The 
answer to both these questions is to use catechol (ortho-dihydroxybenzene) as starting material 
and ~se an OH group to direct the final side chain. You need to' have read chapt~r 35 in,the 
textbook to do this. 
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Answer' 26.4: The benzyl group can obviously be added to the alcohol in 27, though protection 
of the phenol may be necessary. We cannot easily add the side chain but if we reconnect to an 
allyl group 28, the Claisen rearrangement should come to mind so we disconnect the C-C and 
reconnect the C-O bond to give 29 which is clearly derived froln catechol. 

c-o I Q(:0H 
reconnect V-Ih- reconnect Y) 24 ===> ~ . 

OH > OH > 
C=C C-O 

OMe OMe OMe 
27; protect phenol? 28 29 

The allylic ether 29 is made from the phenol 30 and allyl bromide 11 and the only remaining 
question is how best to Inake 30 fnHn catechol 31. 

~j 
I 

OMe 
29a 

G-O 
===> 

. . 

YOH +lsr 
OMe 

30 11 

Ii) YOH 
011 

31 

l'OU could prohahly Inakc 30 froln catechol 31 hy lTIcthylation with dinlcthylsuJfate in base but 
this is not .necessary as it is available as guaiacol. Silnple allylation comes next. Rearrangetnent 
by heating gave 28 in good yield. ]1 is necessary to protect the phenol agajnst oxidation so a 
MEIVI group I rVleO(CI-I 2 )2()Cl-{~-] was added 32. 

Y y:: y::. (MeOhS02 11 230°C 
'h- MEMCI 

.. 30-'" 29 ----.. .. 
~ OMEM OH base base OH 

OH OMe ' OMe 
31 28; 890/0 yield 32 

Note the conditions for the oxidative cleavage: only catalytic OS04 is needed with an excess 
.of sodiunl periodiate. The product 33 \vas inlmediately reduced to 34 and the alcohol· protected 
35. We now huve the triol 26 vvith different protecting groups on each OH group. The MEM 
group vvas rel110ved with CF~C02H giving 24 in 74% yield fr01TI 28. 

3 x NalO4 QCCHO QC:0H y::OBn 
0.2 mole% OS04 NaBH4 I NaH Ih-~ . 32 .- OMEM .. 

. OMEM PhCH2Br OM EM 
THF, H2O 

OMe OMe OMe 
33 34 35 

Oxidative Cleavage of Aldol Products 

Even if the alkene is conjugated 'Nith a carbonyl group, as in an aldol product, it can be cleaved 
by oxidation. Ozone is an electrophile and prefers non-conjugated alkenes. but it has no choice in 
this oxidation of 38 to 'cao1phor qujnon~' 39 - not a quinone but an a-diketone. Tn the reaction 
with c<llnphor 36, Inany different carbonyl compounds could be used as the electrophile: here 
ethyl forolate works particularly well. The initial product 37 is less stable than its enol 38 which 
is ozonised. s 
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170 
HC02Et ~HOO kOH 

0 3 k o • ., 
NaOEt CH2CI2 

. pyridine 0 
36; camphor 37 38 39; 96% yield 

The simple ene-diane 42 looks as though it could be made by an aldol strategy. However, aldol 
disconnections give reasonable enolates 40 and 44 but unstable-looking a-dicarbonyl compounds 
41 and 43 as electrophiles. Since 43 is rather like pyruvate, it may be possible to use it, but we 
should look for an' alternative. Problem 26 .. 5: Suggest a synthesis of 42 using a reconnection 

strategy. 

000 
II aldol U c/_ aldol II e 

/""-~2 + OHC'C02Me <== ~CO~Me ~ ~CHO + H2C'C02Me 

40 41 42 43 44 

~ 

Answer 26.5: Reconnecting the ketone in 42 to make it an alkene 45 allows a sin1ple aldol 
disconnection to available 111ethacrolein 46 and the enolate 44 of ethyl acetate. The aldehyde 
cannot enol1se and is 1110re electrophiljc than the ester so things look go~)d. 

42 45 46 

In fact a Wittig reaction was used 6 to rnake 45~ with the ylid frOll1 48 playing the part of the 
enolate. Conjugate addition to 43 is probably a risk but using an ylid ensures that on]y direct 
addition leads to a Wittig product. If conjugate addition is reversible, which it n)ay well be with 
this stable ylid, then everyone' ~ a winner. The ozonolysis was rcgioselective in favour of the 
nlore nucleophilic alkene away from the carbonyl group. 

e 
Br. Ph P Ph3P NaOMe . II 
l ~ ~ .. ~ 

C02Me C02Me 46 . C04Me 2. Me2S 

1. 0 3 .. 
47 48 45 42; 86% yield 

Cleavage of Aldol Products by Retro-Aldol Reaction 

We have concentrated on oxidative cleavage but other cleavages are used and we shal1 give just 

one example: the synthesis of 51. Antibiotics and anti-viral drugs are often invented by lllodifying 
the nucleosides from DNA or RNA. lJridine 49 is a natural nucleoside. Oxazinonlycin 50 is an 
antibiotic: the heterocyclic ring has been changed. Chemists in Japan 7 wanted to Inake another 
modification by ren10vjng the oxygen atom fr0I11 the sugar ring to give 51. 

D 

I NH 

... ... 

HO· OH 

49; uridine 50; oxazinomycin 51 
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They decided to make 52 from which they could constl11ct the heterocycJic ring. They argued 
that, if a single bond could be used to reconnect two atoms 53, removal of the 1,2-diol would 
reveal an alkene 54 which could be made by a Diels-Alder between cyclopentadiene 55 and the 
unusual dienophile 56. 

HOUNC C02Me' HOUNC C02Me ; HO~NC C02Me 

reconnect 1,2-diO 

=====~> > ~ ~ 
OH 

52 

OH 

53 54 

Diels­
Alder 

55 56 

Compound 56 may remind you of 38 and was made in the same way, though the enol 
form was trapped here by acetylation 58. Diels-Alder reaction gave the cyclic alkene 59 then 
dihydroxylation Llsing N -methylmorpholine-N -oxide (NMO 60) as the stoichiometric oxidant 
gave the diol 61 , protected as the acetal 62. 

58; 76% yield 59; 100% yield 
r(~:/:81 

60; NMO 

, MeOH, <0 °C 
HO OH °XO °XO 

61; 100% yield 62; 100% yield 63; 100% yield 

The retro-aldol required MeOH and a weak base for transesterification to the anion 64 that 
J 

fragmented to the aldehyde 65 which is reduced in situ to 63. Other reactions too can be turned 
backwards to make useful products . 

~
-O N~ COiMe 

K2C03 
~ ~ ~ - -MeOH :: :. retro· - - MeOH - -

°XO 
aldol °XO °XO 

64 65 63; 100% yield 
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Two-Group C-C Disconnections VI: ' 
,1,6-diCarbonyl Compounds 

Problems from the Textbook 

We introduced chapter 27 in the textbook with this comment: 'If we try to start in the same way 
as we have with the other chapters of this kind, with a generalised 1,6-dicarbonyJ compound 
land disconnect in the middle we might be relieved to see an a" synthon 2 easily recognised 
as an cnone in real life, but the dJ synthon 3, with unnatural polarity, caused liS problems in 
chapter 25 and now we should need a reagent for 3 that does conjugate addition. Though there 
are a few ways to do this, it has not been a popular strategy.' Problem 27.1: Draw some of the 
other possible disconnections and explain why they are difficult. 

0 
~R2 1,6-diCO? J~e > Rl + 8 ==> ? 

0 
2 3 

Answer 27.1: We might try disconnecting a different bond la and again be pleased to see 
the enolate 4 but also be unhappy about the a4 synthon 5. We should probably have to use a 
protected alkyl halide so that we would not be using the ketone at all. Reversing the polarity of 
this disconnection only makes things worse. 

o 
J~5 6 R2 

R' 1'· ( 
2 ' 4 

o 

o Br 

1,6-diCO? JI +e~(R2 ~ ~R2 
====~> Rl ~ 0 l-----,r 

o 
RO OR 

1a 4;:: enolate 6 

Another possibility is Ib: again we have a simple acylating agent 7 but a d5 synthon 8 for 
which we could suggest little other than a protected alkyl halide 9 that would have to be turned 
into a Grignard reagent. There are more possibilities, but you get the idea. 

0 0 

~ 1,6-diCO? 
R' Jle +~R2 

? ~R2 . 6 R2 
Rl 1 ~> ==> 2 4 8 

0 0 Br RO OR 
1b 7 8 = d5 . 9 

lI'orkl)()ok for Organic SVrlfhesis: The Disconnection AI'l'l'Ollcir. Second Edition Stuart Warren and Paul Wyatt 
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Later in the textbook we discussed the synthesis of compound 10. In fact, what Heathcock 
wanted was the cyclopentene 11. Problem 27.2: Suggest how this transformation might be 
carried out. 

H -
Me02cXOMe 

Me02C : OMe 

H 

10 

? 

H -
;--TOMe 

~OMe 
Me02C H 

11 

Answer 27.2: Since 10 is symmetrical, cyclisation by a Claisen ester condensation is bound to 
give 12 as it doesn't matter which ester forms the cnolate. I The stereochemistry of the ester 

group III 12 is also irrelevant as it disappears on reduction and elimination. 

H H H - - -

Me02cXOMe NaH 

Me02C : OMe ~ 
H 

/TOMe 1. NaBH4 (TOMe 

o ~OMe;~ TSCI,-pyridi~;- ~OMe 
Me02C H 3. NaOMe, MeOH Me02C H 

10 12; 78% yield 11; 58% yield 

The Synthesis of Acorenone B 

In chapter 25 of this workbouk we mentioned the natur,ll product acorone and now we come to 
an intermediate B in the synthesis2 of the related acorenone 14. Problem 27.3: Suggest what 
would be the ideal starting material to n1ilke this compound 13. 

14 
acorenone B 

Answer 27.3: Making the aldo! disconnection 13a reveals a 1,6-dicarbonyl compound 15 that 
reconnects to the cyclohexene 16. As it happens. there is an available terpene, the citrus flavour 
R-(+)-limonene 17. that is almost exactly what we want. 

13a 

OHC 6 

~ \ 5) ~\ 
~ 

15 

reconnect 
> 

16 17; R-(+)-limonene 

So the questioll. is: can we hydrogenate just one of the two alkenes? The answer is 'yes' as 
White discovered after some trial and error. Hydrogenation over Adam's catalyst does the job in 
excellent yield. The oxidative cleavage was done by making the epoxide 18, opening it ~ith water 
to give the dio! 19 and cleaving that with sodium periodate. You might expect that cyclisation to 13 
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would occur easily in acid or base but a mixture of products was fOfI11:ed. Only when the enamine 
20 was made and isolated and then treated with weak acid, was a good yield of 13 obtained. 

OH 

17 
H2 >-{}- MeC03H >-CY- HCI04 rcYH 
~ • • 
Pt02 Na2C03 H20, THF 
EtOH CH2CI2 

16; 87% yield 18; 890/0 yield 19; 76% yield 

NalO4 CHO 
HO 

~ 

~ 0 HOAc • • • H20, THF 

° 0 
": -

15; 91 % yield 20; 96% yield 13; 87% yield 

The Synthesis of a Sym'metrical Keto-di-Acid 

The symmetrical compound 6-keto-undecadienoic acid 21 has been synthesised by several dif­
ferent routes and we are going to explore these in a series of problelns. There are obviousJy 
two identical 1,6-diCO reJationships 21a. Problem 27.4: What does the reconnection strategy 
suggest? 

a o 
5- 3 3 5 

4 2 2 4 
21 21a 

Answer 27.,4: Reco'nnecting either of the 1,6-diCO relationships gives the sanle cyclohexene 22 
with the other carboxylic acid on a side chain. None of the three standard strategies (Robinson 
annelation, Diels-Alder or reduction of an aromatic compound- chapter 36) seems l11.llch use. 
Proble~ 27.5: What do you suggest? . 

o 
3 

2 
21b 

5 

4 

reconnect 
:> 

22 

. Answer 27.5: The simplest solution seems to be dehydration of the te11iary alcohol made by 
the addition of a Grignard reagent to cyclohexanone. However, we cannot use 24 itself as the 
carboxy hc acid would destroy the Grignard reagent and we can't protect it as an ester as the 
Grignard reagent would cyclise. Problem 27.6: Any suggestions? 

HO 

23 24 25 
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Answer 27.6: One possibility would be to use a protected alcohol 27 instead where R is perhaps 
THP. 

H02C~Br ~ HO~Br ~ RO~Br 

24 26 27 

The Grignard could then be made from 27 and added to cyc!ohexanone, the tertiary alco­
hol in 28 dehydrated and the primary alcohol deprotected to give 29. Oxidation of hath the 
alkene and the alcohol should give 21. As far as we know, this strategy has not yet been 
attempted. Problem 27.7: How could YOll push the reconnection strategy one stage further with 
intermediate 22'1 

27 
1. Mg,Et20 ~O . 

.. RO 
2. 25 

28 

HO~ 
29 

[0] 
-21 

Answer 27.7: R~ClJI\I1CCtillg the carboxylic acid gives a diene 30 that could be made by addition 
of the stable Grigllard from the halide 31 to cyclohexanone 25. 

reconnect 
22 > 

30 

FGI and 
C-C 

> ~Br 
31 

+ 
o D 

25 

The bromide 31 is available but nobody seems to have added the corresponding GrignaI'd to 
cyclohexanone. The cliene 30 has heen made but various attempts to make 21 by this rOllte have 
all given low yields. This is all old work·1 but we give one example. 

B 1.Mg,2.25 
Br~r ~ ~ 

3. NH4CI, H20 
32 4. distil 30; 30% yield 

KMn04 -----l._ 21 
acetone, H20 11% yield 

There is an Orwmic SYlllhesis procedUl:e for this target molecule 21 that is CUriOllS, but works.4 

This is a very simple process and the key step is the dimerisation of 33 with EtJN. 

33 21; 60-64% yield 

This is probably a ketene reaction (chapter 33) and may go through the dimer 35 that IS 

hydrolysed by KOH to some anion(s) of 36 and then acid allows decarboxylation to give 21. 

,.;:0 Me02C 
Et3N • /" 33_Me02C~ _ 

34; a ketene 

o 
Hel 

---l"_ 21 
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There are various other methods using ionic reactions rather than oxidative cleavage such as 
the double alkylation of acetone dicarboxylic ester 37 with the iodo-compound 38. Hydrolysis 
and double decarboxylation5 of 39 gives 21. 

Oxidative Cleavage by the Baeyer-Villiger Rearrangement 

The Baeyer-Villiger rearrangement is men60ned in chapter 27 of the textbook and wen revjewed6 

in Organic Reactions. Problem 27.8: Suggest a synthesis "for this hydroxy-ester 40 needed to 
prove the stereochelnistry of the aggregation pheron1one of an acarid mite. 7 

H02C~OH 
40 

Ans\ver 27.8: Reconnecting to give the lactone 41 and renloving the ester oxygen to reveal the 
starting Inaterial for the Baeyer-Villiger rearrangelnenl reveals a symmetrical tri-nlethyl cyclo­
hexanone 42. Clear1y it doesn't I11atter which alkyl group I11igrates. 

reconnect 
;> 

41 

8aeyer­
Villiger 

~> 

42 

It turns out that hydrogenating 2~4,6-trinlethy 1 phenol 43 gives (mostly) the all syn alcohol 44 
that can be oxidised to the all syn ketone 42. Now the Baeyer-Villiger reaction gives an excellent 
yield of the lactone 41, which can be opened with nlethanol to give 45, the Inethyl ester of 
40. It is important not only that the three methyl groups are syn in the ketone 41 but that the 
Baeyer-Villiger rearrangement goes with retention of configuration at the rnigrating group. 

43 44 

Me02C~OH 
45 

>82% yield 

There lnay be a very special reason \vhy' the stereospecificity of ll1igration is essential to 
a synthesis . The kerone 46 can he 111ade as a single diastereoisoll1er and the Bayer-Villiger 
rearrangelnent goes in high yield with retention at the nligrating group 47. The 'special reason' 
here is that the two chiral centres in 47 can be transfonned into the Z geometry of the unsaturated 
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acid 49, Hydrolysis of the lactone 47 gives Z-49 presumably via the Wittig-like intermediate 48 
that eliminates Ph2PO;- stereospecifically.8 This chemistry is detailed in Strategy and Control. 
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General Strategy B: Strategy of Carbonyl 
Disconnections 

The triketone 2 can be made in moderate yield 1 by base-catalysed cyclisation of 1. Problem 28.1: 
,Count. up the relationships in 1 and analyse possible approaches on the Jines of the discussion at 
the start of chapter 28 in the textbook. 

NaOMe 
• 

MeOH o 
o 

o 
2 

Answer 28.2: The diketo-ester 1 has] ,4-diCO la, 1 ~5-diCO Ib and 1.6-diCO lc relationships .. 
We shall discuss each in turn. 

o o 0 ' 

)~ )l4~, 32 2~ ./ 
5 "-' , 1)( II ~ 

Me02C Me 0 

1a 

Me02C Me 0 

1b 

Me02C Me 0 
1c 

The lnost obvious 1,4':'diCO disconnection is at the branchpoint Id and would need an~ ester 
enolate 3 to ' react with an a2 reagent such as brolllo-acetone 4. The problem with this approach 
is how to l11ake an enolate of the ester without doing son1ething to the ketone'. It is very likely 
that treatment of 5 with base would lead to cyclisation. 

o 

)~( 
Me02C Me 0 

1d 

o 
1 ,4 .. diCO)l ./'... r: 

---.-,-:> ./ '-./;:; + Br TI 
Me02C Me 0 

3 4 

A 1 ~5-djCO disconnection Ie can also be made at the branchpoint but a similar problenl arises: 
the enolate 7 of the ester has to be 'made in the presence of the ketone so that' conjugate addition 
to 6 occurs. Treatment of 8 wit~ base would probab]y' again lead to cyclisation. It is likely that 
protection of the ketone in 5 and 8 \vould be necessary before reagents for 3 or 7 could be used. 

Wo]'khookfor ()rganic '~> 'Ilthesis: T.he DiscollneCT;on I\ppro{lch. Second Editio1l Stuart Warren and Paul Wyatt 
© 2009 John Wiley & Sons. Ltd 
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o 

~ 
Me02C1 Me 0 

1e 

o 
1,S-diCO "0 ===. =:;:> ~ + 

6 

Reconnection of the 1 ,6-diCO relationship gives the cyclohexene 9 that is a perfect Diels-Alder 
product. The diene 10 is symmetrical and the dienophile 11 is activated by the ester group. 

D 

~f 
Me02C Me 0 

1c 

1,6-diCD 

> 
reconnect 

n:2 
Diels- X 

I 3 Alder 

4 ===> 
6 C02Me 

5 . 
9 10 

The compound was made by the Diels-Alder strategy. The alkene in 9 was ozonised with 
sulfide work-up to give the keto-diester 1 in reasonable yield . 

X X+co,Me 
0 

)lc02Me 

120 °C 1.03 ~ + ~ ~ 

2. Me2S 
M.e02C Me 0 

10 11 9; 57% yield 1; 68% yield 

The Synthesis of Long Chain Fatty Acids 

The problem of synthesising compounds like the fatty acid 12 is that there is only one functional 
group. Disconnections at one end remove only two carhon atoms as we should be using the 
alkylation of an enol ate with an alkyl halide 13. Problem 28.2: Consider adding a carbonyl 
group somewhere in the chain to allow Llseful disconnections nearer to the middle of the molecule. 
Where would you put it? 

R C02H => R~Br + GCH2-C02H 
12 13 enolate 

Answer 28.2: There are many possibilities hut two are appealing. Creating a 1,6-diCO 14 or a 
1,5-diCO 15 relationship allows us to use reactions we already know. How would you continue 
with 14? 

o 
2 1 FGA FGA R 

R C02H <== 12 ==> o 
15 

4 

3 

Reconnecting the 1,6-c1iO relationship gives us a cydohexenc 16 that could be made by 
dehydration of 17 which could come from cyclohcxanone 19 and a Grignard reagent derived 
from an alkyl bromide 18. 
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2 

1,S-diC0LJ) R1 I 3 FGI R 
14 ':> ==> 

reconnect 6 4 
5 

16 17 18 19 

One such compound 12; R == H has been made this way.2 Dehydration of 17; R ~ H in acid 
solution was followed by ozonolysis and oxidative work-up to give the acid. The Wolff-Kishner 
reduction3 that uses hydrazine NH2NH2 ren10ved the carbonyl group to give 12. 

1. Mg BuD He, BuD 1.03 14; R = H' 1. NH2NH2 
SuBr ~ ~ .. • 12; R = H 

2.19 2.H20 2 
63% yield 2. KOH 

OH 
17; R = H 16; R = H 

Now let us consider the other possibility. A reasonable suggestion would be to use a standard 
'l,5-diCO disconnection 15a that gjves the enolate 20 of a ketone and son1e derivative of acrylic 
acid 21. This is fine but the disconnection is only one bond further in than that in 12. 

R~C02H 
o 

15a 

1,5-diCO> R~e + ~C02H 
o 

20 21 

One ingenious solution Vias based on a reconnection to a five-meolbered ring 22 rather than 
the cyclohexene we 111ight expect. This creates a ] ,3-dicarbonyl relationship 22 th~t could con1e 
from some enol equivalent of cyclopentanone and the acid chloride 23. 

0 0 0 0 
1,5-diCO 1;3-diCO 

R~CI 6 15 :> R :> 
reconnect + 

22 23 ,24 

The same workers2 llsed this route to make 12: R == H. The lTIorpholine enamine 26 was 
acylated and the cleavage of 22~ R == H accolnplished with alkali to give 14; R == H. Red~ctlon 
with hydrazine gave 12; R == H. 

(0) 
(0) 

0 0 
24 N 23 

BU~ 
KOH 1. NH2NH2 

~ 

6 
~ -------.. 14; R = H .. 12; R = H 

H2O 2. KOH 490/0 from 24 N 
H 22; R = H ' 

25 26 
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The Synthesis of a Furan 

Furans 27 are cyclic his-enol ethers stable only because they are aromatic - two electrons each 
from the alkenes and two from a lone pair on oxygen (chapter 39). Disconnection of both c-o 
bonds gives 1 A-diketones 28. Treatment of 28 with acid usually leads to furan formation. 

Rl--f'J-R2 o 
27 

2 x c-o 
> 

enol 
ethers 

Rl~R2 
o 0 

28 

The ester of furan 29 with chrysanthemic acid is an exceptionally potent insecticide.4 Problem 
28.3: Carry out the double C-O disconnection on this furan and mark the various relationships 
in the resulting starting material. 

'~OH 
Ph0_;> . 

O. 
29 

Answer 28.3: The disconnection is 29a revealing 30 as the starting material. It has two I A-diCO 
relationships 30 and 30a and one L3-diCO relationship 30. Problem 28.4: Can you see a good 
disconnection for the I A-eliCO relationships? 

J£('\ OH 2 x C-O 
Ph > 

o enol 
ethers 

. r- OH 

Ph, • ~. 
~ r H 

o 0 
30 29a 

Ph ;.-rOHph ~OH 
~ }-H Y r H 

o 0 0 0 
30a 30b 

Answer 28.4: The best is next to the branchpoint 30e requiring an enoJate and an ex-halo carbonyl 
compound. The most likely combination looks like 32 with some reagent. perhaps the enamine 
33 for the enolate 32. This does not look very promising. Problem 28.5: What can be done with 
the 1 ,3-diCO rel~tionship? 

~
340H 

Ph 
1 4 H 

CI 

1,4-diCO Ph, ) 

> ~ 
o 0 o 
30e 31 

8 

+ 
~

OH 

H 

o 
32 

s=0H 

.~ 
H 

Answer 28.5: We must change the alcohol into a carbonyl derivative and it probably ought not 
to be an aldehyde as one reactive aldehyde is quite enough . An ester 34 seems the best choice. 
An alternative would be to disconnect the CH20H group with the Mannich reaction in mind 
but we shall not explore this. Now a J ,3-diCO disconnection 34 suggests an enolate 35 of a 
ketoester and ethyl formate. This enol ate will be difficult to control and protection was used in 
the synthesis . 
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3 3 

~
OH ' C02Et 

2 ~ Ph FGI Ph 
1 ~ 1 

H --T H 

o 0 0 0 
30b 34 

1,3-diCO 
;> 

Ph0C02Et+ HC0
2
Et 

o ethyl 
35 formate 

169 

, We must now face the 1,4-relationship and the best bet is to buy it in the form of succinic 
anhydride (chapter 25) and add it to SOlne reagent for the benzyl anion. 

Ph , e 
CH2 

37 38 39 

One synthesis4 uses the nitrile 40 and diethyl succinate 42 as the reagents. It is necessary to 
protect the ketone as an acetal 43 before making the enolate of the ester. Hydrolysis of the acetal 
also forms the furan 45 and reduction gi yes 29. 

Ph 

) 
NC 

40 41 

C02Et 

Ph~ NaH. 

NC O~ HC02 Et 

43 

C02Et 

PhH 1. cone. Hel 
. HOAc, H20 

~ 36 
NC 0 2. EtOH, He 

42 

44 45 

The Synthesis of a Modern Drug Candidate 

1\ 
HO OH 

~ 

We end with the synthesis of a Merck drug 46 for treatm'ent of sylnptoms of Inenopause.5 This 

may seem at first glance rather a simple cOlnpound. Problem 28.6: What difficulties do you see 
in designing ,a synthesis for 46? You Inay ignore the apparent probJem of ~hlorinating the enone. 
It is known that chlorination of 47 gives 46. 

46; 
Merck1s selective 

estrogen receptor-b 
modulator 

HO 

CI 

CI 

o o 

47 

HO 

CI 
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Answer 28.6: You may have picked out various things. Our list is: 

The two-carbon bridge on the bottom face of the molecule. 

Few functional groups in the skeleton - just one ketone and one alkene. 

The quaternary centre - four C-C bonds to one C atom. 

Selective chlorination of the aromatic ring. 

Notice that the relative stereochemistry of the bridge is not a problem as the bridge can exist 
only as a cis unit. In the industrial synthesis they made the enantiomer shown but we shall be 
concerned with relative stereochemistry only. 

The only two-group disconnection available at the start is the aldol disconnection on the 
enone 47a. This gives a spiro-diketone 48 with a I ,5-diCO relationship that can be disconnected 
only to 49 as we cannot have a double bond between C-2 and C-3. This looks pretty bad - the 
intermediate 48 has seriolls stereochemistry and the intramolecular Michael addition of 49 looks 
very awkward. 

0 

0 1,5-
aldol 5 diCO 0 

===> 0 ==> 
HO HO HO 

CI CI CI 
47a 48 49 

So we reject those strategies. The easiest way to avoid the stereochemical problem is to 
disconnect the bridge before we do the aldol disconnection: Problem 28.7: Which bond in the 
bridge would you like to disconnect (and why)? 
Answer 28.7: Disconnecting the middle bond of the bridge is no good - there is no chemistry 
to do that and the stereOChemistry would still be there in the starting material. So you have two 
choices: 47b or 47c. Both require the alkylation of an anion fOl~med by removal of a marked H 
atom in 50 or 51. Disconnection 47c is better because there is only one acidic site. The marked 
H in compound 50 would give an extended enolate stabilised by the conjugated. ketone but there 
is also a more ,lcidic H next to the carbonyl group so the result of treating 50 with base is 
uncertain. 

o 

HO 

CI 
50 

Sr 
b 

C-C 

<== 
HO 

CI 

o 

CI 
47b,c 51 

o 
H 
H 

Sr 

Let LIS continue with 51 by now making the aldol disconnection Sla we wanted at the start. 
This reveals·a I.S-diCO compollnd 52 and disconnection at the branchpoint gives a mllch simpler 
ketone 53 and hutenone. We have reinvented the Robinson annelation (chapters 21 and 36). 



{ 
51a 

o 
aldol 

==> 
Br 
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o 
4 

HO 

CI 52 

5 1,5-
OdiCO 

==> 
Br HO 

171 

o o 

~ 
Sr 

CI 53 

For most of this chemistry we cannot have a free phenol and, as 4-methoxy-indanone 54 is 
available, it makes sense to use that as a starting Inaterial. The first step is into the unknown: 
where is 54 chlorinated? On steric grounds~ one might expect 56 to be the major product, but 
with cheap bleach (NaOel) in acidic solution, the ratio is 85: 15 in favour of 55. Adding water 
to the Inixture precipitates out the wanted isonler 55 in 740/0 yield. 

0 0 0 

Meom NaOCI CIX)j 
• + ~I 

·AcOH MeO MeO 

CI 
54 55 56 

The initial idea at Merck was to add an ester group to 55 to tnake 57 which is thus activated 
for alkylation with 58. Though a reasonable yield of 59 was fonned , it proved difficu1t to separate 
it from dialkylated by-products and another method was sought. 

o 

t-BuOK . CS2C031 DMF 

55 .. 
CO(OEth 

MeO 

C02Et .. 
Sr, /'.... 
~. 'OPh MeO 

OPh 

CI CI 
57 58 59 

It turned out that the aza-enolate 61, made from the stable hydrazone 60, · gave an excellent 
, ,yield of 62 without the need of an activating group that would have to be relnoved later and 

without separation problems. 

Me2NNH2 · 
55 • 

MeOH MeO 
THF, H20 

CI 
60 

Li 
'N'- NMe2 o 

_n-H_eX~;i (~ 1. 5~ 
)lJ 2. HCI MeO OPh 

CI 
61 62 

Now it is tilne for the .Robinson annelation' and they used NaOH for this with a phase­
transfer catalyst. These tetra-alkyl anln10nium salts help to transfer reagents between the aqueous 
phase and the organic phase. In the industrial synthesis this step was used to make a single 
enantion1er (more details in Strategy and Control). Treatn1ent of the product 63 with the L,ewis 
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acid B Br3 removed the methyl group and converted the phenoxy group into a bromide 51. The 

final cyclisatioll required only heating in isopropanol. 

0 

~ 
62 ~ 

0 
MeO NaOH, R4N 

H20, toluene 
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Strategy XIII: Introduction to Ring 
Synthesis: Saturated Heterocycles 

Problem 29.1: How would you convert the natural product carvone 2 selectively into the epoxides 

1 and 37 

o 0 
~ 

0 

? ? .. • 
0 

2 3 

Answer 29.1: The two alkenes are distinct electronically. l~he external alkene is a nonnal 
nucleophilic alkene but the conjugated alkene js electrophiljc. So we can choose which epoxide 
we want by choice of reagent. 1 The nOflnal peroxyacid giv'es 1 but the nuc1eophilic reagent 

H202INaO'H gives 3. SodiUlTI hydroxide is J110re basic than H202 so the reagent is the 
hydroperoxide anion that does conjugate addition 4 on the enone~ The intermediate cyclises 

by an unusual intralTIolecular SN2 reaction at oxygen 5 to give 3. 

o 
~ 

4 5 

On treatnlent, with a peroxyacid, 6 gives a cOlnpound 7 that reacts with water to give the diol 
8 in excellent yield. Problem 29.2: What is the structure of 7? _Explain the formation of 8. 

CF3C03H 
----:J.~ 7 

OH 

HO 
6 8; 900/0 yield 

V .. 'orkbook for Organic S.-vllt/7esis: The PiscoJll7eClioJ/ Approach, Second EdiTion Stuart Warren and Paul \VyaH 

© 2009 John V-/llcy & Sons. Ltd 
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Answer 29.2: Intermediate 7 is of course the epoxide. If you mentioned stereochemistry, you 
should be proud of yourself as the epoxide forms on the top face of the molecule, away from 

-the CMe2 group. The epoxide opens in polar media to give the more stable carbocation 9: 
fragmentation gives2 the diol 8. 

AV'@ 
~OH 

7 9 

Problem 29.3: Moving on to a different heteroatom and ring size, how would you make com­
pounds of the general structure 11? We are looking for two different approaches. One successful 
retrosynthesis starts with C-X disconnections while the other has a C-C disconnection before 
any C-X disconnections. 

11 

Answer 29.3: The most obvious strategy is to disconnect both structural C-:-S bonds. As they 
both have a 1,3-diX relationship with the carbonyl group, we can disconnect both lla and use 
H2S in a double conjugate addition to the dienone 12. IfR = Ar, this could come from a double 
aldol:l on acetone with RCHO 13. Reaction with H2S gives the heterocycIe.4 . 

0 0 0 

R~R 2 x 1,3-diX 
H,S+ A 2 x aldol A 

> ;> 
conjugate ..... CHO OHC .... 
addition R R R R 

. 11a 12 13 

We choose an aromatic heterocyclic aldehyde 14 as an example. The condensation with acetone ' 
gives IOOC'7o yield of the dienone 15 and the reaction with H2S, buffered with sodium acetate, 
gives a mixture of diastereoisomers of the heterocycle4 16. 

0 
0 o 

(yCHO 
A H2S 

\ h 
.. .. 

NaOH, EtOH NaOAc S 

EtOH 

14 15; 100% yield 16; 91 % yield 

But ketones 12 with R = alkyl are not very stable so we move to the other strategy which we 
saw in chapter 19 for the corresponding nitrogen heterocycles. We first add an ester group so 
that we have a 1,3-diCO relationship 17 and disconnect that with a Claisen ester condensation 
in mind. Since the resulting diester 18 is symmetrical, we can again disconnect both C-S bonds 
and need H2S with two molecules of the unsaturated ester 19. Either E- or 2-19 will do but 
E -19 .j s easier to make. 

r 
1 

., -
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17 18 19 

The synthesis5 of the unsubstituted compound 23 is best done by this latter strategy. The 
double conjugate addition goes well and the cyclisation uses NaOMe to avoid problems with 
substitution at the ester groups. Hydrolysis and decarboxylation both occur in 100/0 aqueous 
sulfuric acid. 

0 0 

Me02C l f C02Me Nao~e cY C0
2
Me 

100/0 6 H2S H2SO4 
~C02Me .. ------... 

20; methyl. S Et20 
S S 

acrylate 21 ; 890/0 yield 22; 65% yield 23; 840/0 yield 

Cyclisation Reactions 

In attempts to Inake cycUc peptide mimics, cOlnpounds such as 24 were cyclised6 with NaI in 

base in the h?pe that the iodide would be displaced by the phenoxide anion 25 to give 26. 

0 0 0 

(l~~~ . C02R (lN~~ C02R (lN~~ C02R 

Nal H 0 H 0 
K2C03 

(CH2)n I ~ ? 
(CH2)n I ~ (CH2)n I ~ .. • 

DMF 
Br) HO ~ (\)~ ~ ~o ~ 

I 0 

24 25 26 

When n == 7, the cyclic peptide mimic 26, with a 22-1nembered ring, was indeed the product. 

When n == 1, no cyclisation occurred under these conditions but on trea~ment with t-BuOK in 
DMF, a~ 1: 1 mixture of 26 and a different product 27 was formed. When n == 0, no 26 was formed 
but cOlnpound 28 was the sole product in 1000/0 yield regardless of the ·base used. Problem 29.4: 
Comment on these results. 

t-BuOK 
24 .. 26 + 

n = 1 DMF n = 1 

27 

24 
n=O 

0
0 

~~ 
any N 0 

base 

HO 

I~ 
~ 

28; 100% yield 

Answer 29.4: The question hangs on the relative ease of formation of the various ring sizes 
as the amide nitrogen offers an al~ernative, though much weaker, nucleophile. When n == > 1, 
the best reaction is 25 regardless of ring size as the alternatives (cyclic amides such as 27 or 
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28) do not have a favourable ring size. When n = 1 the six-membered ring 27 is favourable 
enough to be formed along with the J 6-membered ring in 26; n = I. When n = 0, the alternative 
very favourable nve-membered ring 28 is much preferred over the IS-membered ring in 26; 
11 = 0. 

Cyclisarions to Form Oxetones 

Four-membered rings are inherently difficult to make so we must make sure that everything is in 
our favour. A typical case would be the bicyclic oxetane 29. Normal C-O disconnection gives 
the diol 30. Problem 29.5: How would you make 30? Hint: What is important but has not been 
shown on the diagrams? 

29 

C-O 
===> 
ether 

C(H ===>? 
OH 

30 

I\.nswer 295: Stt'rt'ochelllistJ}ll And th~t depends on which of the OH groups we make into a 
leaving group (X). Either will do but we need the syn-isomer 31 (no inversion) or the {Inti -isomer 
J2 (inversion during the SN2 reaction). We might be able to make either from the J ,3-keto-ester 
J3 which we can easily make by acylation of cyclohexanone with dimethyl carbonate. 

C(x \ \ C(x 

31 32 

OH 
FGI 

30 ==> 
1,3-diCO 

> 

So. can we convert 33 into either the s.l·n or the onti -dial 30? It turns oue that hydrogenation 
over Adams catalyst (PtOl) hydrogenates the ketone from the face opposite to theC02Me 
group. The oxetane can then be made if the primary alcohol is converted into a sulfonate leaving 
group - the p~bromobenzel1e sulfonate (OBs) was chosen:s Even then, the yield was only about 
50%. 

e(" ce ce CD H2 LiAIH4 ·SsCI NaH 
33- • OH • OBs -Pt02 C02Me pyridine Et20 

34; 87% yield . 35 36; 100% yield 29; 49% yield 

Is there a reason to make the primary (rather than the secondary) alcohol into a leaving group? 
There is i·ndeed as is evident from attempts to make the spiro-oxetane 40 from the diol 38. The 
ch loride 37 cou ld not be cycl ised under any conditions but the ch lori de 39 gave a reasonable 
yield of 40. Problem 29.6: Explain. How would you make 38? 

CI 

rY'OH HCI ---
37 38 

1. BsCI rY'oH KOH cPO pyridine 
----' .. ~ CI -

2. LiCI 
EtOH 

39 40; 66% yield 
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Answer 29.6: The tertiary chloride 37 could react only by the SN 1 rnechanislTI and that is evidently 
not good enough. Elimination occurs instead. By con.trast an SN 2 reaction at the primary chloride 
39 is good because the anion of the alcohol participates in the cyclisation. 8 We canno~ make 38 
in the same way that we made 35 as only one of the alcohols can be changed into a carbonyl 

group. The ester 41 can be Inade from cyclohexanone and a suitable reagent for the enol ate 42. 

OH 

~OH 
38 

1,3-diCO 
;> 

·42 

The standard reagent for 42 would be a }jthi~m enolate or a Refonnatsky reagent so that 
dehydration of 41 is avoided. Reduc60n with LiAIH4 would then give the dial. Though this 

strategy is usual for this kind of dial, 38 was not actually rnade this way. 

Now a synthetic example to illustrate more substituted oxetanes. Problem 29.7: H,ow would 

you make oxetane 43? · 

~Ph 

43 

. , 

Answer 29.7:' The usual disconnection 43a gives diol 44 and we could change either OH into a 

carbonyl group to glve 45 or 46 with the aldol disconnections drawn on them: T'he· first 45 looks 

better as the disconnection js more central (46 cuts off only one carbon atonl) and an alternative 

to the aldol route 111ight be the acylatjon of an enanline of i -PrCHO with PhCH2COCL 

43a 44 45 

o 

or · HO~Ph 

46 

But 44 was not Inade that way.9 One-group C~C disconnection 44a gave benzyl Grignard 47 

and the hydroxy-aldehyde 48. Th.ls route was chosen because 48 was a known compound and is 

easily lnade froin formaldehyde and iso-butyraldehyde. It is not necessary to llse the Mannich 

reaction as formaldehyde can react 01:11y once with this aldehyde. Sodiuln carbonate is used as 
the base to avoid a Cannizzaro reaction. 10 . ' 

OH 

~ .N /Ph C-O BrMg ..... /Ph + HO~CHO HXCHO 
HO A J~ ===> "" '/\ ===> CH20 + . 

iso-butyr-
44a 47 48 aldehyde 

We have also deceived you in that the final step, the cyclisation of 44, was not actually carried 

out by Hudrlik. But it js virtually certain that it would be successful. 
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OH OH 

~CHO 47 +Ph TsCI +Ph base HO HO ' , T50 - .. .----- 43 
pyridine 

48 44; 93% yield 49 

A Bicyclic Amine 

We end with a more straightforward problem involving a fused bicyclic compound with one 
aromatic and one non-aromatic ring, Problem 29.8: Suggest a synthesis for 50. 

Ph 

d:; 
o 

bicyclic 
amine 

50 

Answer 29.8: The most obvious first disconnections are 50a or SOb hoth with reductive amination 
in mind. There is no doubt that the reactions would work but both slarting materials 51 and 52 
have adjacent substituents on the furan ring and it might be difikult to use one substituent to 
introduce the other, Could we not make better use of the cyclisation? 

Ph d!7b Ph 

~o a b eCH2 
C-N C-,-N 

~ < ~ \ > Y \ " GHO reductive reductive 
o NH2 ami nation 0 amination , 0 

51 50a,b 52 

If we disconnect a C-C bond first SOc we could use the imine 53 to deJiver the electl'Ophile 
to the right position: the difficult step would he cyclisation, This intermediate 53 is the imine 
between the primary amine 54 and benzaldehyde, 

Ph Ph 

it; C-C c0 C=N 

y\ -~ ====> (0H2 + PhCHO 
e/ectrophilic imine 

0 substitution 0 0 
50c 53 54 

Now we must make the amine 54 and this could be done in many ways, Perhaps the simplest 
is some FGI giving the unsaturated nitro compound 55 with plenty of reduction in mind as this 
can be made from very dieap furan-2-aldehyde 56 and nitromethane. 

FG/ 

> 
reduction 

'aldol' 

=====> ~CHO+ MeN02 

56 

In practice, the chemists II followed the first few steps as we have planned them but decided 
to cyc1ise the more easily made amide 57 and hence needed a reduction step at the end , 

'1 
.. ! ., 
.; 

I 
oj 

i , 

I 
I 



~CHO 
56 

base 

n°· '-_~Njlph 
o H 

57; 830/0 yield 

References 

29 References 

paCta .. 
toluene 

ether 

, Ph 

~~ 
~~ a 

58; 66% yield 

~ PhCOC~ 
o ' 'NH2 NaOH 
54; 64% yield 

ether 

Ph dJH 
a 

50 

l. J. D. McChesney and A. F. Wycpalek, 1. Che111. Soc., Chenl. COlnn1un .', 1971, 542. 

2. G: Ohloff and W. Giersch, Hell'. Chiln. Acta, 1980, 63, 76. 

179 

3.- P. A. Levene and G. M. Meyer; ()rg. Synth. ColI., 1943, 2, 288; G.~. Zellars and R. Levine, 
1. ·Org. Chen!., 1948, 13, 160. ' 

4. C. H. Chen, G . A. Reynolds and J. A. VanAllen, 1. Org. Che,:n., 1977, 42, 2777. 

5. J. Davies and 1. B. Jones, 1. AnI.. ['he/no .Soc., 1979, 101, 5403; E. A. Fehnel and M. Carmack, 

1. An!. Chen-l. Soc., 1948, 70, I 813. 

6. R. C. Reid, M. J. Kelso, M. J. S.canlon and D. P. Fairlie, 1. A 111. Chel11. Soc., 2002, "124, 5673. 

7. E. E. Smissman and R .. A. Mode, 1. AnI. Cheln. Soc., 1957,79, 3447. 

8 . . A. Rosowsky and D. S. Tarbell, 1. Org. Chel11.., 196 L 26, 2255. 

9. P. F. Hudrlik and M. M. Mohtady, 1. Org. Chen1., ] 975, 40, 2692. 

10. E. T. Stiller, S. A. Harris, J. Finkelstein, J. C. Keresztesy and K. Folkers~ 1. Aln. Chen1. Soc.) 1940, 
62, 1785. 

11. W. Herz and S. Tocker~ 1. Anz. Chenl. soc.~ 1955.77: 3554. 



·. ·0··· 
'", - Three-Membered Rings 

Problem 30.1: Suggest a synthesis for this ketone. You might consider (at least) two strategies. 

o 

~ 1 

i\.llS\Ver 30.1~ You Injght have considered a carbene approach involving adding two nucleophilic 
carbene equivalents sllch as sulfoniuln ylids to the dienone 2. But you lnight then have reflected 
that we rejected unstable 2 as a synthetic intennediate in the last chapter. An alten1ative would . 
be to make the three-lnelnbered rings by alkylation of the central ketone. 1'he disconnections are 
of C-C bonds 1a and the intennediate is thus something like 3. 

o 

'CH2' ·+ ~ 
2 

o 

.~ 
o 

C-C II 
--........... ;>CI~CI 
alkylation 

a 

carbene 
1a 3 

The dichloroketone 3 will come from the keto-diol 4 and we can use a strategy seen in tpe 
last chapter for this syn1metrical ketone. After adding an ester group we can do a 1,3-diCO 
disconnection 5 revealing two n101ecuies of 6 for which we can use available butyroJacton'e 7. 

o 

CI~CI 
3 

o 

~HO~OH~ 
4 

o 
HO~O.H 1,3-diCO HO . CO Et + /'-./OH ~ D ---"'Y";> ~ 2! ----7 

C02Et 0 
5 C02Et 6 6 7 · 

The synthesis 1 can be calTied out without isolating any intern1ediates. Condensation of the 
lactone in base actually gives the aldol product 8 rather than 5. But this is all right as reaction 
with hot concentrated Hel gives 3 in one step. 

Workhook for Organic Syllfhesis: The Discollnection AP!7fO(](:h. Second Edition Stuart W<lrren and Paul Wyatt 
© 2009 John Wiley & Sons. Ltd 
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~: 
0 

NaOMe conc. HCI 0 NaOH v'v 7 .. .. CI~'CI --MeOH heat 

1; 55% yield 
8 3 from 7 

It may help to see that the carbon atom of the enol ether in 8, marked with a black blob, 
becomes the ketone in 3. Substitution of 0 by Cl 9, enol ether protonation 10, a second substitution 
by chloride 11 and decarboxylation 12 are all initiated by HCI to give the enol 13 of 3. 

~~c!fec, aCc, Qf=C' 8 - C02H --- I C02H 

o c:.:OH 00 
0 0: d~v \j 

9 10 11 

CI CI (,c, 
0 -CO2 ~ 

~ --- 0) (0 ------- - c,Jlo OH 
CI H CI 

12 13 3 

Cyclisation and Car bene Strategies Compared 

The cyclopropane 15 is a key intermediate jn the synthesis of a potential schizophrenia drug at 
Mcrck.2 One laboratory route used the cyclisation of 14 in base and another the intramolecular 
capture of a carbene derived from the diazoketone 16. Both were low-yielding and hazardous. 

o Br F 

~CO'E' 
H 

14 15 

So the cyclopentene 17, made by allylation of a fluoro-ester, was epoxidised with aqueous 
NBS to give an 8: 1 ratio of 18 and the cis compound via the bromohydrins. Now intramolecular 
alkylation opens the epoxide to form the cyclopropane 19, easily oxidised to 15. You should not 
be surprised at the stereochemistry of the products. With 5/3 fused rings we have a classic folded 
compound and everything wants to be on the outside (exo or convex) face (chapter 38). . 

H F 1. NBS, H2O 0, H F H F 

~C02Et 
acetone ~CO'E' 

(Me3SihNLi 
HO'"O' "CO,E' .. .. 

2. DBU Et3AI "'H 
H CH2CI2 H THF 

17 18; 85% yield 19; 90"10 yield 

In another case, where rigid analogues of amino acids 2S were needed, the carbene strategy 
was better. :~ The decision to start with a pyrrole 20 is remarkable but they thought along the lines 
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of the reconnection strategy we have explored in chapters 26 and 27. The chetnical reaction will 
be an oxidation of an alkene. But there is a clever variation here. The acid in 24 was reconnected 
to an alkene and the nitrog~n atom was reconnected to the other end of the alkene. To make 
this a practical synthesis, the oxidation level of the acid in 24 was changed to an aldehyde and 
a formyl .group int'roduced on the nitrogen 23. The two aldehydes were then joined to make the 

alkene in 21. This strategy was partly based on finding a simple starting material 20 and partly 
on using a five-lnembered ring to give control over stereochelnistry. The amine used to convert 
23 into 24 removes the N -formyl group. . 

Boc 
I 
N o 
20 

Cu(OTfh 
PhNHNH2 

23; 960/0 yield' 

Boc 
I H 

N " . 

~'IIC02Me 
H 

21 

1.03 
CH2CI~ 

2. Me2S 

24; 870/0 yield 

Boc 
I H 
N" . 

OHC' -~ . 

OHC -P II/ C02Me 

H 
22; 79% yield 

H . 
BocNH " . 

Bn02c~IIIC02Me 
H 

25; 96% yield 

Problem 30.2: This tricyclic ketone 26 has been made by carbene insertion froln a diazo­
compound into an alkene. Try all three possible .disconnections and say which you prefer. 

tricyclic 
ketone 

26 

Answer 30.2: . Two 26a and 26b are quite similar requiring a cyclic enone and a diazo group on a 
side chain 27 or 28. We might have doubts about carbene insertion into a conjugated alkene, but 
such reactions are known, and we might prefer not to make the diazo compound by diazotising 
a primary amine, but these strategies could probably be made to work. 

26a 27 26b 

o 

N2HC~ 
28 

The third possibility 26c is much the best as the ~lkene is not conjugated with a carbonyl 
group and the required diazoketone 29 can be made from an acid chloride and diazomethane. 
But the Inain reason is that the starting Inaterial 30 is the Diels-Alder adduct of butadiene and 
acrylic acid. 

26c 29 30 
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The synthesis4 uses oxalyl chloride to make 25 and a copper-bronze catalyst to decompose 
the diazoketone to the carbene. None of the intermediates was isolated and the tricyclic ketone 
was formed in 57% yield from 30. 

0 0 

(COClh 0 coc, CH2N2 ~CHN' Cu-bronze e 30 .. .. .. 
cyclohexane 

reflux 
31 29 26; 57% yield 

Cyclopropanes from Electrophilic Alkenes 

What strategy do you suggest for 'this (much simpler) cyclopropane 33? Addition of diazomethane 
to 32 (cis or trans) is not likely to be good and the sulfur ylid slrategy suggested in the textbook 
is likely to be much better. 

t-Bu02C C02Et 
"=I 

C-C 0 
=====::;> t-Bu02C'-../ SMe2 + 

'carbene' 0 
32 34 

There is a simpler alternative: all we need is a nucleophiJe such as an enolate and a leaving 
group such as a halogen on the same atom 35 and we have a carbenoid. Conjugate addition of the 
enolate 36 to ethyl acrylate gives an intermediate that can cyclise 37 to giveS the cyclopropane 
33. The stereochemistry is decided in the cyclisation step as the enolate is flat but trans-33 is 
preferred. The mechanism resembles that of the Darzens reaction. 

I-BuOK 0') ~e 
. .. t-Bu02C'-..,0~ ~ 1/- __ f-Bu02C ~ __ trans-33 
t-SuOH I ~ OEt ---=:::::.-> OEt 75% yield 

CI q, 
35 36 37 

However, the sulfur y.Iid method has its uses. The Lilly con1pound for psychological disorders 
LY544344 38 is obviously made from the simpler amino acid 39 by peptide coupling and.39 can 
be made by a Strecker reaction6 on the bicyclic keto-acid 40. Problem 30.3: Suggest a synthesis 
for 40. 

C-N 

===> 
amide 

Ho,c~INH' 
H C02H 

39 40 

Answer 30.3: With the hint in the last paragraph, you might well have deduced that a sulfur 
yJid was used for the cyclopropanation . The best disconnection is 40a as that gives us a simple 
cnone 41. The ylid 42 cannot be made because of the acidic proton but the ylid 43 of the ester 
is fine. 
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H02C~ 
C-C Q e <±) 

FGI e (£> :> + /'..... ==> ~ 

Icarbenel H02C SMe2 Et02C' SMe2 

H 0 0 
40a 41 42 43 

The sulfonium salt 45 was formed in acetone and the cyclopropanation carried out jn 
acetonitrile with DBU as base. Though 46 could be hydrolysed to 39 it was better to carry 
out the Strecker reaction before hydrolysing the ester.7 The stereochelnistry of 46 comes from 
the cyclisation step. The 3/5 ring junctjon n1ust be cis and the. substituent C02Et much prefers ' 
the outside (exo or convex face) of the folded molecule. 

1. DBU, MeCN 

acetone · 2. enone 41 

44 45; 820/0 yield 

The Synthesis of HaIicholactone 

l-Ialicholactone 47 is a Jipoxygenase inhibitor frol11 a sponge. It contains, according to 'rakelTIoto8 

'a number of unusual structural features including a nine-111ernbered lactone. trans-disubstituted 
cyclopropane ring, and bis-allylic alcohol'. We shall be concerned only Vv·ith the cyclopropane. 
One synthesis9 first l1lade t.he nine-nlcillbered lactone 48. 

OH 

o OH o 

o o 
47; halicholactone 48 

They did this becau.se they knew how to luake 50 fro1l1 natural S -malic acid and how to 
cyclise the hydroxyester 49 to' the lactone 48. Problem 30.4: Suggest how they 11light convert 
50 into 49. 

\ \ '-
C02R 

~ ~ \ -
-

\ \ \ ': ? c-o C02R :> - ==> OH 
lactone 

OH OH 
0 

48a 
Me02C Me02C 

49 50 . 

Answer 30.4: There are tnany ways but a carbene Inethod looks poor as there lS an alkene in 
49 that might also react. Instead Wills and his group went for the sulfur ylid method as only the 
conjugated alkene in the intermediate 51 will react. 'rhis alkene ll1ight be nlade by some sort of 
Wittig process frOID the aldehyde 52. 

R~C02R S-ylid (1) R,-~/C02R Wittig RyCHO + (C02 R 
I ===> Me3S0 + J oJ'" ====> 
OH OH OH G) PPh3 

49a 51 52 53 
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The secondary alcohol in 52 must be protected and they did this on the way from malic acid 54 
to the lactol 56. A Wittig reaction introduced the side-chain with the cis-alkene 57 and oxidation 
to the aldehyde 58 (not isolated) followed by a Horner-Wadsworth-Emmons o1efination gave 59. 
Finally, reaction with the sulfur ylid gave the cyclopropane as a 5:2 mixture of 49 and the other 
diastereoisomer. 

HO R'O R'O 0 

h ~o DIBAL ~OH 
1.Ph3P~ 

----- C02H 
~ 

~ .. 
H02C C02H (MeJSihN-Na 

54; S-malic acid 55; R' = p-MeO-benzyl 56; 84% yield 2. MeOH, AcCI 

S\:. 
f
R CHO] -1. Swern y 

OH .. 
OR' - OR' 

Me02C 57; 69% yield 58 
DBU, LiCI 

2. 

59; 69% yield 

By contrast, Takemoto's synthesisX used 'cyclopropanatioll by the Simmons-Smith method 
using a zinc carbenoid (see textbook chapter 30). Thjs reaction is done on the skeleton that 
remains after removal of the whole left hand end 60. We have not drawn the disconnections that 
take 48 to 60 hut they must involve both C-C and C-O disconnections. Problem 30.5: What 
problcnis will arise with this approach? How might they he solved? 

48 

OH 
C-C and ~2 :: 

C-O > HO~C5Hl1 
OH OH 

OH 
Simmons- 1 :: 

Smith ~2 ~ ~ 8 C SH11 
HO _ 5 

=====::> : 
OH OH 

60 61 

Answer 30.5: The Simmons-Smith on allylic alcohols is directed by the OH group and the 
problem is that we have two rather similar alkenes and fOllr OH groups, three of them allylic . 
To get the right stereo- and regio-chemistry, it is essential that the cyclopropanution is directed 
by the OH on C-2. The OH on C-S would give the right stereochemistry but might react with 
the other alkene. The only solution is to protect the other three OH groups 62. The protecting 
groups are Piv = f-BuCO-, SEM= Me3SiCH2CH20CH2- and TBOMS = I-BuMe2Si-. The 
cyclopropanatioll gave 63 with no contamination by regio- or stereo-isomers. 

OSEM OSEM 1 _ 

. ~C5Hl1 
PIVO:: 5 I 

\ '- -
~C5Hl1 

PivO :: - I 
OH OTBDMS OH OTBDMS 

62 63; 69% yield 
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Strategy XIV: Rearrangements 
in Synthesis 

Diazoalkanes 

RealTangements are difficult to see retrosynthetically so we run through the chapter in the textbook 

with simple examples to heJp you recognise molecules that can be n1ade by rearrangernents. 

Problem 31.1: Suggest how this carboxylic acid 1 might be made using a diazoalkane. 

Answer 31.1: The CH2 group b~tween the carboxylic acid and the rest of the skeleton suggests 
'a chain extension by the Arndt-Eistert procedure from 2. Now the stereochernistry (easier to see 

that the Hs are on the saIne side if we draw then1 in) suggests hydrogenation of the conjugated 
acid 3 that could be nlade by an aldol reaction between acetophenone 4 and a reagent for the 

specific enol ate 5. 

Ph CO H ca'rbene Ph .C02H FGI Ph . C02H aldol PhAO ~ H~' ~ I 
,2 ;> 'IH ===> ===> . 

1 a 2 3 4· 

Kloetzel l used a Reformatsky reagent (zinc enolate) for 5 and dehydrated the 'aldol' product 

with KHS04. Hydrogenation of 3 needed Adams.~atalyst and the rearrangenlcnt 9 to the ketene 10 

went in excellent yield. It is important to recognise that the nljgration occurs with retention. 

Workbook PII- Organic Synthesis: The DisCOI1I1c>crioll Approach. Second Edil;Oll StU3.rt Warren and Paul Wyatt 
© 2009 John Wiley & Sons. Ltd 
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A Cyclopentannelation 

There are ways such as the Robinson annelation to add a six-membered ring to a molecule. 
Problem 31.2: But how would you add a five-membered ring to complete the transformation 
of 11 into 12. Hint: If you have not yet read chapter 33, it may help you to do so now. 

11 

? 0=>=0 12 

Answer 31.2: We know that rings can be made from smaller rings by ring expansion with 
Jiazoalkanes. So we could make 12 by ring expansion from either 14 or 15 and these 
cyclobutanones can be made (chapter 33) by 2 + 2 thermal cycloaddition of ketene to 11. 
It may appear that each cyclobutanone could give two different cyclopentanones but migration 
of the tertiary centre in 14 or the secondary centre in 15 will be preferred over migration of the 
primary centre. But as the cycloadditiOri will go one way or the other, we do not have a choice. 

11 + 
CH2 2 + 2 ~ "...c=ar=be=n=e@=b

ao IJ <=== <. 
II ketene a 
o 0 

o 
carbene W 2 + 2 =====::;:> ====> 11 + 13 

b ketene 

13 14 12 15 

Dichloroketene was used in the synthesis2 as it so much easier to prepare. Only one isomer 16 
of the cyclobutanone 16 is formed and it rearranges with ring expansion to 17 which was 
dechlorinated without isolation to give 12. 

Q CI3C·COCI Q1:, CH2N2 CR,o] Zn 0=>=0 ~ ~ .-
Zn-Cu MeOH HOAc 

POCI3, Et20 
CI CI 

11 16; 83% yield . 17 12; 71 % yield 

The Pinacol Rearrangement 

The acyloin reaction (chapter 23) allows the easy synthesis of ene-diols such as 19 as their silyl 
ethers. Problem 31.3: How would you convert 19 into the cyclopentadione 20? Why is the 
disconnection to the stable enolate 21 and PhBr no good? 

18 

Na, xylene 
~ 

19 

? -
o 0 

~ c-c r\ 
~JPh~ ~e + PhBr 

20 21 

The heading of this section gives you the clue that we shall use a pinaco! rearrangement. 
Answer 31.3: The easiest (though still not very easy) way to see the rearrangement is to reverse 
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it 20a. This gives the diol 22 that has a ] ,3-diCO relationship and could be niade by an aldol 
reaction between 19 and benzaldehyde. The disconnection 20 is no good because aryl bromides 
will not d9 SN 2 reactions: 

~Ph 
OH HO reverse 

2f o:oSiMe3 rearrangement. 
2 1 Ph 

aldol ·ct :> :> PhCHO + ==> . I 

3 0 0 OSiMe3 
0 

20a 22 23 19 

The aldol reaction was catalysed by Ti(IV) and the work-up rellloved the silyl groups. 
Rearrangement3 with. TFA (TriFluoroAcetic acid) gave an excellent yield of 20. Notice that 
this (semi-)pinacol.22 is unsymmetrical and it is the secondary alcohol that leaves. This is partly 
because the secondary alcohol is also benzylic, partly because cyclobutyl cations are strained and 
P9.rtly because ring expansion of cyclobutanes 24 is very favourable. 

OH 0 

,

iC1

3 o:oSiMe3 PhCHO t(Ph CF3C02H c}Ph I . • ., Ph 
TiCI 4, CH2CI2 -78°C 

. OSiMe3 -78 °C 0 ·0 0 
19 22; 78% yield 20; 97% yield 24 . 

SYlnmetrical pinacols with both alcohols secondary also rearrange using the leaving group 
t~at would give the more stable cation. Problenl 31.4: How would you make 25? Explain the 
reaction of 25 to make 26. Why is it synthetically useful? 

OH 

PhAy Ph~ 
OH o 

25 26; 1000;0 yield 

Answer 31.4: .The simplest route is by dihydroxylation of the alkene 27 or epoxidation and 
hydrolysis. The benzylic OH leaves and the product is formed by hydrogen Inigration 28. You 
might reasonably have suggested elimination of water to give the enol of 26. The reaction is useful 
because the Friedel-Crafts disconnection 26a of this class of ketones is no good as a-carbonyl 
cations are unstable: Such ketones are important anti-inftam·matories.4 

OH 
e 

He c:.0H2 . OS04 etc PhAy Ph~ -- 26 ~ .. ------ Ph~ Ph ~ 

'or 1. RCOjH 
2. H20 OH H(9~ 0 

27 25 28 26a 

Rearrangenlents of Epoxides 

Unsynlmetrical epoxides such as 29 or 31 rearrange in excellent yield. s Problem 30.5: Conln1ent 
on the selectivity of the rearrangement. 
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to LiBr X 
Me2N 

\ do LiCI04 CC .. Me2N-P=O .. 
HMPA I G 
80 °C Me2N or H 

0 
29 30; 100% yield HMPA 31 32; 100% yield 

Answer 30.5: In both cases the tertiary alkyl cation is formed and hydrogen migration is preferred· 
to methyl migration in 33 and to ring contraction in 35. 

LiBr~ L' 
29-- t Ue- I 

33 

~H~li~ 29 

34 

G .H 
31-- <SkH ~ 31 

H 
35 

By contrast the symmetrical epoxide 36 gives a mixture5 of ketones 37 and 38. The less 
substituted cyclohexene oxide 39 gives rearranged product 40 on reaction with Grignard reagents. 
Problem 3] .6: Explain . 

(:(0 
0 

UCIO, ct ~ 0 0 RMgBr C)---<0H 
benzen; 

+ .. 
0 R 

36 37; 9% yield 38; 91 % yield 39 40 

Answer 3].6: Epoxiue 36 is symmetrical so it can open either way 41 to give a tertiary cation. 
The choice is then between methyl migration 43 and nng contraction 42. Ring contraction wins . 
So we might deduce that hydrogen migration 35 beals methyl migration and ring contraction. But 
[3erhaps ring contraction in 35 doesn't happen as it would lead to a four-membered ring. Ring 
expansion of four-membered rings is often seen e.g. 16 to 17 or 22 to· 20 but ring contraction to 
four-membered rings very rarely. 

LiCI04 
36 ... ~-Li 

~ve --
41 

~
G 

Me 
o 

42 Li 

a a 
-- 38 ---- 37 

The formation of 40 clearly also requires ring contraction 45 to give the aldehyde 46 that is 
attacked by the Grignard reagent. Here ring contr(!ctiol1 be.lts hydrogen migration. Perhaps the 
moral is not to be too confident in predicting rearrangements. 

CSLT . 

- ;---." MgR -0/ 
H 

RMgBr RMgBr~A 
39 .. ~00-M9R 40 

44 45 
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The Stereochemistry of Semi-Pinacol Rearrangements 

The pinacols 49 and 50 can be made6 by stereoselective reduction of hydroxy-k~ton~ 48, available 
by a photochemical reaction on the a-diketone 47. Though the eight-membered ring is large, it is 
floppy, and 48 behaves as a folded molecule. Kinetic control with LiAIH4 adds hydride from the 
less hindered side but thermodynamic control' with Al(i-PrO)3 gives the more stab1e exo-alcohol 

49. Hydride is transferred from iso-propanol via an aluminium ate complex.? 

o . , OH 0 OH OH OH ,OH 

o ~ n-f AI{i-prO~3~ 48 LiAI~ .(~-{ 
~ i-prOH~ ~ 

H H H 

47 48 49; 73% yield 50; 62% yield 

The secondary alcohols can be converted into good leaving groups (tosylates) and directed 
semi-pinacol rearrangement now leads to two closely related cyclopropyl ketones 52 and 54. 
Problem 31.7: What 'is the relationship between 52 and 54? Explain these reactions. 

. OH OTs 

~", AI20 3 

50--~ • 

H 

c:t 
o 

51 ; 920;0 yield 52; 85% yield 53; 79% yield 54; 88% yield 

Answer 31.7: The two cyclopropanes are diastereoisomers. The synthesis of 48 fronl achiral 
47 111eans that all cOlnpounds are racemic so we are concerned only with relative stereochelnistry. 
Th~ rearrangelnent reaction is clear1y stereospecific: each diastereoisolner of tosylate gives a 
single and different diastereoiso111er of product. 'fhis is tricky to draw! Probabl.y the only good W~lY 
to see the stereochemistry clearly is to make 1110dels. Our suggestion is to draw the TI1echanisnl 
55 or 57 without changing the shape of the starting material but marking the H that will be at 
the ring junction. Then draw the product in the same shape 56 or 58. It is easy to see that 58 
has a cis cyclopropane on the nine-melnbered ring but not so easy to see that we 111USt redraw 
56 so' that the chain is in the plane of the paper 52. 

O,,'H 0 

b - " redraw - / 

51~ ------.. • 

H H 
55 56 52; 85% yield 

53~ 
( }t~TS OrH redraw c::t ------

.. 
H H 0 

57 58 . 54; 88% yield 
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The Favorskii Rearrangement 

We have mentioned the Robinson tropinone synthesis in several chapters of the textbook. It in­

volves the condensation of a dialdehyde 59, acetone dicarboxyJic acid 60 and an amine to give 

a tropinone 61. These tropinones are so easily rnade that it makes sense to try and form other 

ring systems from them. Problem 31.8: Suggest how tropinones might be converted into 62. 

eCHO 

CHO 

59 

+. 

60 

R 
N 

RNH~ ~o 

61 

? 

62 

The Favor-skii rearrangement is perfect for this. You needed to brominate the tropinone and 

treat the bromoketone with methoxide. It turns out that a C02Et protecting group is needed on 
the nitrogen 63. Bromination with bromine gives dibromination but CuBr2 is more controlled. 
Treatment with mcthoxide gives the ester ()5 from which the protecting group can easily be 

removed by hydrolysis and decarboxylation. s 

C02Et C02Et C02Et I I 
N N I 

CIC02Et 

~o 
CuBr2 

~o 
NaOMe N 

61; R = H .. .. .. £.b co2Me K2C03 CHCIJ DME 
toluene EtOAc 

63; 86% yield 64 65; 56% yield from 61 
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Four-Membered Rings: · Photochemistry 
in Synthesis 

An Example . from Chapter 31 

In the last chapter we featured, but did not e~plain, a photochemical synthesis 1 of a four­

Inembered ring 2 that was clearly not a 2 + 2 cycloaddition. In fact this is just an exaInple 
of .a general four-membered ring synthesis that works very efficiently 2 on simple a-diketones 

such as 3. 

1 2 

Even n10re generally, silnple ketones such as 5 Inay give, usually in low yield, cyclobutanones 

such as 7. A sinlple explanation is that the light is absorbed by the C==O n-bond and transfers 

one electron fron) n to n*. It is diffIcult to represent this welL but, as the n-bond i's now weaker 
and the electrons are distributed 1110re to\vards carbon, the diradical 6 is ' the best we can do. 

Problem 32.1: Can you draw a nlechanism to get from 6 to 77 Hint: Which atom in the chain 

has been altered and what is lost 'from -it? 

o 

R~ 
hv 

5 6 

Answer 32.1: A hydrogen aton1 must be abstracted frol11 a carbon atom, Inarked C-l in 6a. This 
C-atom is 1 ,5-related' to the oxygen radical and, as the O-H bond is 'stronger than the C-H bond, 

abstraction occurs 8 in the style of chapter 24. Finally the, two carbon radicals cyclise 9 to give 7. 
Problem 32.2: Suggest a 111echanism for the photochen~ical cyclisation of 3 and say why you 

might expect it to be more efficient that the cyclisation bf 6. 

8 

1,5-H 
abstraction 

• 

R 

111: 
9 

Work';ook Inr Organic SYl1thesis: The Disconneclion Apl)J"()lIc/7, Sccond Editio11 . Stuart Warren and Paul Wyatt 
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Answer 32.2: We now have a conjugated n-system that will absorb light more efficiently and 
at lower wavelength than a simple ketone . The diradical can be drawn in various ways with the 
odd electrons on carbon or oxygen as long as the 1,5-H abstraction 10 occurs from carbon to 
oxygen. We have drawn the cyclisation using an 'enol ate radical' 11 but there are other ways to 
draw it. You will have noticed that both 1 and 3 are symmetrical molecules so that it doesn't 
matter which way the l ,5-H abstraction occurs . 

O· O· 

~o hv 

~ 
1,5-H 

3 .. ------ -------7t ~ IT* 

10 GH \j 11 4; 92% yield 

Development of Material from the Textbook 

In the textbook chapter we revealed the excellent regiospecific photochemi~al cyclisation of 12 
,md 13 to give 14 but we did not reveal the application of this chemistry. The next two reactions 
were an oxidation with mCPBA and then a reaction with glycol in acill. Problem 32.3: Can you 
predict what the product 15 would be and how 16 is formed? 

y+ 0 

~ 
f\ 0> 

Q< hv mCPBA HO OH 

~:02R --- .. 15 .. 
TsOH 

0 0 
12 13 14; 95% yield 16; R = CH2CH20H 

Answer 32.3: The first reaction is obviously a Baeyer-Villiger rearrangement (chapter 26) but 
which group migrates? You should have realised that the tertiary group would migrate to give 
the acetal 15 rather than the secondary group to give) 17. 

~t 
o 

15 

mCPBA .. 

14 

x.~ot Llo 0 
o 17 

NOT formed 

But the next step is something different. Ester exchange leads to 18 by attack of glycol on the 
lactone, releasing the unstable hemiacetal. Decomposition to the a1coholleads to fragmentation 19 
with cleavage of the strained four-memhered ring and formation of the aJdehyde 20 that is 
immediately converted to the acetal 16 under the reaction conditions. 

HOr\OH ~O+ 
15 .. ~ OH 

TsOH C02R 
ester 

exchange 18 

/' r. 

. ~" 
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. , '. 

The point of all this was to Inake cyclohexenone 24 via ketone 22. Hydrolysis of 22" gives the 
keto-aldehyde 23 that cyclised very easily in an intramolecular aldol reaction to give 24. 

0> 0> 
--t1-ti 16; R = Nao~ --Co MeLi U He 

CH2CH2OH 
.. ----.. 

C02H H2O o 0 

21 22 23 24 

Later in the chapter we pointed out that photocycloaddibon of 26 gave 27 rather than 
strained 25. Notice that two new C-C bonds are formed at the expense of two weaker C==C bonds 
so there is some gain. Surprisingly, similarly strained compounds such as 28 can be made by 
ionic cyclisations. Problem 32.4: Suggest a precursor that might give 28 on treatment with base. 

hv 

25 0 26 o 

hv 
~ 

27 0 

o 

28 

Answer 32.4: The only functional group is a ketone so alkylation of an enolate seelTIS the best 
idea. There is a choice: disconnection 28a gives 29 where X is a leaving group while 28b 
gives 30. the latte"r is nluch to be preferred as treatrnent of 29 with base would probably lead to 
elimination of HX rather than cyclisation. So how would you make 30? 

a 
o c-c 

X alkylation 
of enolate 

29 28a,b 

o 
b 

c-c 

alkylation 
of enolate 

30 

x 
o 

This i.s not straightforward, but if you have read chapter 36 you nlight h~\;e noticed that a 
Birch reduction route" is ideal. The leaving group could come from a carboxylic acid 31 so Birch 
reduction of 33 followed by in1mediate methylation of the enolate anion of the carboxylate 34 
should be all right. 

30 

x 
o 

FGI 
===> 

31 

FGI 
==> 

The synthesis4 is SU111111arised here. A tosy 1. group was chosen as the leaving group and the 
cyclisation to 26 occurred under surprisingly mild conditions. Note the selectivity shown by 
the two ·methylating agents: Mel reacts with the most nucleophilic species, here the carbon of 
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the enol ate 34. By contrast diazomethane CH2N2 needs protonation to make it reactive and the 
carboxylic acid, formed during the work-up of the first methylation, is ideal. 

33 

34 W'e 1. protect oerQ~ ketone 
I - • 

2. LiAIH4 
3. deprotect 

36 ketone 37 

Photochemical Cycloadditions 

35 

MeOH 
THF 

roTS TsCI 0 NaOH 
• • 

pyridine I H2O 
_ MeOH 

38 

28 

The two alkenes 39 and 40 combine on irradiation to give a single compound in 80% i-solated 
yield. s Only one compound is activated, probably the enone 40 so the product' 41 is a 1:1 adduct 
of 39 and 40. Problem 32.5: What is the structure of the photoadduct 41? Hint: More than one 
kii1d of selectivity is involved. 

hv 
---l"_ 41 

39 40 

Answer 32.5: First the regioselectivity: redrawing the reagents so that they can add we find two 
possibilities 41a or 41b. We know from the textbook chapter that photochemical cycloadditions 
occur the 'wrong' way round so we choose 41a formed when the two electrophilic ends of the 
a\kenes form a bond. 

0 0 0 

cfCQ
'Me·4 Me02C 

hv or .. 

39 40 41a? 

Now what about the stereochemistry? We know that the 4/4 and 4/6 ring junctions must be 
cis and that the stereochemistry of the starting materials is preserved. Marking the Hs should 
help you to see this. So we have two possibilities: 41c or 41d. 

0 0 0 
Me02C H 

c(CQ'Me. "4 hv 
• or 

H Me 

39 40 . 41c? 

.! 
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There is no 'endo' rule controlling which of these is formed: the molecules can choose.' 
They prefer to have the more stable ' arrangement 41d with the end rings held -apart. Note that 
all these molecules are racemic as the starting materials 39 and 40 are achira1. As it happens, 
the stereochemistry 'of 41 was known because reduction of the ketone with sodium borohydride 
gave the crystalline lactone 42 whose X,-ray structure revealed all. The hydride transferred froln 
a] uminium prefers to come froln the outside of the folded 4/6 fused rings. 

o 

hv 

39 40 41; 850/0 yield 42; 65% yield 

One starting material 39 is already a cyclobutene and it was made by the strategy of buying the 
diftlcult part of the molecule: the carboxylic acjd 43 is commercial1y available. So bromination 
and work-up with ethanol gave ,45 from \vhich HBr could be elimjnated to give cyclobutene 
carboxylic acid6 46. 

2. EtOH 

Br C02Et rr NaOH. 

43 44 45 46 

Four-Membered Rings by I~nic Reactions 

Enamines such as 47 add to nitroalkenes to give fOUr-111el11bered rings 48 in good yield.7 

Problem 32.6: Do you think that this is a concerted 2 ,+ 2 cycloaddition, a stepVv'ise radical 
reaction, or a 'stepwise ionjc reaction given that ejther isolner E-47 or Z-47 gives the same 
regio- and stereoisolner of the adduct 487 

r? or 
~N~ 

E-47 Z-47 

Answer 32 .. 6: The l~ss of stereochemistry in the enanline suggests a stepwise lne'chanisln and the 
combination of a strongly electrophilic nitroalkene and a nucleophilic enalnine suggests an ionic 
n1echanisJll. The regiochelnistry agrees with an intennediate such as 50 and the stereochelnistry 
suggests that onlx the trans intenl1ediate can cyclise 51 and that the cis intennediate equilibl'ates 
via starting materials. The next chapter deals with another ilnportant way to make cyclobutanes. 

~O 
0 0 
NR2 l2 ~.J 

~N02 
I 

'III ) 

~48 

~N02 
I (3 N0

2 
Ph Ph . Ph 

49 50 51 
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Do Ketenes Exist? 

In spite of their high reactivity, some ketene~ can be isolated and one at least can even be distilled. 
This is di-t-butylketene. Problem ~3.1: What C0111pound would you choose as an intern1ediate 
in the synthesis of 1 ? ' 

1 • = 0 di-t-butyl 
. ketene 

Answer 33.2: The obvious way to 111ake 1 is by elin1ination of l-ICI from the acid ch10ride 2 and 
this means you must make the carboxyJic acid 3. Problem 33.2: Any ideas of how to do this? 

1 

FGI 
-=0 ===> 

2 

o 

H 

FGI 
CI ===> 

3 

o 

OH ===>? 
H 

Answer 33.2: There are many ._possibilit'i'es but these do not include the alkylation of enolates 
of acetic acid derivatives 4 with' t -butyl halides. The only such route that n1ight work is the" · 
alkylation of silyl enol ethers 5 with t-Bue] and a Lewis acid. The half way stage would be 6. 

This would have to be turned into a silyl ether and the alkylation reaction repeated. As far as we 
are aware, this has not been tried. I 

o 

lOH . ? )~ 
. H ===> t-BuX + e '" 

H2C OH 

3a 4 

Workbook for Organic Symhesis: The DiscollnectioJ) Approach, Second Edition Sluart \Varrcll Zlnd Paul \Vyau 
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. A reported synthesis I worked its way back from 3 through the alcohol 7 that might be made 
by hydroboration of an alkene 8 and hence from the isomeric alcohol 9. The idea was to get back 
to the available ketone 11 that might be methylated twice before the addition of MeLi to give 9. 

FGI 

==> }= FGI ~OH C-C . ' ~ ==> 
. . 

8 9 

C-c 
o ==> =(0 

10 11 

The double alkylation was done with NaNH2 as base. Then MeLi was added to 10 to give 9, 
Dehydration with SOCl 2 in pyridine gave the alkene 8. The synthesis of the acid chloride 2 went 
as expected and elimination with NaNH2 finally g3ve the stahle ketene 1 that could be distilled . 
So some ketenes definitely exist. 

1. NaBH4 

FOH C'O~ :}: CO,H SOCI~ }:OCI =}.=o AICI3 NaNH2 
8 • .. 

2.H20 2 H2S04 H NH3(1) 
NaOH . H2O 

7; 65% yield 3; 82% yield 2; 96% yield 1; 57% yield 

The Synthesis of Cl-Lactones 

Unstable intermediates also include the a-Iactones . Bartlett::! wrote 'persuasive evidence exists 
Ih3( a-Iactones occlIr as intermediates.' But he wanted to make one to be certain and found di­
r-butylketene 1 the perfect starting m3teri31. Oxidation of 1 gave a solution of d compound with 
an NMR spectrum consistent with 12 that decomposed to a mixture of 13 and 14 on standing. 
Problem 33.3: Are you convinced'! 

1 

FCCI3 

-78 °C 

12 13 14 

Answer 33.3: Well. we are l The very strained a-lactone would open in a polar solvent 12a to 
the zwitterion 15 that would undergo methyl migration to give the stable tertiary cation 16 th3t 
could reclose 16a to the lactone 13 or simply lose CO2 16b to give the alkene 14. 

__ 13 ~_14 -'i\ 
12a 15 16a 16b 

I 

I 
f 

I 
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Ketenes as Intermediates 

Treatment of the ketone 17 with base gives a mixture of cyclobutane products. 3 Proble~ 33.4: 
Propose mechanisms for the formation of these products. 

o lr'oTS base. 

o 

& + 
01} 

17 18 19 

Answer 33.4: The fonnation of both products must surely start with enol ate forrnation on the 
only possible side. There is then a' simple route to 18 by alkylation with the tosylate 20. The 

reaction looks rather awkward but it is better when the CH20Ts group is drawn axially 20a. 

17 

C:0 

base ~ .OT 
____ ~.~ ~~ s 

20 

o 

& 
18 20a 

The other product 19 is lTIOre difficult but the clue is in the section heading. The enolate cou ld 
fraglnent 21 to give t.he ketene 22, better drawn 22a which is lTIOre in the shape of 19 so that 
we can draw the [2 + 2] cyc}oaddition to give 19. 'rhere is no agreClTICnt about this reaction but 
a ketene is at least one. explanation. 

19 

[2 + 2] Thermal Cycioadditions of Ketenes 

Thermal cycloadditions of ketenes were discussed in the textbook chapter. Problem 33.5: Predict 
the structure of 25. 

o 
23 

+ Me02C y COCI 

CI 
24 

Answer 33.5: The an1ine eliminates Hel from 24 to give the ketene 26 that adds to one alkeD-e 
of the cyclopentadiene to give 25. The regioselectivity comes frOITI the nucleophilic end of the 
diene attacking the electrophilic carbonyl group of the ketene 27. But did you a'lso predict the 
stereochemistry? One diastereomer of 25 is fanned. Is it also one enantjo'lner? 
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o 
11 

0(-JR 
Cl C02Me 

27 

The larger ester group ends up on the outside (exo- or concave) face of the folded molecule. 
This compound 25 is not a single enantiomer: though 24 is chiral and could in theory be a single 
enantiomer, it would racemise quickly by equilibration with its enol. The ketene 26 is achiral as 
is the diene so no asymmetry could be transmitted. The chlorine was removed by treatment with 
BU3SnH (a radical reaction, see Strafegy and Control) and the mixture of diastereoisomers 28 
cOllverted into 29. Problem 33.6: Explain the reactions that convert 28 into 29. 

H 0 

~OH 
H 

cH'cl 
: CHO 

BU3SnH 1. NaBH4 

~CO'Me .. .. 
AIBN 2. NaOMe 

H C02Me benzene H C02Me H 
25 . 28; 70% yield 29; 64% yield 

Answer 33.6: Borohydridc reduces the ketone to (he alcohol which is fragmented4 by base 30 
to give 31. the cis isomer of 29. The same base epil1lerises the aldehyde 31 by enolate formation 
to the more stable frans isomer 29. This product was used in a synthesis of prostaglandins . 

1. NaBH4 .. ~H O,Hne crH 
CHO ~ OMe . GOMe 

~ SOMe .. ~ C02 Me .. 29 

H . H 
30 0 31 

Ketene cycloadditions can produce conlp!ex structures in one step. Problem 33.7: Draw both . . 
disconnections corresponding to ketene l2 + 2] cycloadditions on this tricyclic ketone 32 and say 
which you prefer. 

32 
a tricyclic 

ketone 

Answer 33.7: The two possibilities are 32a and 32b. The diene 33 could no doubt be made but 
the two alkenes are not the same and, in any case, the carbonyl group of ketene would not add 
to the middle of the cliene so we re.iect that. We prefer 32b that would need an intramolecular 
cycloadclition and would be constrained, so that the regiochemistry is controlled, to give 32. 

\\ 
• 
\ \ 

+ 0 

33 ketene 32a 32b 34 

i 

l 
1· 
I, 
I 

f 

1 , . . 
r 
! 

r : . 
~ , 
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The starting material for ketene generation would be the acid chloride 35, available from the 
acid 36. In fact the conjugated acid 37 was preferred as it was easier to make. 5 

FGI 
34 ===> 

35 

COCI FGI ~ 

===> 

36 37 

As ,the lnarked y-hydrogens must be removed from 38, and they are less acidic than the usual 
a-hydrogens, the stronger Hiinig's base i -Pr2NEt was used with catalytic DMAP to give 32 in 

good yield. 

coel 

DMAP 

H 

37 38 H 32; 78% yield 

A Synthesis (~f Muscarine 

Muscarine 39 is a toxin from the nlushroom AnU7nita Jnuscaria. The anline salt could be 
derived fronl the nitrile ·40 and that could COlne from an SN 1 displacel11ent on the acetal 41. 
Pirrung and DeAmicis6 believed that they had a way of Jnaking 41 by ring expansion from the 
cyc]obutanone 42. Problem 33.8: Suggest a synthesis of 42. 

o 0 '\:feN .'(YoMe )=f0 ~NMe3 FGI C-C ? 

==> ==> ====> ... ... ... .... 
HO" HO HO HO' 

39; muscarine 40 41 42 

Answer 33.9: There is a problen1 with either disconnection 42a or 42b: the alkenes 43 and 45 
are enols and would have to be stabilised by silylation. The stereochemistry from route h would 
conle from the stereochemistry of the enol 45 and perhaps that was why they chose route a as we 
should expect the reagents to come together to give the Inore stable trans cyclobutanone without 
having to contro] reagent stereochemistry. Fortunately the regiochemistry of both approaches is 
fine: the nucleophilic end of the enol should attack the electroph,ilic carbonyl ~roup. of the ketene. 

~O HP
O 

0 

~.=O a b ) II 
[2 + 2] [2 + 2] • 

+ <: ' ;> + )( / " 
HO HO' HO H H 

43 44 42a 42b 45 46 

The synthesis is outlined be1ow. They used the TBDMS group on the enol 47 and preferred to 
use zinc on the dichloro acid chloride 48 to make the ketene and then dechlorinate the add~ct 49 
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with more zinc . This gave a 3: 1 mixture of the trans cyclobutanone 50 and the cis compound. 
Their new chemistry was a photochemical reaction with methanol that gave a mixture of epimers 
of 51. Substitution with cyanide and Lewis acid catalysis gave .a mixture of epimers of 52. These 
were separated by chromatography and the cis isomer used to make muscarine. Ketenes have 
found many applications where the final product bears little resemblance to the key intermediate. 

t-BuMe2SiCI 
MeCHO • t-BuMe2SiO~ 

47 Citro 
t-BuMe2SiO . 

Zn/Cu )j0 
t-BuMe2SiO'" 

49 50 

+ X COCI 

CI CI 

48 

hv, MeOH 
• 

'(yCN 1.Me2S-B~3 ~NH2 Mel -base , ' 

t-BuMe2SiO 
52 
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Fiye-Membered Rings 

The cyclopentenone 1 was needed for some photochemical experiments. l One synthesis involved 
the bromination and dehydrobromination of the saturated ketone 3. This ketone can be made2 by 
selective methylation of cyclopentanone 4. 

o 

&-
1 

o 

~Brf(Y 
2 

C-Br 
==> 

o o 

&- 6 +MeX 

3 4 

Bromination and debrominatl0n by the method of Garbisch3 gave the ketal 5 in moderate 
yield and elimination is easier while the ketal is still in place to give 6 which is then hydrolysed 
as needed. 

o 

Cf-
3 

Br2 
-----1.~ Br 
1\ 

HO OH 

f\ 

~
o 0 

5 

o 

MeOH 

NaOH 
--~ &-

6 

A better version of the same ,strategy4 uses the sulfoxide 7 that can be made by acylation of 
the ester 8, made in tum by alkylation of the enolate 10. 

"0 0 

~ Ph~~ 1,3-di ICQI:j-M02C c-c 
~ ----~> 0 ====> 

II 
and FGl PhS . 

Me02C~ 
0+8 
II./"'.... ./"'.... 

PhS' ~ ~Br 
7 '8 9 10 

The synthesis used the lithium enolate of the ester and the sulfide rather than the -su1foxide 
version of 9. The all~ important cyclisation of the sulfoxide and elimination gave excellent yields. 

,,/ , ::1°,2, ,C Me02C t-- 1. LOA, THF • 

, H 2. PhS~ Br PhS 
11 

mCPBA LOA heat 
-----i .. ~ 8 ---.. , 7 ~ 

88% 
yield 

Workbook for Organic Synthesis: The Disconnection Approach, Second Edition Smart Warren and Paul, Wyatt 

© 2009 John Wiley & Sons. Ltd 

1 
76% 
yield 
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In any cas~, 'preparation of 3 was sufficiently tedious, howe~er, to render this route unsatis­
factory, ' 'The next route tried was an aliphatic ,Friedel-Cfafts cyclisation of the acid chloride 12 

derived' from the unsaturated acid 13 which might be made by allylation of an equivalent of the 

enol ate. 14. 

'0 0 0 0 

&-' FriedeJ- cU- H~ enolate HO~ 
Crafts FGI alkylation e + 
-~> ~ ==> ~ :> 

~Br 

1a 12 13 14 ., 15 

This synthesis used the lithium enolate 17 of the acid itself 16. The acid 13 was converted into 

the crude acid chloride 12 and imlnediately cyclised to a mixture of 1 and the ~-chloroket,one 18 
which can be eliminated more easily than can 2. Carbon disulfide (CS2) used to be used as a 

solvent but it is exceptionally flammable. 

o 

HO~ 
H 

16 

LOA 

Oli 

LiO~ 
17 

o 0 

15 SOCI2 AICI3 
---.. 13 .. 12 ~ 

CS2 
&-+ty-

1 CI 18 

' But neither of these routes is very good. They are long and the yields are not great. The 
planning uses only one-group disconnections. Problem 34.1: Can you do any better with two­

group disconnections? , 
f\ns\\Ter 34.1: Alnl0st certainly. The aldol disconnection Ib reveals a 1 ,4-dicarbonyl compound 19 

that Inight be Tnade by any of the methods froln chapter 25. The Inost prornising disconnections 

are those next to the branchpoint such as 19a. We need an acyl anion equivalent 21 that will 

do conjugate addition. The best one from chapter 25 is the nitroalkane 22 that 111ight even- be 
successful with the enal 20. 

0 0 0 0 N02 

tf aldol ~ )0 ) 
1 ~1,4-diCO Y :> ;> + => 4 3 22 

OHC OHC OHC 21 nitro-
1b 19 ' 19a 20 d1 reagent ethane 

The a1ternative 19b requires a specific enolate 23 of the ketone 25 in reaction with an a­
bramo-aldehyde 24, a type of molecule we suggested you should avoid. It would be better to 

adopt the reconnection strategy (chapter 26) and use allyl bronlide 15. But there is still the 

problen1 of lnaking the enolate 23. The first strategy 19a looks better but neither has been tried 

as far as vve are aware though 111any cyclopentenones have been made by silnilar methods. 5 

0 0 0 

~1,4-diCO ~ reconnect ~ ;> e 
+ OHC,~Br ;> ~Br H 

OHC 
19b 23 24 15 25 
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An Intermediate in the Synthesis of Coriolin . 

The coriolins are a group of natural products with anti-tumour activity based on the skeleton 26 
with its three fused five-membered rings.6 Aldol disconnection reveals a tricarbonyl compound 27 
with 1,4- and 1,5-dicarbonyl relationships. Preferring the latter we come back to a n1uch sim­
pler bicyclic compound 28, the subject of this section. Problem 34.2: Suggest an approach 

to 28. 

o 
26 

aldol 

===>' 

o 1 2 27 

1,5-diCO 
:> o 

28 

Answer 34.2: The aldol disconnection 28a gives two possible starting materials 29 and 30. \Vhlch 
do you prefer? 

o o 
aldol aldol 

<=== o ===> 
o o 

o o o 
29 28a 30 

Further disconnection of the 1,4-diCO relationship on 29 at the branchpoint suggests an 
alkylation of the enolate 32 ftom the a-diketone 33 with the b~omoketone 31. This has the 
advantage that there is only one enolisable position in 33 and an enan1ine, say, might work w·el1. 

o 1 
2 1,4-diCO ,orBr 

;> 

29a o 31 

+ oX{< 
0 

32 

==> oj{< 
o 

33 

Triketone 30 has, by contrast, a 1,5-diCO relationship aUowing disconnection 30a at the 
branchpoint into an enol ate 34 and a rather familiar con1pound 1 that we have just made. Further, 
the enoJate is from available synllnetrical butane-2,3-dione 35. This \-vas the route Danishefsky 
chose. 

2 
613 

4 
o 

,30a o 

1,5-diCO 
;> x o 

34 1 35 

The a-diketone 35 had to be protected as the din1ethyl acetal 36. There is no trouble over this7 

as et-diketones are very reactive. Then the remaining ketone was activated with an ester group 37 
so that it would be good at conjugate addition (chapter 21). Sodiu111 metho~ide catalysed the 
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Michael addition and the product 38 could be converted into 28 in one step under acid catalysis.6 

We shall go no further in this synthesis as adding the side chain to make 27 proved very difficult. 

MeOH 

35 ---
OX 

NH4CI OMe 
OMe 
36 

C02Me 

CO(OMe~ OV 

NaH ~OMe 
benzene OMe 

37; 63% yield 

1 
NaOMe 

MeOH 

Asymmetric Synthesis from' Terpenes 

TsOH 
__ -I~~ 26 
toluene 51% yield 

OMe . 0 
38; 85% yield 

Terpenes are present in nature in great variety and form a valuable resource of enantiomerically 
pure starting materials but at first sight they are not much use for five-membered ring compounds 
as six-membered rings such as limonene 42 are much more common. Limonene 1S particularly 
valuahle as the two alkenes have significantly different reactivities and both enantiomers are 
availabk. Epoxiciation give's 41 hut hydroboration with a bulky bonme gives the alcohol 43. 
The epoxide 41 can be hydrolysed to the diol 40 and the diol cleaved to the kelo-alJehydc 39. 
The epoxide 41 and the dial 40 are both cis but the only stereochemistry that matters is at the 
third chiral centre as only that survives in 39. Problem 34.3: Predict the compound formed on 
treatment of 39 with base. 

o 

39 

NaJ04 

CHO ... 
H20 
THF 

OH 

40 . 

OH 

41 42 43 

Answer 34.3: There are three possibilities: the enolate of the aldehyde could attack the ketone 39a 
or either enolate of the ketone could attack the aldehyde 39b,c. We can discount the slower 
cycJisation to the seven-membered ring but either answer 44 or 46 would be reasonable. In facL 
which you gel depends8 on the conditions: K-OH gives 46 while pyridine and acetic acid give 44. 

o o 

a C 

CHO CHO 

39a 44 45 39b,c 46 

So six-membered cyclic terpenes can be used to make five-membered rings. Problem 34.4: 
How couJd you use 43 to make plagiolactone 47? 

o 

47 
plagiolactone 
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Answer 34.5: Disconnecting the structural C-O bond first 47a is wise as it reveals that the 
unsaturated 'aldehyde is not conjugated so we must lnove the alkene into conjugation so that we 
can do an aldol disconnection 49. We shall see later that this double bond' ends up in the right 
place by a y-deprotonation. Now we need to cOlnpare ~O with 43. 

CHO o CHO 

o lactone 

47a 48 49 50 

Conlparing structures 43a and 50a shows that reconnection of the 1,6-diCO relationship 
(chapter 27) is needed so revealing S1 that is an oxidation away from 43. 

1 

2 ~ 6 ~ ,6 
? 1 0 CHO 1,6-diCO 

3 4 5 <== 5 :> 
FGt 

,2 C02H reconnect 
OH 4 

oxidation 
OH 

3 

43a 50a 43 

The synthesis9 was very short: the alcohol 43 was oxidised to 'the acid 51 and the rell1aining 
steps carried out without isolation of intennediates. When 49 cycJises to 47, probably via a mixed 
anhydride,' enolisation takes place with removal of a proton frorTI the y-position 493 to give the 
right structure. 

Cr(VI) pyridine 
43 ---~·~50 

HOAc 

r 

~ a CHO 
-........:::: H 

H 'Y C02H TsOH 
benzene 

'49a; showing 
"I-hydrogens 

Cyclisation of Alkyl Lithiums onto Alkenes ' 

o 

47; 22% yield 
from 51 

In our cOlnfortable world of nucleophiles and electrophiles we are content that organo-lithiulTI 
reagents do not add to unactivated alkenes. But the very favourable cyclisation to give five-
111crnbered rings ca,n overturn that. The 1ithiulTI derivative 53 cyclises 10 onto the sin1ple alkene 54 
to give the new orga,no-]ithiulTI 55 that reacts with CO2 to give the carboxylic acid 56. 

52 

t-BuLi ';) __ ...... Li 

~ 

53 

Li 

J) 
Li 

54 55 
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This was put to good use in a synthesis of the natural product cuparene 57. The only 'normal' 
disconnection would be a Friedel-Crafts but the chemistry just revealed suggests that a cyclisation 
of 58 is possible and hence we can go back to' the ketone 59. 

c-c 
==> ~I~ 

57; cuparene 58 

o 
59 

The synthesis ll starts with a more conventional organo-lithium reaction: acylation of 61 with' 
the lactone 60. It was necessary to protect the OH group as a THP derivative 63 during the 
double methylation and Wittig reactions before exchanging it for iodide and cyclisation of the 
organo-lithium. Methanol was used to proton ate the product. 

60 

THPO 

o 
63; 78% yield 

61 

-
o 

62; 90% yield 

1. LOA, 2. Mel 
(85% yield) THPO 

3. KHMDS, 4. Mel 
(86% yield) 

-DHP 

o 
64 

1. t-BuLi __ -I." 57; cuparene 
76% yield HO -~-I." 58 e 2. EtOH, H 
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Strategy XVI: Pericyclic Reactions in 
Synthesis: Special Methods for 
Five-Membered Rings 

Electrocyclic Reactions 

The Nazarov Reaction 

ProbJem 35.1: Why do you reject the 'obvious' aldol disconnection in designing a synthesis for 
the bicyclic enane 1? Suggest a better synthesis of 1. 

o 

ex{ oicyclic 
enone 

1 

Answer 35.1: The aldol disconnection la gives a nine-men1bered cyclic diketone 2, better drawn 
as 2a, using numbers to rnake sure we get it right. There are two electrophilic centres (ringed 

in 2b) and four enolisation sites (blobs in 2b). We want the enol ate at C-9 to react with the 
ca'rbonyl group at C-4. But the cyclisation of C-5 onto C-l is as bkely as it would give a very 
similar cyclopentenone. There is no obvious way to make a specific enol equivalent at C-9 and, 
in any case, how are we to ll1ake 2? 

0 0 0 

.~ aldOl7y 8 
9 

2 
' ;> 4 2 = 7 

, 6 3 4 
5 3 

5 0 6 

1a 
0 

2 2a 2b 

The Nazarov reaction offers a llluch sinlpier route. The Nazarov disconl!-ection Ib reveals a 
simpler dienone 3 that might be made by an aldol reaction of 4 and acetaldehyde. Providing you 

could make 4 and contro1 the aldol reaction with a specific enolate to avoid self-condensation of 
the aldehyde, this would be a' good sYl!thesis. 

Workbo()k for OrR{l1Iic SynThesis: The Disconnection AIJproach, Second EdiTioll Stuart Wanen and Paul Wyatt 
© 2009 John Wiley & Sons. Ltd 
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o o 0 o 

.~ Nazarov ~ ~~ 
====;::> U I~ U ~ aldol ~ 

> >U + MeCHO 

1b 3 3a 4 

But 3 was actually made by a route mentioned in the textbook chapter. Changing the ketone 
into the alcohol 5 allows a C-C disconnection to a carbanion equivalent 6 and available croton~ 
aldehyde 7. 

o 

cY\ 
3 

FGI 
===> 

OH 

or\ 
5 

C-C 
===> 

6 

o 

H~ 
7 

Direct attack by 6 on the carbonyl group of 7 is needed so the lithium uerivalivc 9 is ideal. 
Oxidation with the best reagent for allylic alcohols, Mn02, gives the ketone 3 and treatment with 
aciJ gives the hicyclic enone 1 in reasonable yield. I 

0 0 

a CI aLi u\ ex{ BuLi I . 7 Mn02 H3P04 
~ - 5 • .. 

HC02H 

8 9 3 1; 67% yield 

But the same disconnection as 5 can be used 3b toplan an even shorter synthesis. 2 An aliphatic 
Friedel-Crafts reaction might give 3 or even 1 under the influence of a Lewis acid. In the event 
the acid bromide 11 with AICl) at low temperature gave a reasonable yield of 1 from 10 with 
just 8(10 of 3. 

o 

.c1\ 
3b 

Friedel­
Crafts 

> 

A Pharmaceutical Example 

10 11 

- 0 

Br~ 
11; X = Br 

o 

______ 11 • ex{. 
AICI3 

-78°C 
1; 72% yield 

The indanone 12 is the Merck diuretic indacrinone. Problem 35.2: Suggest a synthesis of 12. 

12 
Merck's 
diuretic 

indacrinone 
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Answer 35.2: Removing the side chain 12a reveals a simpfe indanone 13 that might be made by a 
Nazarov reaction providing that we also remove the methyl group 14 so that the alkene necessary 
for the Nazarov can be inserted. Alkylation of the enolate from 14 looks straightforward. 

C'~ Ph ~ C'~ Ph 

~ A)JMe ether ~Me 
H02C' CO . HO 

12a 13 

c-C 

alkyl­
ation 

> 
CIRCIO 

I Ph 

HO :::::-.... 

14 

The Nazarov disconnection 14a reveals an enone 15 and it is tempting to try the same strategy 
as in the last example and do the Friedel-Crafts disconnection immediately. We might have some 
doubts about the stability of the acid chloride 17 and Merck did not pursue this idea. 

CI CI 0 . CI 0 . 

CI to- CIU 
Ph Friedel-

-:/" Nazarov -:/' -( Crafts 

I Ph > I I > 
:::::-.... ::::-.... 

HO HO :~:6 + 

o 
A/Ph 

CI n 

14a 15 16 17 

Since carbonyl compounds like 17 are usually made by Mannich reactions , it makes more 
sense to disconnect the enone 11r8t 15a and then do the Friedel-Crafts disconnection 18. 

CI 0 

Mannich 

> 
CI ~ Ph Friedel-

-:/' Crafts 
I . :> 

HO ~ 
16 + 

o 
)~Ph 

CI 

18 19 

The starting material 2J-dichlorophenol 16 is available and it turns out that the best way to 
get the right regioselectivity in 18 is not to use the Fries rearrangement, as you might reasonably 
have suggested, but to methylate the phenol first 20. A conventional Friedel-Crafts reaction 
was fol1owed by a Mannich reaction with an unusual reagent (an aminal of formaldehyde) that 
completed the 'aldol ' and the elimination in one step to give 22. 

CI 

16- C'~ 
Meo"v 

20 21 

CI 0 

C'xY\Ph 

MeO 
22 

The Nazarov used sulfuric acid and the methylalion needed only NaOMe as base. Now at last 
the protecting methyl group can be removed to expose the free phenol 13. The final alkylation 
used ethyl bromo-acetate with K1C03 as base and hydrolysis of the ester then gave 12. 

22 

. CI 0 

H2S04 CI R' NaOMe 
• . I Ph • 

CH2CI2 ~ Mel 
MeO . 

23; 72% yield 

CI :CD:' I 0 Ph _p_y_rid_i-ln!~ 
~ Me HCI 

MeO 
24; 86% yield 

13 
98% yield 
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Silicon-Directed Nazarov Reactions 

Problem 35.3: Explain the role of the Me3Si group in the reaction of 25 with the Lewis acid 
FeCI.,. What product do you predict would be formed from 27 under the same conditions'l 

o 

~ 
0 

FeCI3 

~ 
FeCI3 

• • ? 
CH2CI2 CH2CI2 

SiMe3 H 
25 26 27 

Answer 35.3: The eJectrocyclic reaction 28 gives the silicon-stabilised cation 29 frol11 which the 
sily\ group drops out to fix the alkene in 30, the enol of ,26. The marked hydrogen in 29 is not 

l lost. -

-' FeCI2 OH OH 
0 

~-m@ -f):) e 
25 --+- ~ 

-- 26 

SiMe3 H SiMe3 H 

28 29 30 

In the absence of the silyl group. the same cyclisation would occur but less favourably and 
now there is no reason to make the less stable alkene 26 so the marked hydrogen would be lost 
and the more substituted alkene 34 preferred as ill the formation of 1. 

OH OH 0 

.27 ~ @ -- -f)O ~ +X> 
31 32 33 34 

Sigma tropic Rearrangements 

The Vinyl Cyclopropane to Cyc/opentene Rearrangement 

Problem 35.4: Predict the structure of the products from the rearrangement of 35 and 37. 

~ 
OMe 

35 

220 cC 
- --.- 36 Meo~ 

37 

220 °C 
-----i~ .. 38 

Answer 35.4: Drawing the concerted mechanism 39 (which may not be right) we find only Olic 
possible product,4 the vinyl ether 36. 

~ 
OMe 

35 

~ 
OMe 

39 

220 °C n 
~OMe 

36 
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But there are two possibilities for the rearrangement of 37: 37a or 37b. In fact only 37b 
occurs as 38 is the only product. 

Meo~ Meo~ 
37a 40 37b 38 

Does adding the information that cis-37 and trans-37 equilibratetHH.ier the reaction conditions . 
so that either gives the saIne product 38, give you any evidence about the mechanism? 

220°C 
let. 

cis-37 

Meo"'~ 
trans-37 

220°C 

Meo--Q 

38 

It might suggest that the reaction is a stepwise radical process vvith the diradical 41 as the 
more stable of the tvvo possible intcnnediatcs. One . raJical is slabiliseJ b~y the OMe group and 
the other is allylic. But there is still no agreen1ent on the n1echanisln. 

Meo~ 220 °C ,.. Meo~ Meo--Q 

· 37c 41 38 

The alkene in sllch rearrangelnents can be a silyl enol ether. Problem 35.5: Predict the product 
of the rearrangement of these two COlTIpounds. 

~oSiMe3 heat 
~--lI._ ? 

43 

· l d OSiMe3 

44 

heat 
-~ ? 

Answer 35.5: There is only one product frorTI 43, which is the silyl enol ether 45 again found 
by drawing the concerted mechanisn1 43ri. This is not llsually isolated but gives the ketone 46 
on work-up in 959(; yield. s Either 45 or 46 is a good answer and the preferred stereochen1istry 
of 46 is cis. 

OSiMe3 OSiMe3 

cP ~ heat 0:) H2O ... • 

H 
43a 45 46 

Though there are in theory two possible products frorTI 44, one 47 has a bridgehead alkene and 
is almost certainly jrnpossible. So the product of the rearrangeIncnt is again 45 and the ketone 
46 is isolated in 990/0 yield. 6 . 
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. ~e~ cx5s;Me3 ~e3~ 
44a 45 44b 

Problem 35.6: Suggest a synthesis of the starting material 44. Hint: Chapter 30 in the textbook 
may help you. 
Answer 35.0: The silyl enol ether obviously comes from the ketone 48 and removal of the 
three-membered ring with some carbene strategy in mind gives the available enone 49. 

FGI 

==> ofa 
48 

cyclo­
propanation 

> era 
49 

The synthesis needs Corey 's sulfoxonium yliu 50 for Ihis electrophilic alkene andlhe silylalioll 
is unamhiguous as an enol can form unly in lhe IlH.:lhyl group.IU 

era 0 cCa cCaS;Me3 
II G 1. LOA 

+ Me2S-CH2 ~ • e 2. Me3SiCI 

49 50 48; 54% yield 44 

The> C/uis£'JI Rearrangement 

Prohlem 35.7: How would you make (he amide 51 by a Claiscn-style 1331-sigmatropic rear­
rangement? 

~NMe, 
[3,3] 

====~~> ? 

51 

Answer 35.7: The essential preliminary is redrawing 51 so that we can draw the mechanism of 
the imaginary reverse reaction 51a. Drawing the starting material in the same shape first 52a and 
then straightening it Ollt shows what \\le need 52. 

We find we have an allyl vinyl ether :->0, according to the textbook chapter, we need the aJJylic 
alcohol 53, that is a\'ailahle gcr'lI1iol. and an acetal 54 of the vinyl part. 

Meo~ 
MeO NMe2 

52a 53 54 

'., 
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In fact Eschenn10ser8 used geraniol and the enol ether 55 as an alternative to 54. Simply 
heating these together in xylene gave a 97% yield of 51., 

~ 
OH + MeO NMe2 

150°C .. 
53 55 xyl'ene 51; 97% yield 

Problem 35.8: What product would be forn1ed under the same conditions with 54 and the 
sugar-derived COlllpound 56? 

Meo~ . 
MeO NMe2 

150°C .. ? 

xylene 

54 

Answer 35.8: Though 56 contains two alcohols, only one is allylic and that alone concerns us. 
The easiest way to find the product is to draw the intermediate in a conforn1ation ' suitable for the 
reaction and draw the Inechanism 57. The key point is that the side chain is on the botton} face 
of the ring so it must be transferred to the bottom face of the ring9 to give 58. 
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Six-Membered Rings 

A Synthesis fr(im the Textbook Chapter 

Tn the textbook we said: 'The Ftiedel -Crafts-Eke disconnection 1 suggests a lTIOSt unlikely cation 2 
until \ve realise that it would be fonned in the Nazarov cyclisation of the dienone 3~. We now 
discuss the synthesis of the dienone 3 in a reprise of the last chapter. 

Et 1111 

OMe 

Friedel 
-Crafts 

o 

--~:> Et'lll 

Me 
2 

@ Me 

H 

o 

Nazarov Et~ 
-~> J 

Me 
Ar 

Me 

3 
OMe 

We need to start with one of the possible aldol disconnections and 33 is nearer the middle of 
the mo1ecule. The aldehyde 5 was easj]y Blade 1 fron1 the available cinnalnic acid by reduction to 
the saturated alcohol followed by oxidation \vith catalytic TPAP {Pr4NRu04) and stoichiolnetric 
NM(). 

o 

~ Etr~Me ----,/ 1. LiAIH4 
+ OHC~Ar til( H02C~Ar 

Me 

4 5 

2. TPAP 
NMO cinnamic 

acid 

Now what about the ren1aining enone 4? A second aldol di sconnection 4a is hopeless as 'we 
should need to Inake a specific enolate from the nearly sYlnn1etrical hexan-3-one 6 for reaction 
with acetaldehyde. A better idea is to disconnect betvveen the alkene and the carbonyl group 4b 
with the idea of reacting some vinyl Inetal derivative 7 with SOBle acylating agent 8. 

a 
o aldol 

Et ~ Me + MeCHO <=== 
b 

C-C EtyM 

==>J+ 
Me 

o 
~Me 

X 

6 4a,b 7 8 

Work/)(loA- ./(11' Organic ,<"'Yl1fhesis: The DisCOJlI1Cl'fiol.l Ap]Jl'OliCh. Second Edition Stuart Wan-en and Paul \Vyatt 

«) 2009 John Wiley & SOilS, Ltd 
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In fact, these reactions were used in a slightly different order. A Horner-Wadsworth~Emmons 
reaction (chapter 15) on 5 gave the unsaturated ester 10 which was then converted into the 
aldehyde 11 as in the synthesis of 5. Either Grignard or organo-lithium versions of 7 gave the 
alcohol 12 in moderate yield and oxidation with BaMn04 gave the required dienone 3. 

OH 

~ 5, DBU Et02C Me 1. LiAI~4 OHC~Me ___ 7 Etrcl Me 
Et02Cy P(OEth ------ 1('-'- -

MeCN ~ 2. TPAP 
Me 0 DC Ar NMO Ar Me . Ar 

9 10; 67-87% yield 11; 73-95% yield 12 

Enone 13 was needed to make the boll weevil pheromone 15 and enone 16 was needed for 
perfume synthesis, Problem 36.1: Consider both the Robinson annelation and Birch reduction 
approacbes to these en ones 13 and 16 and say which YOll prefer in each case. 

o 
13 14 15 16 

Answer 36.1: The Robinson annelation looks good for 13. The sequence of aldol 13a, Michael 17 
and aldol disconnection 19 again gives formaldehyde ·and two molecules of an enolate equivalent 
of acetone IS as starting materials. In addition, the diketone 17 is symmetrical so the cyclisation 
Lo 13 mllst be clear cut. 

yro~ po y0+~O 
3 4 

5 1,5-diCO aldol 
1 2 :> ===> CH2=O + 18 

0 0 

13a 17 18 19 

In practice there is a short cut discovered some time ago. If ethyl acetoacetate is used f~r 18, 
condensation with aqueous formaldehyde and treatment with aqueous acid gives 13 in good 
enough yield for a one-step route.2 

C02Et 

0 EtO,cqO yO 
~C02Et 

CH20, H2O 15% H2SO4 .. .. 
piperidine H2O 

EtOH 

20 21 13; 61% yield 

The Birch route, though not so easy to find, is also satisfactory. Changing the position of the 
alkene and the nature of the oxygen functionality gives us the kind of Birch reduction product 23 
we have seen in the textbook. This is the only possible product from the reduction of 24 that 
has both functional groups on an alkene. In practice, sodium in liquid ammonia was Llsed for 
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the reduction and hydrolysis in acid gave the n10re stable conjugated ketone3 13, probably via 
enolisation of 22. 

13 

FGI 

===> 

22 

FGI 

===> 

23 

FGI 
:::::::> 

NoMe y 
24 

The Robinson annelation route to 16 looks all right to start with: the usual disconnections 16a 
and 25 give 19 and a ketone 26 whose enolisation should be easily controlled. 

o 
16a 

aldol 0 
:> 

1 

2 

o 
5 

25 

1,S-diCO 
------7':> 19 + 

o 
26 

But there is a hidden problem. The diketone 25 has two different methyl ketones and either 
methyl group could enolise and then attack the other carbonyJ group to give 16 and a ditferent 
cyclohexenone 27. With such silnilar compounds, the ratio of 16:27 was 3:2. . 

• - ... ", ... a 

a b 
base 0 • base 

5 . ... I • , ~ 

0 
b ~, __ .Q __ 5_.- 5 0 

1Gb 25a,b 27 

A successfuL if rather long-winded synthesis4 comes from Hagemann's ester 28, Inade by 
a variation of the synthesis of 13. Then protection of the ketone and reduction of the ester 
give the alcohol 30 which was dehydrated and deprotected in one operation to the dienone 31. 
Organa-copper reagents' add to provide a general synthesis of cOD1pounds like 16. 

16 

29; 820/0 yield 

Birch reduction looks more promising as there is only one non-conjugated cyclohexadiene 
that has all three substituents on alkenes 32 and that would come from the arolnatic ether 33. 
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The preferred synthesis4 uses lithium in ammonia to make 32 and hydrolysis with acidic ethanol 
gives 16 in 63% yield from 33. 

o 
16 

FGI 

==> 

The Diels-Alder Route 

MeO 
32 

FGI 

==> 
MeO 

33 

Problem 36.2: Suggest syntheses for these two heterocyclic compounds 34 and 35. 

35 

OMe 

Answer 36.2: The Diels-Alder disconnectic)11 34a gives a linear unsaturated amide 36 that dis­
connects to the unstable-looking enal1line 37, made from the aldehyde 38 and the amine 39. 

00 Diels- ~ C-N :;:;) C-N 

~ Alder. ~ amid~>'~N enamine L 
> ~ > CHO 

N H2N 
I v-r> H 
C02Et C02Et 

34a 36 37 38 39 

The aldehyde 38 exists as conjugated crotonaldehyue 40 and the enamine 37 exists as the 
imine 41. Acylation in base gives 36 that cyclises in good yieldS to the heterocycle 34. Though 
t~ere is no activating group on the dienophile, this does not matter in an intramolecular Diels­
Alder reaction. 

39 
~CHO_ 

40 

~N~ 1.NaHDM~ 36 190o~ 
2. CIC02Me 65% yield toluene 

41 

34 
85% yield 

The second analysis follows a similar path , first reversing the Diels-Alder reaction 35a and 
then separating the amide components of 42. We have not specified any stereochemistry so either 
E -43 or Z -43 could be llsed and it will be interesting to see what the stereochemistry of 35 turns 
out to be. 

MeN~ E; MeN~ ~ MeHN~ rrAr h Ar CIOC~ + Ar 

o C02Et 0 C02Et C02Et 
35a 42 43 44 
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Using the fumarate derivative E -43, Gschwend and Meier6 found that acylating 44 at low 
temperature gave a Diels-Alder adduct 45 but that treatment of this adduct with base gave a 
different adduct 46. The intermediate E -42 was never isolated. Problem 36.3: Explain these 
results~ suggesting why this Diels-Alder reacti'on occurs at 0 °c while that of 36 required 190°C. 

H 

CIOC~C02Et 
MeN 

44 ---'---------.... [E-42] ~
-

~ - I, 

: _ 'Ar 

H 

NaOMe MeN~C-' ----l.,.. I, 

MeOH ~r o °C, pyridine 
CH2CI2 

H -
o C02Et , reflux 0 H C0

2
Et 

45; 77% yield 46; 90% yield 

Answer 36.3: The dienophile in 36 is a silnple alkene with no conjugation to electron-withdrawing 
groups, but that in 42 has two caI~bonyl groups conjugated to the dienophile. The reaction there­
fore occurs much faster as the LUMO energy of the dienophile is closer to the HOMO energy of 
the diene. At O°C the kinetic product 45 is formed with standard endo selectivity but on heating 
in hase the centres next to the carhonyJ groups (";in equilibrate by enolate fonnatl0n and the n10re 

stable thennodynan1ic adduct 46 with a cis ring junction and pseudo-equatorial C02Et and Ar 
groups is prefen-ed. 

The Birch Reduction Route 

Problem 36.4: How would you 111ake the tricyclic cOlnpound 47? 

47 
tricyclic 

compound 

Answer 36.4: Birch reduction and methylation looks the best way to this cOlnpound and we shall 
need the available naphthalene derivative 49 as our starting Inaterial. You do not need to draw 
the acjd enolate 48 if you prefer not to. 

80 . 0 8 

,C02H C02 H 
..... 

Birch 
C-C reduction 

===> ;> 

H H 

47a 48 49 

The reaction is calTied out in a single step \vith potassiunl in liquid alnmonia and t-BuOH to 
do the Birch reduction and forn1 the enol ate 48. Quenching ' this with methyl iodide gives 830/0 
yield of 47 as the cis-isolner alone. 7 Methylation occurs on the san1,e face as the' 111arked H at01l1 
in the planar intern1ediate 48. -
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Now a slightly more difficult case. Problem 36.5: How would you make the bicyclic 
ketone 50? 

50 
bicyclic 
ketone 

Answer 36.5: If we are to use Birch reduction, the methyl group must be inserted after the 
reduction and the ketone must come from a vinyl ether 52. 

Me {)(;t-C02Me Birch w~ C02Me 
C02Me C-C I reduction I 
~ ~ >::::-..... ~ 

MeO MeO 

o OMe OMe 

50a 51 52 

The Birch reduction could be carried out on the ester (the acid would have been all right 
too) and required sodium in liquid ammonia. It was quenched with methyl iodide to give 53. 
Hydrolysis in aqueolls acid gaveR 50. In both these cases, 47 and 50, notice the preferred reduction 
of the ring with the electron-withdrawing group. 

Me 

52 .. 
2. Mel 

Me 'ql" C02Me 
::::-..... ~ 

MeO 

" ~C02Me 
Meo~ 

o OMe 

53; 72% yield 50; 70% yield 
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37 General Strategy C: Strategy of Ring 
Synthesis 

We start with a few developments from the' textbook. We stated, but did not discuss, the c,onversion 

of ketone 1 into the ring expanded ketone 4. The reagents are shown. Problem 37.1: What are 
the structures of 2 and 3? All the reactions are in the textbook. 

OMe 

OMe 0 
H MeaS=O NH40H HN02 -----I..... 2 ., 3 ~ 

NaH 

OMe 

o 
4 

Answer 37.1: Sodium hydride gives the sulfoxoniull1 ylid that reacts with the ketone 1 to give an 
epoxide 2 with attack fron1 the top face. Aml110niuI11 hydroxide 6pens the epoxidc at the less suh­

, stituted centre to give the amine 3 that was not isolated but treated immediately with nitrous acid to 
. initiate a rearrangelnent of the diazbniuID salt 5 with retention at the migrating group to give I 4. 

OMe OMe OMe 

0 
8 

OMe 
II 

Me2S-CH2 NH40H IllMe HN02 
1 

e ., • .. -.-... 4 

o ~ OH NH2 
2 3 5 

In the textbook we discussed Raphael's synthesis of strigol~ the gernlination factor for the 
parasitic plant witchweed. There have been severa] syntheses nlostly based on disconnection to 
the bicyclic lactone 7. Raphae]2 lnade 7 frOll1 8 as we explained in the textbook . 

o 0 

enol 
ether 

OH 

0----.....-

7 

H!(nklwo/\ j()r Orgal1ic SYllfl1esis: The Disc()ll11eClioT1 ApJ)m([ch. ,)'ec(md Editio11 Stuart \Varrcn anti Paul Wyatt 
(E,I 200<) John Wile).' & Sons. Ltd 

o 

o 
8 
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Other syntheses consider the lactone first 7a and convert either one or both of the alcohols 
into carbonyl compounds. Then (he side chain can be disconnected 10 to reveal a diketone 11 
that is often an intermediate in strigol synthesis. 

OH 
7a 

o 

C-O 

> 
lactone 

OH 
9 

FGI 

==> 

o 
10 

1,<-diCD M 
===~> Y-J 

o 
11 

The strategy of adding an ester control group 12 has two purposes: it will make the alkylation 
easier and it allows a 1,3-diCO disconnection to give 13 and hence an aldol disconnection to the 
open chain compound 14. This has a 1,5-diCO relationship so might be made from an enolate 
of 15 and the enone 16. 

Q6 FGA l,3-diCO . 
C02Me 

aldol 
~ C02Me > ===> 

C02Me 

0 0 0 
11 12 13 

Me02C 1,5-diCD MeD,C ( 
C~Me > ~ + ~C02Me 

0 0 0 0 

14 15 16 

In fact3 an aliphatic Friedel-Crafts reaction was lIsed to make the B-chloroketone 18 that was 
added to the enolate ti'om 15 to give 19 after hydrolysis and decarboxylation. Note than only 
one enolate can be formed from 15 and that only one six-membered ring can be formed by 
cyciisation of 14 even though 14 has four carbonyl groups: ,The alkylation of 12 needed only 
K2CO-, as base because of the ester control group.4. 

17 

Mel 

DBU 

o 
19; 52% yield from 17 

15 

NaOH, 100 DC 

1. K2C03 

13 MeONa 12 Br'-../ C02Me 
83% yield ~ 98% yield --- --.... 11 

2. HOAc 
HCI, H2 0 

A related synthesis5 assembles the six-membered ring in a different way. Disconnection 13a, 
with alkylation of an enolate with an alJyJic bromide in mind, leads to a bromo ketone 20, Removal 
of the bromine from an allylic position (chapter 24) and, most drastically, removal of the ketone 
from 21, again with allylic bromination in mind, simplifies the molecule considemMy 22. 
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o 
20 

C-Br 
Br ===> 

o 
21 

229 

22 

A short route to such compounds is the Lewis acid catalysed reaction of enone 23 with 
ethyl acetoacetate 24 which gives mostly enone 26. This is a Robinson annelation of sOliS and 
presumably starts with the conjugate addition of 24 to 23 to give 25 that cyclises mainly to 26. 

23 24 25 26; 90% yield 27; 10% yield 

Reduction whh triethyl silane relTIOVeS the ketone to give 29, no doubt by reduction to the 
alcohol 28 and then rCllloval of the 01{ group via an ally lie catioll. Now epoxidation gi yes 30. 
The stereochelnistry of neither the alcohol 28 nor the epoxide 30 is ilnportant as both disappear 
in the next steps. 

Et3SiH lHotco2Et] Et3SiH Cc°2Et mCPBA (Xo2EI 
26 • • • 

Et2O.8F3 Et2O. BF3 

0 
28 29; 72% yield 30; 90% yield 

,Treatlnent wjth an,anline opens the' epoxide by elimination 31 from the enolate (or enol) of 30 

and finally, oxidation with er03 and H 2S04 gives 33. Notice that the enone in 26 has been Inoved 
round the ring to 33 by this sequence. 

dC02Et 9 
, 0 

30a 

o~ 

ej0Et _____ . 
31; -760/0 yield 

Cr(VI) 
• 

OH o 
32; 76% yield 33 

The tricyclic ketone 34 was a key intermediate in a Glaxo prostaglandin synthesis. 6 It c(?l1tains 
3-~ 4-, 5- and 6-111en1bered rings and can be represented in various ways such as the three beloyv". 

Problem 37.2: Suggest a strategy for the synthesis of 34. 

~ 
t-BuMe2SiO 0 

H 
-

t-BuMe2SiO, ~",H 

"~ 
o 

-

34 34 H 

H 
t-BuMe2SiO"/~ . 

~O-

34 
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Answer 37.2: Starting with the three-membered ring, there are three different cm·bene disconnec­
tions giving 35, 36 and 37 as starting materials. It looks like a long stretch for the diazo group 
to reach the alkene in 35 or 36 but 37 looks just possible. Even so, 34 is very compressed and 
strained and none of these has been tried as far as we are aware. 

34a,b,c 35 

Alternatively. taking the four-membered ring, there are two ketene cycloaddition disconnec­
tions 34d and 34e. The first produces a very unstable cydopropene as starting material but the 
second one 34e gives a cyclopentene 39 that looks not too bad. 

RO CBt . -c=o " 6 ' RO, 
===>" . 

o !J 
38 34e 39 

We should also investigate an ionic closure of two bonds with alkylation of an enolate in 
mind. One 34f gives a reasonable compound 40 (X is a leaving group) but the other 34g is more 
promising as 41 may remind you of a compound from chapter 33. 

X 

RO',~U <c-c RO"(Bt
o 

RO"'Q\ c-c RO"'~ X . ===> 
0 0 

40 34f 34g 41 
0 

The third such disconnection 34h is much worse than either 34f or 34g. Nucleophilic sub­
stitution would be required on a three-membered ring 42 and such reactions are known not to 
occur. Further, the reaction would close a four-membered ring . . the most di fficult to make by 
ionic cyclisations. In contrast, cyclisatioll of 40 or 41 wOllJ"d close a three-membered ring, one 
of the easiest. 

42 

We continue with 41. The neighbouring OR and X groups have a 1,2-diX relationship 
(chapter 6) and can be made by frans addition of, say bromine water, to all alkene 43. Now we 
can d isconnec( the four-membered ri ng to cyclopentadiene 44 and ketene. 

X H H 

RO"~ 1 ,2-diX 

~ 
2+2 (] CH2 

> ~> + II 

ketene C 
II 

H 0 H 0 cycloaddition 0 
41 43 44 
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We a~ready know from chapter 33 that these cycloadditions go best with dichloroketene and 
that the end of the diene attacks the carbonyl group of the ketene. The product 4S was dechlo­
rinated with zinc to give 43 and bromination with N -bromo acetamide and water followed .by 
silylation gave 41; X == Br. The cyclisation to 34 needed t-butoxide and went in 100% yield. 

CI2CH-COCI 
44 • 

Et3N 

Br 

4tH C~,I Zn ~H 1.A~2'6HB, r CR' H 
/ / t~BuO~ 34 

~ .. ROlli ------:1_.-
, ' ROH 2. RCI 100

% 

H 0 H 0 H 0 yield 

45 43 41;X=Br 

The stereochelnistry of the bron1ination needs sonle thought. The alkene 43 is a folded 
molecule (chapter 38) of two fused slnall rings and reaction occurs on the outside (exo or 
convex) face, the top face in our diagram. Water then opens the bromoniunl ion 46 at the less 
.hindered end and it must attack fron1 the inside (endo or ' concave) face as inversion is required 
in an SN 2 reaction. 

Br H 

~ t-BuMe2SiCI 
HOIII .. 41;X=Br 

imidazole, ' 

H 0 

47 

Development of Some Chemistry from the Textbook 

In chapter 37 of the textbook~ cyclopropane 48 was target 1110lecule 11 . We shall not discuss 48 
further except to not~ that Stork actually needed it for the synthesis 7 of 50 via 49. Problem' 37.3: 
Consider lTIOre conventional approaches to ketones 49 and 50 and suggest reasons ~hy they 
n1ight be unsatisfactory. 

·oiJ>-{ 
~o 

o~ 

I AAo 
48 49 

base 
~ --((lo 

50 

Answer 37.3: Two conventional approaches to 49 are 49a and 49b. The first leads to proposed 
alkylation of the extended enolate 52 by bro111oacetone 51. As, this anion is conjugated over a 
five-atonl systelTI, there is a'doubt as to where alkylation will occur. The second is the Robinson 
annelation 49b leading back to the triketone 53. The prospects of cyclising 53 to 49 are poor 
as we have three ditlerent methyl ketones with six different places to fonn an enola~e and three 
different electrophi lie carbonyl groups. We shall not pursue this. 

Br 

o~ 8('j . o~ . b 
1 AAo <c:c I a~o ~ 
51 52 

o 

o 
5~ 

o 

~ 
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Robinson annelation on 50 looks 'better 50a as the intermediate 54 is only a diketone and 
cyclisation to 50 looks likely. The 1,5-diCO disconnection leads to a simple enone 56 and the 
cyclopentenone 55 is easily made by cyclisation of hexan-2,5-dione. But 55 has three positions 
(circled) where enol ate formation is possible and control might be a problem. This is an extended 
enol ate problem8 related to the problem with 52. 

·--cQo 
50a 

aldol 

===> 

o 
o 

+~ 

55 56 

You might think that adding an ester group to 52 at the right posItIon would solve that 
regioselectivity problem at least especially when you realise that the starting material is 
Hagemann's ester 57 (Workbook, chapter 36). But the enol ate 58 formed by removal of the 
marked proton in 57, is conjugated over two carbonyl groups and is actually alkylated to give 59. 

H 
EtO'C~ 

. ~o 
57 

base .. 
58 

base .. 

Problem 37.4: Why, in spite of all the problems we have just discussed in making 49, is a route 
via 49 a good way to make 50'~ 
Answer' 37.4: Though 49 has five possible sites for enolisation, a weak base will equilibrate all 
the enolates and only one cyclisation 60 leads to a stable enone product via the alcohol 61. 

o~ 

<i>~o 
base 

0') 

~ H~ o 

-H20 
-50 

49a 60 61 

There is one other reasonable reaction: a similar 6/5 fused system 64 could be formed by 
conjugate addition of a methyl enolate onto the six-membered ring. This looks perfectly aU right 
but 64 may be less stable than 50 as it has no conjugation. 

base 
49 ~=~ - -

63 64 

In fact the regioselectivity can be altered by the addition of an ester group.7 Much weaker 
base (K2COJ) is all that is needed to make the enolate from the keto-ester side chain in 65 and 
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is too weak to make an enolate like 60. Conjugate addition follows and th~ product 66 can be 
hydrolysed and decarboxylated to give 64. 

EtOH o heat o 

66 64; 450/0 yield 

Using only the chemistry we have explored in earlier chapters, particularly 18 to 36, it is 
possible, by careful choice of substituents and conditions, to control regioselectivity in many 
cyclisations. It is not so easy for open chain target nl01ecules. 
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J8 Strategy XVII: Stereoselectivity B 

The Prelog-Djerassi Lactone 

One of the more instructive syntheses by Baeyer-Villiger rearrangeluent l starts with a Diels­
Alder adduct 1 and uses t\VO such rean"angelnents. One gives the lactone 2 that rearranges into 
the isolneric lactone 3 while the other con verts the cyclopentanone 5 into the lactone 6 in the 
style of the strategy mentioned in the 11lain text Probleln 38.1: COlnInent on the regioselectivity 
of the two Baeyer-Villige~ rearrangernents. There is also a Inigration that is not a Baeyer-Villiger 
rearrangenlent that converts 2 into 3. Problenl 38.2: Explain what is happening here. 

HO 

1 -

H 
HO 

-
H 

4; 80% yield 

Mkie 
mCPBA .. . '/ a a NaHC03 
CH2CI2 

1. t-BuMe2SiCI 
imidazole 

2', erDa 
pyridine 

2 

RO 

Et2O. BF3 
~ 

CH2CI2 

o 

-

H 

5; 93% yield 

H 
-aiR 1. LiAIH4 

~ . 

2. H2/Pt02 
H ~ 

3; 84% yield 
0 

o 
mCPBA .. 

RD -
H 

6; 950/0 yield 

Ans\\'cr 38.1: The first rearrangelnent, 1 to 2, has two potential lnigrating groups circled and 
ll1arked a and h. Both are secondary. The bridgehead b Inigrates~ whjch is unusuaL but this is 
probably because it is allyljc. The most in1portant aspect is that it Inigrates with retention of 
configuration. The other case, 5 to 6, ,is 1110re straightforward: the secondary centre 111igrates 
rather than the prjnlary and again does so with retention of configuration. 

Me a migrates 

M~ 
b migrates Mki Me mCPBA '/ a Me mCPBA 

Me 
.... ~ '/ 

0 NaHC03 b H 
NaHC03 

CH2CI2 CH2CI2 o 0 
0 

D 7 1 2 

----------------------.--_._--
Workho()k j(n' Organic Symhesis: The Dis("(}11J1 (>("fioll Aj'pmach. Sccond Edilion Stuart \\/arren and Paul \Vyatt 
f l 2009 John Wiley & Sons. Ltd 



236 38 Sirall!gy XVII: Sll:'1"l!nsele(lil'iry B 

Answer 38.2: The Lewis acid attaches' itself to the carbonyl oxyg~n and the bond to the aIIylic 
group breaks 8 to leave an allylic cation that joins to the carboxylate group at its other end. The 
drawing 2a shows what we get with our mechanism: turning 2a over reveals that it is 3. The 
only new centre is ringed: the three-atom chain must cyclise onto the planar cation on the same 
side to which it is already jOined. In other words, the 5/5 ring junction must be cis. 

M~ 
reo ~o Me 

Et2O-SF3 e e~O I /// 2 jp 

'/ ... BF2 -- -- = 3 
CH2CI2 o 0 

H Me 
0 Me 

8 
Me 

9 Me 2a 

The Ficini SVl1thesis of" ./uvahiol1f:' . . 

Juvabione to is a natural product that shows juvenile hormone activity and prevents insects from 
reaching maturity. Ficini 2 chose to disconnect the acyl side chain leaving an intermediate 11 
I wilh buth chirill ((llll'::') ~lnll all acyl anion equivalent 12. 

-
Me 

10 

Me02C'OJ_ X 
c-c 

===> 
H : 

Me 

11 

+ e ("(' 
o 

12 

Part of the reason for this choice of disconnection was chemistry already known to the Ficini 
group.) Reaction of cyclohexenone 13 with an ynamine gives the cycJobutene 14. Reaction with 
water isornerises this to the conjugated enone 15 and treatment with 60% aqueous acetic acid 
gives the ketoacid 16 with the right stereochemistry for juvabione. Problem 38.3: Explain all 
these reactions, not forgetting the stereochemistry. 

0 0 0 0 

6 Me NEt2 . &NE., H2O (P:NE"~Q • --MeCN, THF 
Me 

'" C02H Me _ 
H H H ---

13 14; 55% yield 15 16 -

Answer 38.3: You might reasonably have drawn the first reaction as a [2 + 2] cycloaddition, 
arguing that the ynamine has a central carbon very like that of a ketene. Or you might have drawn 
an ionic mechanism with the ynamine acting as an enamine 17 and the intermediate cyclising in 
the only way it can 18 to give the cis ring junction in 14. 

Me 
17 18 Me 

o 

~NE" 
~Me 

H 
14 
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Isomerisation of 14 into 15 in , water must involve formation of the extended enol and proto­
nation at the far en~ 19 to gi ve the conjugated product. The proton · adds on the less hindered 
exo face. This reaction must be can"ied out with care as more vigorous conditions isomerise 15 
to the more ·stable isomer 20 with the methyl group exo. 

o 

NyNEt2 _H2_O--. 

~Me 

(.C)H ". 0 , 0 . 

a~~NEt2 6+' 'NEt
2 Hel Q(NEt2 

I HG) ------ -------.. 

Me -;. H IIH 

H H H Me 'H Me 
14. 19 15 20 

The last step opens the strained four-tnembered ring in aqueous acid. Presumably the alkene 
must move first 21. Then, after addition of water to the iminium ion 22, fragnlentation of the 
single bond 23 opens the four-membered ring and gives 16 after further hydrolysis. An alternative 
would be conjugate addition of water to the enone 20. Whatever the details~ this is a reverse 
"aldol reaction where a four-n1elnbered ring product is in equilibriulTI with an open chain product 
of a kind that v·/e haye mentioned in previous chapters.· This reaction must al?o be carried out 
with care to avoid cpinlerisation of the side-chain methyl group. 

o e 

15 ~OAC~ n NEt2 ___ ~NEt2 .~ ~
H.. OH G) 

~ H ~H ~
H •• n NEt2 

OH 

:. H 
H Me H Me H Me 

21 22 23 

So Ficini had her starting Inaterial. Problem 38.3: Hovv' do y~u suggest she should proceed 
froJTI 16 towards 10? ' 

H 
-
Me 

10 

('I. 
o 

l~nswer 38.3: Two jobs have to be done, The side chain nlust be extended apd the ketone in 16 
lTIUst be transformed into the ounsaturated ester with the regioselec6 ve addition of an extra carbon 
atoll1. The first task is more urgent because enolisation of 16 could cause epimerisation. But we 
don't want to n1ake another ketone without masking the existing one. So the ketone in 16 was 
reduced and protected as a n1ixed acetal 24 and the aC'id reduced and converted to the bromide 25. 

0 O~OEt . O~OEt 

Q C02H 

1. H2, Pt02 Q C02H 

1. LiAIH4 6Jr • .. 
2·~OEt 2. Ph3P, CBr4 

H - H - H -- - -- - -- - -
16 24 25 
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.Now the side chain can be added and they chose the anion of the protected cyanohydrin 26 as 
the equivalent of 12. Hydrolysis of both the aceta] and the cyanohydrin gave 28 in 500/0 overall 
yield froln the starting material 16. 

Et~>cy 
CN 

26 

1. LOA .. 
2.25 

H 
RO eN 

27 

OH 

H 
o 

28; 100% yield from 25 

Now we approach the key regioselectivity issue but the ketone in the side chain must first 
be protected before the ketone in the ring is revealed. There is a subtle point here that you 
may not have noticed . It would not have done to propose putting the carbonyl group in the 
rjng where the C02Me group ends up as then the chiral centre on the ring would not be chiral. 
This carbonyl group lTIUst not be removed until the ester is in place to preserve the' lack of 
synl1netry. Experinlents showed that carboxylation with dimethyl carbonate led to reaction on 
the less hindered side of the ketone 30. 

28 

1. TsOH 

1\ 
HO OH 

2. Cr03 
pyridine 

o 

H o 0 
LJ 

29: 80% yield 

excess Me02C 
CO(OMe)2 

2 x NaH 

o 

H o 0 
LJ ·· 

30 

NO\N the ketone was reduced and tosylated before elimination and hydrolysis of the acetal 
gave juvabione 10 with both chiral centres intact. It is irrelevant that the tosylate is a mixture of 
diastereoisOlners as the elimination is by the El cB mechanisIn so all give the same unsaturated 
ester. In any case, the alkene has to be · cis inside a six-membered ring. The overall yield of 
juvabione froln .16 was 130/0 for the 11 steps. The main point is to control the stereochemistry 
in the side-chain frOlTI a rigid four-membered ring. 

OTs 

~e02C 
Me02C 

1. NaBH4 1. NaOMe 

30 .. ~ 

2. TsCI 
H@ -

pyridine - H -
H - 0 0 2. -- Me 0 - _ H2O - LJ 

31 10 

A Pharmaceutical Example 

The bicyclic conlpound 32 is a drug candidate from the Lilly research centre.4 Problem 38.4: 
Don't try to synthesise 32 yet, but just assess the stereochemical problems associated with 
designing a 'synthesis. You D1ight find it helpful to re-read the first paragraph in the textbook 
under the heading 'synthesis of molecules with Inany chiral centres' at the bottom of page 289. 

. 1 
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H 

32; Lilly ~ 
anxiolytic H02C 

drug candidate _ C02H 

H NH2 

Answer 38.4: We see a small molecule with fused three and five-membered rings and only eight 
carbon atoms, four of which are chiral centres 32a. A good sign is that all the chiral centres are 
around the rings and another is that two of them (C-2 and C-6 in 32a) are always going to be cis 
as the 3/5 ring junction lnust be cis. It lnight be awkward that there are two different carboxylic 
acids but they are both exo (on the COl1Gave or outside face) and are ringed in 32b. One acid has 
aI, I-relationship with the alnine 32c and that might make synthesis easier but we shall need to 
add the alnine first and the acid second to get the stereochen1istry right. Problem 38.5: Suggest 
a synthesis for 32. 

H 2 3 H H 

H02C~4 
( H02C ~C02H 1 H02C 

5 C02H C02H 
6 :. 

H NH2 H :. H 
NH2 NH2 

32a 32b 32c 

The a-alnino acid might be 1l1cule by the Strecker synthesis) that does indeed add the an1ine 

to the ketone 33 first and the acid second. The ketone 33 looks an ideal candidate for sulfur ylid 
chemistry on cyclopentenone. 

H H 

Strecke:> H02C i={ 0 Q H02C~ carbene II 

C02H :> H02C'-../ SMe2 + 

H ~ o G 
NH2 H 0 0 

32d , 33 34 35 

So far so good. Experiments showed that much depended on the reagents and conditions in 
both the 'carbene' addition to 35 and the Strecker reaction. We might expect sulfur ylid chemistry 
to give 38 with the ester group on the exo face of the folded lTIolecule. But if the sulfoniuln ylid 
36 was used, 38 and 37 were formed in a ratio of 69:31 and only 41 % of 38 could be isolated. 
Fortunately, if the lTIOre stab1e ylid 39 was used, the ratio dramatically increased to 98:2 in favour 
of the thermodynamically more stable 38. 

H H 0 
II 

Et02~ "-./ SMe2 

Et02CIIIN Et02C1{ Et02C'-.../ SMe2 e 
36 e 39 e e 

35 ... + ... 35 
50°C room temperature 

0 H 0 
37 38 

The stereoselectivity of the Strecker reaction was also affected by conditions. React jon \vith 
amlTIonium carbonate and KCN in aqueous ethanol gave the spirocyclic hetetocycles 40 and 41 
in reasonable yield but the ratio depended on temperature. At 50 °C, the ratio of 41:40 was 78:22 
but at 35 °c it improved to 87: 13 and 73% of 41 was isolated. Hydrolysis gave 32. It is all very 
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well to predict which stereoisomer might be favoured but conditions often have to be found in 
the laboratory to get the best ratio. 

H H 

38 

Eta2C~ a 
_(_N_H_4)_2C_a_3_,_K_C_N~. N "f 

H HN NH 
+Eta

2
C ~H _:: c a --------'l-~32 ?---H 1. hydrolysis _ 

HN n NH 2. chromatography n 
40 a 41 a 

The Synthesis of a Cage Molecule 

The cage diketone 42 was needed6 to make the tricyclic dione 43 with full control over stereo­
chemistry. Problem 38.6: Assess the stereochemical problems in making 42. 

H H 

cage 500°C 43 diketone .. 
100% yield 

42 Me-

a a 

Answer 38.6: This cage molecule can exist only with the stereochemistry shown. Although there 
are eight chiral centres, none can be changed without breaking a bond. The problem lies not in 
42 itself but in any precursor we might mllke as that would have to have the right stereochemistry 
to link up into 42. Prohlem 38.7: Which ring would YOll like to disconnect first? 
Answer 38.7: The compound has five five-membered rings, one six-membered and one four­
membered ring. lL seems more promising to get rid of the four-membered ring immediately. 
There are two [2 + 2] disconnections 42a and 42b. Which do you prefer? 

[2+2J 

Me- ~-- ==> Me-r--

42a 45 

There is nothing wrong with 44 except the problem of making it with that stereochemistry. 
On the' other hand, 45 has preserved the six-membered ring that, when redrawn, looks like 
an ideal Diels-Alder candidate 45a. Disconnection reveals cyc!opentadiene and the symmetrical 
quinone 47. 

~o Diels-

0=<=<=0 redraw Alder 0 45 > > + 

45a 46 47 

The synthesis was very simple: cyclopentadiene and the quinone were dissolved in methanol 
at 20-30 e,C to give ~O-YO% of the crystalline adduce 45. All the stereochemistry in 45, and 

.:-
.; 

I 
I 
~ .. 

I 
I 
! 



38 Confonnatinllal Crmtrol . 241 

hence all that in 42, comes from the endo selectivity of this Diels-Alder react jon. This reaction 
makes four chiral centres and the photochemical cyc10addition, that goes' in superb yield6 thanks 

to the proximity of the two a]k~nes, adds the other four. Problem 38.8: So, is 42, with its eight 
chiral centres, a single enantiomer or not? The answer is at the end of the chapter. 

0 heat ~O hv . @Me + 0 0 • • Me- ~O 

0 
46 47 45 42; 850/0 yield 

Conformational Control 

We finish with an "example of control of stereochemistry around a six-lnembered ring by means of 

conforrnation. Problem 38.9: How could you synthesise 48 wi,th full control over stereochemistry 
so that a variety of substituents R could be "added? 

C02H 

HOD" ~ Me 

o R 

48 

Answer 38.9: There are two chair confonnations of 48. One 48a looks the nlore stable as it has 
-three equatorial and only one axial substituent. But it \vi}] be 48b that will lead "us to a solution. 
What possibility enlerges froD1 the shape of the n101ecule in 48b? 

Me H#-C0
2
H 

0_ 48a 

The OB and C02H groups could be reconnected in a bridging lactone 49 that fixes the 

conforn1ation and provides a block across the bottom face _ of the molecule. Now we can be 

certain, which groups are axial and which equatorial. It would make sense to leave the lactone 

bridge in place as long as possible. 

O~ 
0 R ffo reconnect H . Me Me ;> Me = 

j 

OH 
C02H 

0 
o R 

48b 49a 49b 

It also Inakes sense to disconnect R as soon as possible so that it can be added at the end of 
the synthesis. The relationship (' 1,3') with the ketone suggests conjugate addition to the enone 

50. Now you Inight begin to see a way of introducing the bridging lactone: iodolactonisatioll. ' 

This w.il1 n1ean c~anging functional groups to get back to the much sinlpler epoxide 52. 
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·0 

£10 c-c £10 FGI 
H Me ;> H Me ==> 

H 
o 

Me 1,2-diX ~o 
----~> H ~ Me 

conjugate . 
o . A addition 0 h-

49c 50 : 

HO 

Br 
51 

o 
52 

The epoxide 52 ohviousJy comes frofl1 the alkene 53 and that in turn froln the iodolactone 54. 
Now \ve can disconnect 54 back to the silnple cyclohcxene 55 - d.n obvious Djels-Alder product 
fron1 butadiene 56 and avai lable nlethacryllc acid 57. 

HtJ°Me FGI HpOMe 1,2-diX aC02H ~\~I:; 
. ::::::>. ;> I Me ===> 
~ iodo-

I lactonisation 
( 

53 54 55 56 57 

The synthcsis~ roughly follo~/s the analysis so \ve shall concentrate on the stereochemistry. 
The acid 55 is treated with iodine in NaHC03 so that it is the anion that reacts. The iodine and 
the lactone bridge arc fornled by {[llIi-addition. Elinlination of iodide can occlIr only to give 53 

as (he Il1arked (cqLl~ltorjal) hydrogen in 54 is not ont; -pe.ri-planar to the axial iodine. The cpoxide 
52 nl11st fonn on the top face £.IS the bottonl face is blocked by the lactone bridge. To sec this 
clearly, ~ve suggest you dnl\v confonnational diagranls like 48b or 49b. No\v HBr gives 1ra17s 

addition and the diaxial product 58. ElilninCltioIl and oxidation give the enone 60 to Vvhich a 
copper-catalysed Grignard addition occurs axially. Hydrolysis of 49 initially gives the less stable 
48b but· this nips to 48a. 'The question of dj~xjal products frolll cyclohexcncs and cyclohexcne 
oxides is disclIssed

l

) in Clayden and in S,,.alegy {urd C~onfr()I, 

55 54; 97% yield 53; 94% yield 

o 0 

0-4 ff Hp= :: Me 1. HBr H Me 1. DBN 

, 2. Me3Sic7 ~ 
Me3SiO _ 

o -

H~OMe 
HO~ 

52; 870/0 yield 58 Br 59; 860/0 yield 

RMgBr H ft· °Me hydrolysis 

Me2S.~ .... 

o R 

48a 

49 48b 

.~nswer 38.8: No. of course not~ Both starting Inatcrials 46 and 47 are flat achiral nloleculcs and 
no asymmetry is introduced in solvent or catalyst. Even if you stir the solution clockwise~ you 
still can't make one enantiolner unless you introduce asymmetry at the molecular level. 
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19 Aromatic Heterocycles 

The Mechanism of the Stetter Synthesis of 1,4-diCarbonyl Compounds 

In the textbook we discussed the synthesis of pytroles 1 fron1 1,4-diketones 2 which we made 

by conjugate addition of a d I reagent to an enone 3, We chose a catalytic method, devised by 
Stetter, I that uses the thiazoliulTI salt 4 to convert an aldehyde R I CHO into .the d1 reagent. We 
now reveal the mechanism of this reaction. 

R2 R2 R2 YN,sn ~. 2 x C-N R1nR3 
1,4-diCO ~ :> ;> R3 1 )\ R1 N R3' enamine 

R 0 0 0 HO S 

1 RNH2 + 2 . R1CHO + 3 4 

Base converts the cation 4 into the ylid 5 ·with a negative charge stabilised both by the positive 
nitrogen and by ' the sulfur atom . This adds , to the aldehyde' to give a zwitterion with an acidic 
hydrogen on what \vas the aldehyde 6. The neutral interlnediate 7 has' a strange alkene bonded 

to 0 and N atolllS: it is both an enol and ·an enaJnine and is the d 1 reagent. So either end , of the 
double , bond Gould act as the nucleophile but the enamine win's and its conjugate addition to the 

enone 8 Inakes the vital C-C bond. Fraglnentation of the intermediate "9 gives the 1 ~4-diketone 
2 and regenerates the ylid 5 for the next cycle. 

}-e Bn }-e,sn )[ Bn 
~ Y;~y-R1 ~.-

1 ~R1 4 • 1 ~R' ----------
R s 0-':;:; R s R s 

e H 
5; R = HO(CH2)2-

o . 
7 OH 6 

R2 yBn }-e,Bn •• I 

R' ~'R3 . 1 ~'0 R2 R3 -.. ----.. 2+ . 1 )0 
R R S~O R S 

OH - 0 R1 

8 9 5 

Workbook f(Jr Organic Synthesis: The DiscoHnection Approach. Second Edition SluaJ1 Warren and Paul Wyatt 
©2009 John Wiley & Sons. Ltd 
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The Synthesis of Five-Membered Heterocycles 

,Problem 39.1: Suggest a synthesis for 10 which was needed as an intermediate iIi th~ synthesis 
of the antinlicrobial nifurthiazole - an unusually helpful name. 

nifurthiazole 
CHO 

I 

l\nswer 39.1: We have a furan and a thiazole here. It looks as though we JTIay be able to nitrate 
a furan to Inake the left hand half of the molecule but we shall have to make the thiazole by ring 
synthesis, so let's disconnect that first lOa. Rernembering to let the sulfur attack the alkyl halide 
and the nitrogen the carbonyl group leads us to an a.-halo ketone 11 for reaction with thiourea. 

C-N and C-S 
;> 

,thiazole 

11 thiourea 

The brolno-ketone 11 cOlnes fronl the parent ketone 12. Now you n1ight reasonably have 
disconnected either the nitro or the acetyl group but in fact it is known that furyl ketones such as 
13 are nitrated in the right position for our purpose. Finally, SOBle sort of Friedel-Crafts reaction 
on furan vvith an acylating agent 14 cornpletes the analysis. 

n A, C-Br' \ n( . C-N n r ./ c-c 0 X ~ 
02N ~o~1 v Br ==> 02N ~o~ ==> 'o/J] ===> 0 + II 

o o 0 . 0 ' 
11a 12 13 furan 14 

T'hc published , synlhesis2 uses acetic anhydride and the lnild 'Lewis acid3 ZnC12 . BrOlnination 
in acetic acid gives 11 without any bromination of the furan ring as it is deactivated by both 
nitro group and ketone. 4 

o o ~( 
o 

13 

Br2 thiourea 02N n -;:/' s 
- 11 , • --......O/----(/ __ ~ 
HOAc EtOH N~ 
80°C 60 °C 10; 840/0 yield NH2 

111 fact the nitration is rather n10re cOlnplicated. Nitration , at low tenlperature with the nitric 
, acid/acetic anhydride l11ix gives the n0I1-ar0I11Cltic intermediate 15. Treatnlent with Et~N gives the 

product) 12. Problem 39.2: Explain these two reactions. 

~( 
o 

13 

[ H.J\xOA~l 02N / "'0' Y 
, 15 0 12 

f\nswer 39.2: Reaction between HN03 and AC20 gives the nitroniunl ion N02 + 16 that attacks 
17 the free a-position on 13. Acetate captures the intermediate cation 18 to give 15. Elitnination 
qf acetate with a \\leak base~ either by a concerted or E I cB lnechanism. restores the arolnaticity. 

" t ., 

i 
L 

I 
I 
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o~ Ii ~ 
eN 
g 8j o· 

17 

Mechanisms in Heterocyclic Chemistry 

o 
o II 

O=N=O + e"),, 
o 

16 

247 

S0111e of you may feel unfamiliar with the world ot heterocyclic chemistry and sonle practice 

at nlechanislns ITIay be helpful. Problem 39.3: What is gOlng on in this synthesis? Work out 

the structures of the intermediates and the nlechanisnls of the reactions. Hint: If you are stuck, 
nunlbering the atonlS arbitrarily in reagents and product lnay help to decide which parts of 20 

corne fronl 21 and 22. 

Me N-N 
1. (Me3SihNLi \ 

N 0 ~ 

(1 06 2.21 ~ 

GN~NH2 . I 
.. 

3.22, EtOH h- . 
~ ~ pyridine ~ ~ 

N N C02Me 
4. NaH, DMF 

~ /: 
19 N 20 21 22 

Answer 39.3: It is obvious which part of 20 C0111eS froln 19 and pretty obvious which part COlnes . 
fronl 22 which leaves llS only with the part frcnn 21. This is work froIn LJiJly.6 

Me 

o)¢= 
19 

. ../: 

N · 
20a 

==> 21 
22 

The base relnoves a proton frol11 the methyl group of 19 to give 23 or 24 which attacks the 
acyl group of 22 to give the new ketone 25. This is the first intennediate that can be isolated. 

0 

Li O;J N 

" 
~ Me~ ~ ~ 

~ 

../: /: 
N Li N 

23 24 22 25 

Now the lnore nucleophilic ternl111(11 nitr()g~n of the acyl hydrazine 22 attacks the ketone in 

25 to give the hydrazone 26. Base rellloves a proton to give an aza-enolate that cyclises 27 to 

give the internlediate 28 that immediately dehydrates to form the aronlatic pyrazo]e 20. 



248 39 Aromatic Heterocycles 

NaH 
25 +21-- --

26 27 28 

Pyrazole, Imidazole and Quinoline 

We shall now concentrate on ring systems that were barely mentioned in the textbook: pyrazole 
29, imidazole 30, quinoline 31 and·a fused imidazo-pyridine 32. You will be glad that we are 
not going to use the official names for systems like 32. But you should notice that imidazole and 
pyrllwle hath have tautomers: the NH can be either nitrogen, not that it makes any difference, 
and 32 exists as two rapidly interconverting tautomers 32a and 32b. 

H 

rN [) CO aN (IN ~ I N~ ~ I ;) 
N N ~ .....-: 

N . N H H N N H 

29 30 31 32a 32b 
pyrazole imidazole quinoline imidazo-[4,5-b]pyridine 

Pyrazole 33 is Johnson and Johnson's core structure for a series of inhibitors 34 of the cysteine 
protease cathepsin.7 Problem 39.3: Suggest a synthesis of 33. Hint: Only normal C-X and C-C 
disconnections are needed. 

CI CI 

33 

Answer 39.3: Disconnecting both C-N bonds 33a reveals a I J-diketone 35 that can be made 
by acylation of an enol ate equivalent 36. The two nitrogens remain bonded to each other ina 
molecule of hydrazine NH2 NH2. 

CI 

33a 

2 x C-N 
enamine 

imine 

> 

35 

1,3-diCO 

> 

36 

o 

xAAr 

37 
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The synthesis started from the amino ketone 38, made in chapter 19 of the textbook. 
N -Acylation and en amine formation with morpholine allows C -acylation with a variety of acid. 
chlorides to g,ive the 1 ,3-diketone 35 that reacts with hydrazine to give the pyrazole. 

0 0 0 HN..-N 
0 

cj cY(Ar GAr 

6 AC20 1. Q1orpholine NH2NH2 
• • • 

pyridine N 2. ArCOCI N EtOH N . 

Ao 
Et3N, CH2CI2 A Ao H 

0 
38 39 35 33; 40-90% .from 38 

A Synthesis ~f Imidazoles 

In1idazoles 40 (where R is ~ln alkyl group) were needed for drugs ~o treat epilepsy.s There are four 
C-N bonds that could be disconnected but the result will , be Inuch the same wherever you start. 
Disconnecting the enanline reveals a ketone 41 ~nd another C-N disconnection gives possible 
stalting lTIaterials as the amidine 42 and the a-haloketone 43. If you continue with the other 
two C-N ,bonds you discover that 42 is a derivative of a carboxylic acid and two tTIo]ecules of 

amlTIOnla. 

N)- C-N R--fN~Ar C-N NH Br);- . 
R~N Ar ~> ==> R~ .f- Ar 

H 
enamine 

NH2 0 NH2 0 

40 41 42 43 

An1idines can easily be made from nitriles and ammonia and there is no doubt that this syn­
thesis will work as, unlike the synthesis of thiazoles~ th~re is ~o regioselectivity issue. However, ' 
L,ibert~re and her co-workers chose a short cut. They decided to join the carboxylic acid ' 44 
directly to the a-haloketone 43 and treat the product 45 with an excess of ammonia. Anlazingly 
this gave the ilnidazole 40. 

,', 

0 Br);- . CS2C03 -{o);- NH40Ac N~ R---{ + Ar • R Ar • R~ Ar 
OH 0 MeOH 0 0 xylene N 

reflux H 
44 43 45 40 

The mechanism is perhaps not inlmediately obvious. AlTImonia must attack the ketone and 
then cyclisation 46 ·established the right C-N-C connectivity. The product 47 is the enol of 
an a~dehyde 48 and addition"of the second molecule of ammonia to the aldehyde followed py 
cyclisation would give 40. They do not suggest a mechanism but this is reasonable. 

R-{O~Ar 
o 0 

45 
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A Synthesis of Quil1oline.\' and of Fused lmidaz,o-Pyridines 

The angiotensin II inhibitor 49 for the treatment of ' hypertension combines these two ring 
systems.l) Disconnection somewhere in the middle 49 gives much simpler starting materials 

50 and 52 and we'll look at each of these. The quinoline 52 is the easier. ProbJem 39.4: Using 
only standard C-N and C-C disconnections, suggest a synthesis of 5i 

:~ y~ HN~ :_ ~ 
Me 

I + 
C-N 

===> C-Br 
==='.> 

C02H C02H C02H 

N 0 N 0 0 
H H 

49 50 51 52 

Answer 39.4: Straightforward! Lactam disconnection 52a reveals an obvious a1dol condensation 
product 53 between some derivative of malonic acid 55 and the ketone 54. 

Me 

6 
~CO'H 
UN~O 

H 
52a 

C-N 
===> 
amide 

Me 

C02H 

C02H 
NH2 

53 

Me 

c-c 
===> 
aldol (C02H 

+ 
C02H 

54 55 

In fact the half ester, half acid chloride of malonic acid 56 was used in condensation with 54 
to give the ester 57 and this was cyclised to 58, the ester of 52, which was used in the rest of. 

the synthesis. We shall return shortly to the synthesi s of 54 after the next section. 

Ar 

(C02Et 54 r ((COA' 1 NaH cCxCO,EI .. 
~ I N~C02Et 

.. 
~ I . COCI CH2CI2 EtOH 

N 0 
H H 

56 57; Ar = p-Tol 58 

The other starting materi<il for 49, the fused imidazo-pyridine 50, is more interesting and 
more challenging. One synthesis JO disconnects the five-membered ring first SOa and puts in one 
amino group by nitration and reduction of 01 , Why this one? Because the starting material 61 is 
commercially available. 

r , 
I 

I' ' ' 

! 
~ 

I: r 

! ' 
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50a 59 60 61 

Pyridines nOflnally react badly with electrophiles but here the amino group ~f.61 activates the 
ortho position to substitution to give 62. Reduction by catalytic hydrogenation gives the diamine 
59 without touching the pyridine r~ng and reaction with aceti-c acid and polyphosphoric acid 
gives 50. 

HN03 02Nn H2, Pd/C H2Nn MeC02H -In 61 • 1'-':: ~ 

I ~ • 
~ PPA N ~ 

H2N N H2N N H N ' 

62 59 50; 75-95% from 62 

A later SYUlhesis II is 1110re inventi ve. A C-C disconnection SOb back to the in1ide 62, obviously 
derived fronl 59~ and an equivalent of CO2. Now the chenlists at Merck decided to make 59 by a 
different route, perhaps to avoid the potentially poor nitration step. They propose a rearrangelnent 
route from the anlide 63. 

SOb 62 59 63 

l'hey prefer to ll1ake the pyridine by ring synthesis and so disconnect one C-N bond 63a and 
then do an aldol disconnection of 64 to reveal two available starting !naterials: rnalonanljdine 65 
and acetyl acetone 66. 

0 0 0 

oUo H2N '?' C-N ;> H2N O~H2N\ + 
~ enamine aldol 66 

H2N N H2N NH H2N NH acetyl-
63a 64 65 acetone 

Condensation of 65 and 66 in base gives 63 directly and the Curtius rearrangen1ent followed 
treatll1ent of 63 \vith NBS in base to give 62, via the jsocyanate 67, in excelJent yield. This iinide 
was converted into 50 with diethyl carbonate (EtO)2,CO, EtC02H and MgC12 in a ren1arkable 
81o/n yield. The mechanisJTI is discussed in the paper. 

0 0 

[o~c~Nnl H2N
\ 

66 NBS 
~ H2N -?" ~ ---.- 62 
KOH KOH 81% yield 

MeOH ~ 

H2N NH H2N N H2N N 
65 63; 92% yield 67 
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T'he Synthesis o.f o-Arnino Diaryl Ketones 

Benzodiazepincs such as 68 are importan,t in the treatment of many diseases' of the nervous 
systelTI. Two C-N imine disconnections take us back to 69, an o-amino benzophenone in the 

sa1ne class as one starting material 54 for the quinoline 52. More generally, amino-ketones are 
often unstable. Problem 39.5: Why would we not expect 70 to exist? ' 

-.:?' 2 x C-N -.:?' I Nf)NHMe ~H2 
I ;> ~ 0 

CI ~ N imines CI 

68 Ph 69 

a NH2 

0yo 
Ar 

54; Ar = p-Tol 70 

Answer 39.5: Cyclisation to the indole 72 would be very rapid. Amines are nucleophilic and 
ketones are electrophi 1 ic and five-membered rings are quick to fornl so the intern1ediate 71 
would fonn and then dehydrate rapidly as the product 72 is aromatic. Problem 39.5: So why 
are ulninoketones like 69 and 54 stable? 

((l
NH2 ' 

I a 
~ 

Ar 

70 

H 

~NvOH 
V--f'Ar 

71 

H 

(O-Ar 
72 

Answer 39.5: Two Inain reasons: cyclisation to give a four-membered ring 73 is slow ~nd there 
is sOlnething very "vrong with this particular four-mel11bered ring. It is anti-arolnatic having 
four n-electrons, or eight if you count all the benzene electrons. The alnino ,k~tone itself 54 1S 
stabilised by strong conjugation 54b 'between the amino and carbonyl groups. 

Me Me 
I 
~ ~ 

Me 
~ ~ 

II( • X· 
h 8 

0 0 

e 
NH2 C~.H2 

54a 54b 73 

Niaking ketones such as 54 is difficult but there are Inany Dlethods. 12 Probably the best starts 
with acylation of available anthranilic acid 74 with acetic anhydride under reflux to give the new ' 

heterocycle 75 that, unlike 73, is aromatic and has no acidic hydrogens. The arolnaticity comes 

froIn t\\I0 electrons fr0111 the alkene, two from the imine., two froln a lone pair on oxygen but 
none fro111 the carbonyl group as that is outside the ring. Addition of Grignard reagents to 75 

gives ~llnides 76 V\!hich can easily be hydrolysed to 54. So here is a new heterocycle 75 in a new 
role: allo\ving a reaction to occur that would not occur on any non-heterocyclic equivalent with 

an acidic hydrogen s~ch as 74. Aromatic heterocycles can be useful intem1ediates in synthesis 
as well as target tllo1ecuJes jn their own right. 
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1.0 General Strategy D: Advanced Strategy 

The Synthesis of Methoxatin 

The textbook chapter featured the chelnistry of methoxatin (pp. 315-3l9) and we start with a 
couplc of problen1s on these syntheses. 
Probl~m 40.1: The first synthesis was by Hendrickson I and was described as 'convergent'. Work 
out how Inany steps there are in the longest linear sequence of this synthesis. You 111ay prefer to 
\vork fr0111 the. textbook or else to set out the synthesis 1n full for yourself. 
Ans\ver 40.1: One branch involves 111aking the pyridine 4 by a three-step sequence froIn pyruvic 
acid 1. The second tnakes the pyrrole aldehyde 8 ·fron1 the pyrrole carboxylic ester 5 in a two-step 

sequence. 

C02H . C02Me C02Me 

0 NH3~ MeOH 

~ 
NBS 

~ 
~ 

~ I ~ • 
He Br . C02H /: /: 

1 N C02H N/: C02Me N C02Me· 

pyruvic acid 2 3 4; 76% yield 

CI 

Meo~ 
N C02Et 
H 

OHC 

~. !0--N C02Et 
2. KB, H20 H 

5 .- 6 7 8; 820;0 yield 

The two C0J11e together in a Wittig reaction followed by three photochelnical steps. You 111ight 
have decided to include Inaking the phosphoniuln. salt 9 in the fIrst branch and you Inight decide 
to count the last three steps as one or t.wo or three. Tn any case the longest hnear sequence is the 
sun1 of the longer branch (1 to 4) and the c0I11bined steps (2, 3, or 4, depending how ~ou count 
then1). This gives a total of between five and eight steps in all - a slnall nUJl1ber for such.a big 
synthesis. 

-------_._-----
Workbook for a'gol/ie Synthesis: TIlt: Discollllce/ion APIJr()(Jch .. )'ccol7d EdiTion St uart Warren and Paul Wyatt 

IS:: 1009 John Wiley &: Sons. Ltd 
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Z-10 11 

If I 

hv 

N 
H 

(PhSeh 

E .. 10; 84% yield 

1 NH 

....-:: 
N C02Me 

12; 44% yield 

Weinreb's synthesis2 contains a particularly interesting reaction: the conversion of the five­
lllenlbereJ heterocycle 13 into the quinoline 15 'with pyruvic acid 1 (again). Problem 40.2: 
Suggest a n1echanisnl for this reaction. 

0 C02H C02Me 
I 

Me Me 
~ 

Me 
~ 1 MeOH 

O~ .. 
N KOH ....-:: H2SO4 

~ 

MeO H MeO N C02H MeO N C02Me 

OMe 'OMe OMe 

13 14 15; 50% yield from 15 

Answer 40.2: There is no suggestion in the rather old original work3 as to InechanislTI. Our 
suggestlon is that the amide nitrogen of 13 .attacks the ketone of pyruvic acid 1 to give 16, that 
the imide is hydrolysed to give the 'enalnine 18 and that this cyclises 19 to give 20 and loss of 

water gives 14. You may have as good or better ideas. 

The whole of Weinreb's synthesis is laid out here from 21 to nlethoxatin 32. It is of course 
linear. Problem 40.3: What is the overalI yield? Before you calculate it. what do you guess it 
Inight 6e: 20%~ 5%, 167c? 
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Me .y Mev 
I 1. BuLi I 

~ ~ ~ 
MeO 2. CO2 MeO C02H 

OMe OMe 
21 22; 66% yield 

Me 

1. CIC02Et 
Et3N, NaN3 

2. KOH, H20 
3. H300 

o 

0 

Me~ 

MeoyNH2 

OMe 
23; 60% yield 

1. KOH Me 
pyruvic 

acid 
• 

CI3C-CH(OHh .. 
NH20H.HCI 

Na2S04, H20 

~ 

~ 
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Mev~ I . J:NOH 

MeO N 0 
H 

N 
H 2. MeOH MeO N C02Me 

OMe OMe 

24 25; 70% yield 

N02 C02Me Sr 

HN03 Me 
~ 

H2SO4 NBS .. ./: ~ 

MeO N CO2 Me MeO 

OMe 

26; 600/0 yield 

CO2 Me Me02C 
0 N02 

c02Me 
G) 8 

1. PhN2 BF4 
~ 

~ 

2. NaBH4 . 

MeO MeO 
! ' 

OMe 

28; 92% yield 

~ NH 

MeO 

OMe 

AgO 
HN03 ... 
THF 

~ NH 

o 
o 

H2SO4 OMe 

15; 500/0 yield from 15 

N02 C02 Me 
0 

~ )~C02Me 
~ ~ 

N C02Me NaH,THF 

OMe 

27; 90% yield 

NNHPh 

N02 
CO2 Me 

H2, Pd/C 
~ .. 

Hel, MeOH 
......-: 

N C02Me 

OMe 
29; 70% yield 

H02C ' 

1 
NH C02H 

~ 

./: 
0 N C02H 

0 
.. ~ 

30; 620/0 yield 31; 60% yield 32; 75% yield 

Answer 40.3: We make jt ] .30/0. There are 1] steps and only one has a yield as low as 500/0 while 
several have yields of 909() or over. Yet the overall yield is 1.3 clc. 'This was the first synthesis and 
it proved the structure of l11cthoxatin but it nlso ought to convince you of the need for convergent 
syntheses. 

Now for sOInething a 'bit different. Problem 40.4: Which bonds would you like to disconnect 
in the synthesis of this'lTIolecule 33? We confess t~1at this is a Inade-up probleITI. Once you have 
chosen your starting materials decide in which order you \vould hke to assemble thenl. 
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U 
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target 
molecule 

33 

Answer 40.4: The disconnections all correspond to sirnple reactions (if yours don ~t agree, that 
doesn't necessarily mean they're wrong). "V!e suggest these with the Inetal being copper or a 
copper-catalysed Grignard ,or organo-lithiuln reagent. 

SNAr 0 

o~C2 => U HOO~co H P 0) ~I ~ , 
~ conjugate 

N 0 addition 1 2-diX N CI ~ 2 , 
33a 34 35; M = metal 36 37 

You could , combine these in a linear fashion or in a convergent fashion. W'c hoped you' J 
choose the convergent, perhaps like this, via 39 and 40. Nucleophilic suhstitution is possible on 
the pyridine 36 but not on a bronlobenzene. Protection of the OH in 40 nlight be needed. 

U+ OBr ClOBr 
~ I ~ I: : I 

N.r:: CI 
HO N 0 

34 38 39 Mg, Cu(J) 
.- 33 

~C02H + P base )vto",Q ----... 

36 37 40 OH 

The Key Reaction Strategy: Diels-Alder Reactions 
,-

We saw a synthesis of a lycoranc 41 in the textbook that had the Diels-Alder reaction as the 
key step. Stork's synthesis4 also uses the Diels-Alder reaction but in a con1pletely different \vay. 
Stork did no prelin1inary disconnections but sin1ply inserted one alkene and one carbonyl grc)up 
into the structure to 111ake a Diels-Alder disconnection ideal. Prohlenl 40.5: 'Can you suggest 
\vhere to put 'the alkene and the carbonyl group? 

o 

< o 

~-Iycorane 
41 

Ans\ver 40.5: There are several possihi lilies such as 42 that puts the carbonyl group \\/hcre it is 
conjugated \\t'ith the dienophile 43. Stork rejected these as they would lead, 1110St likel,y, to the 
endo-adduct ,44 that would have a cis ring junction. Adduct ·42 is the exo-adducL 



o 

< o 
42 
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Diels­
Alder 

o ==> 0 

< o < 
43 
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o o 

o 
44 

As it happened, Stork h'.ld already tried5 the Diels-Alder reaction following from disconnec­
tion 45. The Diels-Alder was enhanced by a second carbonyl group' 47. There is a problem 
with 46: the stereochemistry of the dienophile is inevitably cis in a five-membered ring but those 
hydrogen atoms in 45 must be Irons. Adding a C02Et group also gave an opportunity to avoid 

that problem. 

~ ~ 
H Diels-

0 Alder 0 o FGA><O Nr::;C02Et 
< ===> < 

0 0 0 

0 0 
45 46 47 

Though the Diels-Alder went in good yield (~4(k L it gave a roughly I: I mixture of epimers 
of 48. neither having the stereochemistry required for Iycorane. Stork ' s ultimate choice was 49. 
Problem 40.6: Continue the analysis, ' 

reflux 
47 .-

dichloro­
benzene 

< 
o o 

< o o 

48 0 49 0 

Answer 40.6: Reversing the Diels-Alcler 49a gives us the amide 50 which is simply disconnected 
to some acid derivative S1 and the enamine 52. Now they have to be made: any suggestions? 

Diels- 6 d H6 Alder . 0 C-N 0 

===> < 
===> . -?' + 
amide < ~ I , 

0 o COCI 

49a 0 50 0 51 52 

, These days we should probably make the acid 53 by a palladium-cataJysed coupling of an 
aromatic acid derivative with a vinyl halide. 6 But Stork reconnected the two side chains as the 
lactone 54 obviously derived from 55. This now becol1les an exercise in regioselectivity such as 
those in chapter 2. 
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55 

Either 54 or 55 could be derived fronl 56 that could come fron1 a Prins-style capture of the 
alcohol 57 with formaldehyde. And 57 could be ll1ade by addition of ethylene oxide fo a Mg or 
Li derivative of 58. derived in turn from 'bromination of available 59. 

c-c o~ 0JJsr 0:0 ~ < ~ I ~ < ~ I ~ < '~I 
o ~ OH 0 ~ 0 ~ 

57 58 59 

The synthesis \vould then follow this pattern vv'ith regioselective bromination of reactive. 59 
in the punl pusition, lithiation by' LifBr e~change and reaction \vith ethylene oxide, Prin~-style 

ring closure to the cyclic ether 56~ oxidation to the lactone 54. and clinlinatioJl to 53. 

<::0 Br2 0:(rBf 1: BuLi 0:(Ji CH20 
--... < ~I • <0 ~ OH ~ 0 2.\/ HCI 

59 58 57 

0=0) [0] O~ LOA O~ <0 ~ I ° ~ < ~ I ° • <' I 
o ( 

-78°C o ~ C0
2
H 

56 54 0 53 

No doubt this would all work but Stork preferred a shorter route that depended on the ready 
availahility of the indene 61. A 1l10re conventional reconnection (chapters 26 and 27) of the' 
djacid 60 takes us back to 61. 

reconnect o~ 

><o~ 
55 60 61 

l'he synthesis was based on previous work 7 i'n which the anhydride 62 was the key intern1ediate 
that. allowed regioselectivjty between the two carbonyl groups. 

0 0 0=0) K2Cr20 7 <0=O:=C02H AC20 < <0 ~ I /; (0 • .. 0 AcOH o C02H 
0 

61 60; 66-77% yield 62; 85-880;0 yield 
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The shortest way to the lactone 54 is to open the anhydride with acidic methanol. 8 Reaction 
occurs selectively at the carbonyl group not conjugated to the aro1uatic ring. Reduction with 
NaBH4 activated with NaBr gives the lactone 54 on acidic work-up.9 

0 0 0:(Q < NaOMe <0=cr=c02Me NaBH4 <0 ~ I ° (0 .. .. 
0 MeOH NaBr o C02H 

0 0 
62 63; 66-770/0 yield 54; 72% yield 

An alternative 10 is to reduce the diester 64 to the diol 65, 'cyclise it in acid to the benzopyran 56 
and oxidise that with Cr(VI) to the lactone 54. Elimination with LDA, as suggested above, gave. 

the acid 53 in over 900/0 yield. You win notlce that some steps are the same as those we suggested 
in the flrst synthesis, 

CH2N2 0:0: LiAIH4 0:(JC::0H KHS04 Cr03 
60 ., < : I C02

Me .. <0 ~ I OH 
.. 56 ~ 54 

o C02Me 94% 
AcQH 

56% 
64; 80% yield 65; 730/0 yield yield yield 

\ 

We have one startiDg Inaterial. ]~ow w-hat about the other, the vinyl pyn'oline 52? In fact 

this part of 50 was developed after a simple coupling of the acid chlor1de 51 with available 
3-pyrollidinol 66. Oxidation, Horner-,Wads\vorth-Enlmons oleflnation and reduction gave the 
alcohol 71 as the alkene in 70 has 111igrated to the thennodynamically 1110re stable enalnine. 
Then sonle scJcnium chelnistry 11 gives 50 which does indeed do the Diels-Alder reaction to 
give the right diastereoiso111er of 49. Catalytic hydrogenation gives 72. This aluide had been 
Inade fronl Jycorane and had already been converted into lycorane giving a fornlal synthesis of 
lycorane. 

< 
66 

o 
II 1. NaH 

(EtOhP"-./ C02Et • 
2.67 

(i9 

Ph 

< o 

o 

o 

OH 

6 
o 

67; 930/0 yield 

S03 
pyridine .. < 

C02Et 6 LiBH! <: 
o 

70; 60% yieJd 

H 
H2 

Pd/C ----------.-

o 

o 

I ~6 140°C 0 

~< 
(N ° EtOAc 

o 
50; 50-55% from 71 

o 
49; 510;0 yield 

o 

[) 
o 

68; 7~0/o yield 

6
0H 

0 
71 

H 
0 

< 0 

0 
72 

H 
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This last exan1ple gives you an idea of the variations in strategy both found and needed in the 
planning of a synthesis of a reasonably complex molecule. We relnind you that another synthesis 
was given in the textbook to emphasise that there is no 'right' answer to a synthesis probJem. 
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