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Abstract.

Chiral cyanohydrins and-aminonitriles are versatile intermediates and @rgreat
importance to the pharmaceutical industry due ® dbility to convert them into useful
chemicals via simple chemical transformations. &llgyanohydrins and-aminonitriles can
be obtained from asymmetric cyanohydrin synthesid asymmetric Strecker reactions
respectively. In this project, bimetallic alumini(salen) compleXd was studied extensively
and was shown to be very active in cyanohydrin lssgis using trimethylsilylcyanide
(TMSCN), giving the cyanohydrin trimethylsilyl ethderived from benzaldehyde with 89%
(S enantioselectivity and 80% conversion after 18rhat -40°C. A variety of substituted
benzaldehydes were screened giving moderate toll@xicenantioselectivities. Ketones
were also shown to be substrates when used incHiaytic system. Extensive kinetic
studies of compleXd gave the rate equation; rate = K[TMSCNH}P®][1] which is zero
order with respect to benzaldehyde. A Hammett stusipg complexl showed that this
catalytic system was dominated by Lewis basic gsiw| resulting from the activation of
trimethylsilylcyanide by triphenylphosphine oxidéhe catalyst was then responsible for the

chirality of the product rather than the activatairthe aldehyde.

\\\ N // \\

A variety of other titanium and vanadium(salen) etewmes, containing various
substituents on the aromatic ring of the salennligavere synthesised and screened in the
Strecker reaction and cyanohydrin synthesis unddfereint reaction conditions.
Enantiomeric excesses of 10-95RgndS) were achieved with conversions of 10-100% for

both reactions.



1.1 Introduction
1.1.1 Salen Ligands in Asymmetric Catalysis.

Salen ligands are commonly used throughout asynor&gnthesis as chiral ligands.
The ligand can act as a tetradentate dianionicispewith the ability to co-ordinate to
almost any element in the Periodic Table. This spgnthe possibility to synthesise a large
number of metal salen complexes, displaying catabttivities in a wide range of useful
organic transformations. These transformationsuihel alkene epoxidation,Darzen’s
condensation$,CO; fixation to form cyclic carbonatésnd many others® The structure of
the salen ligand can vary depending on the aronsmtiistituents and the nature of the
diamine used in the synthesis. The basic salentatriis shown in Figure 1. The structure
of these ligands can vary enormously as the passibimber of substituents for both the
aromatic rings and diamine moieties are vast amdbea prepared using simple chemical
technique$:” Having the ability to modify the ligand structusdlows any salen metal
complex to be finely tuned, both sterically andcefenically, to meet the requirements of the
reaction for which it will be used. Since many bks$e complexes have been shown to
display high levels of stereocontrol, this is a ésglvantage in a forever expanding, vital

area of synthetic and asymmetric catalytic chemistr

Figure 1: basic structure of the salen ligand

Due to the diverse applications of salen ligandasymmetric reactions, metal(salen)
complexes were chosen as the focus of this reseacbentrating on two fundamental

reactions in asymmetric catalysis; the Streckesti@a and cyanohydrin synthesis.

1.1.2 Introduction to Cyanohydrin Synthesis.

Cyanohydrin synthesis (Scheme 1) is the nucleaptdlidition of cyanide to a
carbonyl bond, forming the cyanohydrin functionaebgp. Cyanohydrin synthesis is one of
the most fundamental reactions in organic syntheesis new carbon-carbon bond is formed.
The first reported cyanohydrin synthesis was in28&®d this involved the use of hydrogen
cyanide. Due to the toxicity of this reagent, adbivork has followed, exploring the use of

alternative cyanide sources. A variety of reagdmse been found to be effective at



delivering cyanide to the carbonyl bond, includimyanoformateg, cyanophosponatts

and acyl cyanide$:

0 on® @o CN H®  Ho CON

R R' R R' RXR'
Scheme lcyanohydrin synthesis.

Trimethylsilylcyanide is the most common cyanideurse used in cyanohydrin
chemistry. The advantage of using trimethylsilylaigie is that it is a liquid, so handling is
easier and also the product obtained is the silgtegeted cyanohydrin. Protected
cyanohydrins are less susceptible to hydrolysik ltacthe starting materials and are less
prone to racemisation. From this species a vaoétjifferent products can be obtained via
simple chemical transformations. Addition of cyamih a carbonyl transforms the carbon
from sg to sp hybridisation and may cause the product to beathitsymmetric synthesis
is an increasingly important area of chemical sgsitand is widely used in the production
of many commonly used drug molecules. Figure 2 shesmne common molecules used in

the pharmaceutical antlugs industry which albossess multiple chiral centres.

Vitamin C

Codiene ﬁ

Zlin

e
Fusidic Acid

Figure 2: common drug molecules containing stereocentres.

The introduction of chirality into target moleculées the foundation of asymmetric
synthesis. The cyanohydrin forming reaction showrscheme 2 shows the formation of a
racemic product. The cyanide can add torther si face of the carbonyl with equal ease to

form a racemic mixture.

\'// * G
P H Ph™ R Ph H/CN

Scheme 2asymmetric cyanohydrin synthesis.



The enantiomers are denote@&ndSin accordance with the Cahn-Ingold-Prelog (CIP)
rules*?Biologically active molecules may demonstrate défe activity depending on which
enantiomer is being administered. One enantiomeyr display positive biological activity,
whilst the other maybe inactive; or the presencersd enantiomer in the racemic mixture
may render the other enantiomer inactive. Also,eaantiomer may be toxic, causing a
variety of side effects in the patient. Thereforés common for drugs to be administered as

single enantiomers.

1.1.3 Asymmetric Cyanohydrin Synthesis.

The first example of asymmetric cyanohydrin synithesas reported in 1908 by
Rosenthaléf who successfully added hydrogen cyanide to benkgtie using the enzyme
oxynitrilase. This enzyme was known to catalyse higdrolysis of cyanohydrins back to
hydrogen cyanide and aldehyde. As this reactioevsrsible, the enzyme also catalyses the
synthesis of cyanohydrins. Oxynitrilases are alapable of asymmetrically catalysing the
one pot conversion of alcohols to cyanohydrins gis?,6,6-tetramethylpiperdine-1-oxyl
(TEMPO), PhI(OAc) and hydrogen cyanitfe.The majority of cyanohydrin forming
reactions catalysed by oxynitrilases utilise hy@rogyanide as the cyanide source. Due to
the high toxicity of this species an alternativewdobe advantageous. Oxynitrilases have
been shown to catalyse the transcyanantion betalelmmydes and acetone cyanohydrin or
racemic ketone derived cyanohydrii€thyl cyanoformate can also be used as the cyanide
source. The reaction takes place under organiceaguiphasic reaction conditions to give
the R®)-cyanohydrin®

Enzymes are highly specialised biological catalydteey work under specific
conditions and with specific substrates. Due tos thighly specialised nature, their
effectiveness as catalysts can be limited. Changeseaction conditions such as pH,
temperature, and solvent can significantly redunee reactivity. Enzyme structures cannot
easily be optimised to improve the reaction outcoie substrate has to be compatible with
the enzyme and it may not be possible to find ayme to suit every reaction. If the product
with the opposite stereochemistry is required, por@priate enzyme may not be available.
To overcome the limitations of enzyme based systgarsous methods have been developed
for asymmetric synthesis. These methods are mast aftective and give chiral products
with high selectivities. For cyanohydrin synthesigny different chiral catalysts have been
developed. Based on research using enzymes, atwarieorganocatalysts have been
developed that can catalyse cyanohydrin formingtieas very effectively. In 1912, Bredig

and Fiske demonstrated the first use of alkal@dsatalyse the addition of hydrogen cyanide



to aldehyded! Chiral polyamine® and linear peptidédare also catalysts for cyanohydrin
synthesis, however enantioselectivites were mualel@>20%). This was also accompanied

by lower conversions.

1)R= Ph
N NH 2)R="Pr
N\_—NH NH R

o)

Inoueet al demonstrated the use of a cyclic dipeptide (dipgtrazine)l derived from
phenylalanine and histidine, in the addition of fogen cyanide to benzaldehyde giving
cyanohydrin product with 97%R) enantioselectivity® Catalyst1 was compatible with
aromatic aldehydes, but gave lower enantioseléesiwvith aliphatic substrates. Modified
diketopiperazin€ gave higher selectivity for aliphatic substratesnt aromatic substrates, a
result which is uncommon in cyanohydrin synthe€latalystsl and 2 gave comparable
results to oxynitrilases and could utilise acetogpanohydrin as the cyanide source, though
reaction rates were lowered compared to the u$gdrbgen cyanid&: The mechanisms of
reactions catalysed by cataly&tand2 are not fully understood, though kinetics studiage
shown that two catalyst molecules are involvedhim ¢atalytic cycle. The reaction displays
enantioselective autocatalysis and is also heteesges in nature with the reaction occurring
in the gel phase. No further attempts have beeneni@dmprove on these findings or to

optimise the catalyst structufe.

In 2001, Denget al showed that monomeri8 and dimeric4 O-arylated cinchona
alkaloids were excellent catalysts for cyanohydsimthesi€® The group reported the
addition of cyanide to aliphatic ketones using ettyanoformate to give cyanohydrin ethyl
carbonates with 97% enantioselectivty. Extensivalyans of the reaction mechanism

revealed that this high selectivity was the restila dynamic kinetic resolution rather than

8



highly selective cyanide addition. Trimethylsilyloyide was also an efficient cyanide source
and was found to be more compatible with monoacatadl 1,2-diketone substrates.
Enantioselectivities of >90% were achievable ushege substrates.

Najera showed that dimeric cinchona alkaloid detigexmonium salts were effective
catalysts when used in the same reaction along twéthaddition of triethylamin& Feng
used monomeric cinchona alkaloid ammonium saltshen cyanoformylation of aromatic
aldehydes with enantioselectivities of 61-724eng also illustrated the use of chil
oxides as catalysts for racemic and asymmetric atygdrin synthesié® thus compounds
and6 will catalyse the addition of trimethylsilylcyar@do aromatic aldehydes. Interestingly,
compound 5 gave better results with ketones than aldehydesingiv85-93%
enantioselectivity. Compouriigave enantioselectivites of 53-73% with aldehyalestrates.

; ; :tBu S
Os_ _NH 2 )J\ W

HN \/O 5) n=0 MeHNw/'\N
B = H H
©° o 2 o=t o NPr,
N,,///\(N

Jacobsen demonstrated the use of thioureas as a&gimeatalysts in cyanohydrin
synthesis. Compound was found to catalyse the addition of trimethylsijanide to
ketones with 86-97% enantioselectivity. Trifluoroatol was a required additive suggesting
that the true cyanating agent in this case is lg@hacyanide. The structure of compouhd
was further optimised to allow catalysis with ahilc ketones. This was achieved by
modifying the structure of the secondary amine inithe catalyst’

All of the above systems have been shown to giamalyydrin product with good to
excellent enantioselectivities, however more recatancements in ligand and catalyst
design have led to much improved systems. Thediioits of enzymes and organocatalysts
are that the structures of the catalysts can beorand difficult to synthesise. Also tkk-
symmetry shown by these systems makes it morecdliffto study the reaction and to
understand the details of the reaction mechanisfArs. understanding of a reaction
mechanism can be a great advantage to this reseaeeh as improvements in both the
reactivity and enantioselectivity can be achievadthough a lot of research has been carried
out with regard to enzymes and organocatalysteensynthesis of cyanohydrin derivatives,
there is still much speculation as to how thesealygsiis function when employed in

asymmetric synthesis.



1.2 Titanium Based Salen Complexes as Catalysts fAsymmetric

Cyanohydrin Synthesis.
1.2.1 Asymmetric Cyanation of Aldehydes Using Titam Salen Complexes.

A vast area of research over the past ten yearfobased on the use Gh-symmetric
ligands, a large part of which was carried outhe North group focusing on the use of
metal(salen) complexes. Due to the high Lewis &cidf titanium, and the ability of the
metal to coordinate to the oxygen atom of carbgnglps, early research focused on the use
of C3-symmetric titanium catalysts. The first of thesenplexes to be synthesised for testing
in cyanohydrin synthesis were complex@d1 using titanium tetraisopropoxide as the
titanium source and trimethylsilylcyanide as thearige sourcé® The optimum reaction
conditions allowed the synthesis of cyanohydrin dpids to be achieved with
enantioselectivities of 25-76% using 20 mol% ofabgt at reaction temperatures of I8
The most enantioselective catalyst was found tacdmaplex 9 with benzaldehyde being
cyanated with an enantioselectivity of 65%. Althbuthese results were encouraging,
stereoinduction was shown not to be as high as wiming organocatalysts as the
diketopiperazine and cinchona alkaloid systems wapable of giving cyanohydrin products

with enantiomeric excesses as high as 97%.

R O'Pr
_ } \N_ 8) R = MeS(CH)z; R’ = H
i 9) R = MeS(CH)»; R’ ='Bu
7 o 10)R ="Pr; R’ ='Bu
e 11)R = MeCHCH,; R’ ='Bu
O'Pr

Rl

Kim developed a range @;-symmetric titanium(salen) complexes that were shtav
be more enantioselective than the North systemusisl previousl§? Complexesl12-16
were prepared using titanium tetraisopropoxidehastitanium source. Benzaldehyde was
again chosen as the test substrate and the highastiomeric excesses were obtained using
complex 12. Using 10 mol% of compled?2 in dichloromethane at -88C, cyanohydrin
product was obtained with 90%R)(enantiomeric excess in a chemical yield of 65%rad
reaction time of 24 hours. Supporting complexon MCM-41 improved on this result even
further, giving an enantioselectivity of 94%. Usimpmplex 16 under these reaction
conditions gave product with an enantiomeric excets/2%. Lowering the reaction
temperature to -8C or -25°C did not improve on the results as enantioseliietsvof 30%
and 51% R) respectively were obtained. Electron-rich anatteten-deficient aldehydes were

10



also screened using complek2 under the optimum reaction conditions, thus 4-
methoxybenzaldehyde and 4-chlorobenzaldehyde gaee cobrresponding cyanohydrin
products with 73% and 87%R) enantiomeric excess.

The advantages of this system over previous tita(galen) systems was the lower
catalyst loading (10 mol% as opposed to 20 mol%juired to give a higher
enantioselectivity than that reported by Nagthal; however, a lower reaction temperature of
-80 °C was required to achieve these high enantioseiéies. In addition, high activity was
also observed when supporting the catalyst on MQMahich is very attractive for the
commercial application of these catalysts as cstakycyclability can be greatly improved

when immobilising catalysts.

RI R?
2 1
R "> bR 12) R'=(CHy)s: RP=R*=R’=H: R°=R°*='Bu
=N N= 13)R' = Ph; R = H; R=R* = H; R=R°='Bu
14) R' = (CH,)4; R*= H; R®= OMe;R'= H;
R4 OH HO RS R=; R°= Bu.
15) R' =(CH,)s; R*=R*=R’=R°= H:R°=OMe
R3 RS 16) R! = Ph; R=R*=R’=R’= H; R°= OMe

The development dE,-symmetric salen based catalysts for cyanohydnmh®sis was
developed in 1996 by Jiarg al*® The use ofC,-symmetric catalysts reduces the possible
number of transition states by a factor of two, doethe symmetry axis. A common
consequence of this is greater enantioselectivitywide variety of C,-symmetric salen
ligands have been developed for the cyanation dforeyl compounds, for example ligands
17-24were prepared from 1,2-diphenylethylenediamine salityaldehydes. Using titanium
tetraisopropoxide as the metal source, the addafamimethylsilylcyanide to benzaldehyde
was then studied. Cataly®0 was the most stereoselective, giving the corredipgn
cyanohydrin product with 84%R} enantiomeric excess in 82% vyield using 20 mol%hef
catalyst at -78C after a 24 hour reaction time in dichlorometh3nkigand 18 gave a poor
result of only 5% R) enantioinduction and a chemical yield of 30% urttle same reaction
conditions. Ligandsl7 and 19 gave cyanohydrin product with moderate enantiatieliey
(39% and 24%R) respectively) under the same reaction conditidingse ligands instantly
improved the enantioselectivity when using meté&fsa complexes in cyanohydrin
synthesis, however low reaction temperatures wélersquired, accompanied by long

reaction times.

11



Ph Ph 17)R'=R?="'Bu

)—\\\ 18)R'= CHPh; R?= Me
—N N=— 19)R'= OMe; R=H
20)Ri:R2: ;
21)R'= H; R?= NO,
2 2

R OH HO R 22)R'= H; R°= Br
1 : 23)R'= H; R’=Cl

R R 24)R'= H; RP= OMe

Belokon and Nortlet al extended their previous studies@fsymmetric salen ligands
in cyanohydrin synthesis by studying compleBsand26, thoughwith no real improvement
to the previous findings by Jiang, discussed prestic® A catalyst loading of 20 mol% was
still required and low reaction temperatures of T8 gave cyanohydrin product with

enantiomeric excesses of 60-77%. The most steesisel complex was shown to be

complex26.
o’P
_N\T‘ixN_ 25)R'= H
RN 26)R'="Bu
o) o
O'Pr
R’ R’

Catalysts 27-29 based on planar-chiral 5-formyl-4-hydroxy-[2.2fp@yclophane
(FHPC) and different amines were also investigdigdthe North group, again with no
improvement in enantioselectivity. Table 1 summarises these results and it is ches t
although these catalysts did show some stereoiliiotnantioselectivities of no greater

than 50 % were observed.

SRS R
'If
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Table 1; results achieved using chiral ligari®) @nd §-FHPC=28.

Entry” Catalyst Temperatfee Time, h Yield % ee %
1 8-FHPC)28 -78 24 0 0
2 8-FHPC)28 -78 120 50 17
3 8-FHPC)28 -78 168 70 23
4 8-FHPC)=28 +25 3 90 0
5 R)-FHPC)28 -78 24 90 35
6 R)-FHPC)28 -78 120 90 48
7 R)-FHPC)28 +25 1 90 44

® reactions were conducted with 10 mol% of compR& and always with theR,R-

cyclohexane diamine unit and dichloromethane asghetion solvent.

In a further study, a variety of substituted sdlgands were synthesised in an attempt
to optimise the structure of complés. Ligands30-33were synthesised and screened in the
cyanation of benzaldehyde using trimethylsilylcglnias the cyanide source and titanium
tetraisopropoxide as the metal source. CompddMdiisplayed the greatest stereocontrol,
giving product with an enantiomeric excess of 78yt -80°C. Compound$1, 32and33
gave cyanohydrin product with enantiomeric exces$€&%, 76% and 69%5) respectively
at -80°C. Table 2 summarises the results obtained whewyusimpound0 with a range of

aldehydes and ketones.

—N N=— 30) R'= R*="Bu
31)R'="Bu; R= Me
R2 OH HO R2 32) RJ: tBU; R2: OMe
33)R'=R*= Cl
R R

Complexes34-39 gave enantioselectivities of 18-86%) (in the cyanosilylation of
benzaldehyde at room temperature using trimetlyldgénide as the cyanide source. Only
0.1 mol% of the complexes was required to achiénesd results, as opposed to previous
catalysts,25-33 that required catalytic loadings of 10-22 mol% andch lower reaction
temperatures to achieve similar enantiomeric exses€atalyst37 gave the highest
enantioselectivity of the catalysts screened; 86p&after 24 hours with complete conversion
to the silylated mandelonitrile at room temperatdige results obtained using complegds

39 are presented in Table 3.

13



Table 2 results obtained when using compo@d@dvith a range of aldehydes and ketones.

Entry Aldehyde Yield % ee%

1 3-MefEl,CHO 81 92

2 2-Mefl,CHO 90 80

3 4L CsH,CHO 58 3

4 4-4DICsH4CHO 60 10

5 Ci€H,CHO 100 58

6 MECHO 100 36

7 PhCOMe 0 -

8 MeCOCHKH,CHs3 0 -
9 g8H,),COMe 0 -

@reactions carried out in dichloromethane at°®Q@vith reaction times of 24-100 hours.

34)R'=R*= H
\ 35)R="Bu; R*=H
—N\\ C|3| N=

36) R'='Bu; R*= OMe
e 37)R'= R='Bu
38)R'="'Bu; R*= CPh

R2 o) c|\o R? 1_t
39) R'="Bu; R= NO,

Table 3; results obtained using complexX&s39with benzaldehyde as the reaction substrate.

Entry Complex Yield % ee%
1 34 100 18
2 35 100 63
3 36 100 67
4 37 100 86
5 38 100 58

6 39 100 21

the absolute configuration was determine®.as

A major break through was achieved when the rolevaier in the these systems was
investigated. Reactions carried out under striatiitydrous conditions, using the ligaBd
Ti(O'Pr)y complexor complex37, gave depressed catalytic activity. Compleésand 37

were re-tested using benzaldehyde was the reastibstrate, this time deliberately adding

14



water and triethylamine to the anhydrous reactiotture. Using one equivalent of water and
two equivalents of triethylamine restored the eilomelectivity to 86% . It was
hypothesised that compl&¢ and the titanium tetraisopropoxide complex of ig&0 were
precatalysts to an identical catalytically actiygecdes formed by a hydrolysis reaction
involving residual water from the reagents and sols. Complexe84, 37 and 39 were
reacted with one equivalent of water and the bithetsanium speciegl0-42were isolated
with the structure of comple40 being confirmed by X-ray crystallograpfy.

R2 R2

R R | 40)R'=R*= H
41)R'=R?="'Bu

|
N, O (@) @) /N /,
O’ \Ti' \\T./ ;O 42)R1= tBU, R2= N02
LR gy, anty |\
N \O iy /////o\\\\\“‘“\\ O/ N

R R!

R2 R2

Complex 41 was shown to be by far the most active catalyst dganohydrin
synthesis when using benzaldehyde as reaction ratdast~ull conversion to silylated
mandelonitrile was achieved with only 0.1 mol% b€ tbimetallic complex after a five
minute reaction time at room temperature. This aoéd activity led to the conclusion that
complex41 was the true catalyst in the previous systemsiedudh range of aromatic and
aliphatic aldehydes were screened using comglexhe results being summarised in Table
4. Benzaldehyde was shown to be a good substrate s@implex 41, however, when
studying Table 4 it is clear that this activity n®t demonstrated with other substrates.
Enantioselectivities as low as 76% (Entry 1) welbsesved with some aromatic substrates
and aliphatic substrates all gave much lower easeléctivities when used with complék
The unique feature of compleKl is the fast reaction rate of the cyanosilylati@miaved
using a low catalyst loading and a high reactiongerature, which was not achievable with
the other complexes leading up to the developmémbmplex41l. However, without the
development of the earlier complexes, the succksgiithesis of comple4l would not have
been possible and althought comple2Bs29were shown to be inferior catalysts to complex
41 they have played a very valuable role in the dgwalent and understanding of this
catalytic system.



Table 4; results obtained from a substrate screen usingplEx41.

Entry Aldehyde ee%)
1 V&CsH,CHO 76
2 3-MeGH,CHO 90
3 4-MeGH,CHO 87
4 -M2OGH,CHO 88
5 -M2OGH,CHO 92
6 -MeOGH,CHO 84
7 -F4CCsH4,CHO 86
8 -OANCeH,CHO 50
9 edeCHO 66

10 MN#CHO 64
11 ¢HH,CHO 52

& all reactions were performed using 0.1 mol% of pex41 with a one hour reaction time
at ambient temperature. All reactions gave 100%exson.

With the success of comple®l in the cyanosilylation of benzaldehyde using
trimethylsilylcyanide as the cyanide source, Belokand Northet al next looked at the
possibility of using alternative cyanide sourceshwiatalyst41 which would also improve
the applicability of this complex in industfy.*®> The combined use of metal cyanides and
acetic anhydride, to form cyanohydrin acetates, twaefore investigated as an alternative to
using trimethylsilylcyanide (Scheme 3). Alkali mletayanides used in conjunction with
acetic anhydride were shown to produce chiral clggdon acetates with the level of

stereoinduction depending strongly on the cyanalenterion.

41 (1 mol%), CHCl, OAc
RCHO + MCN + AgO >

M=Li, Na,K,Rb,Cs R CN
Scheme 3cyanohydrin synthesis using compkkand potassium cyanide.

Lithium cyanide gave cyanohydrin acetate with tbedst enantioselectivity of only
4% (R) after a reaction time of eight hours at “@when using dihydrocinnamaldehyde as
the substrate and th&,8-41 complex. Using sodium cyanide led to an improveimerthe
enantioselectivity of the system, giving cyanohgdacetate with 56%R) enantiomeric

excess. The highest enantioselectivity was obtawmiéd potassium cyanide which gave an

16



enantioselectivty of 82%). Rubidium and caesium cyanides gave lower ensegitativities
of 76% and 54%R) respectively. enantioselectivity of 90%) (when using theR,R-41
complex using potassium cyanide. To improve thalsbly of the potassium cyanide, water
(10 mol%) andert-butanol (1 equivalent) were added to the reacisiem. Using complex

(S,9-41 a variety of aldehydes were then screened unésetbptimum reaction conditions.
Table 5 summarises these results.

Table 5; results from a substrate screen using complexith potassium cyanide

Entr§ Aldehyde Yield % ee%
1 4-MeOgH,CHO 74 93

2 3-MeOgH4,CHO 99 93

3 3-PhOgE14,CHO 99 89

4 4-F@H,CHO 99 93

5 3-FgH,CHO 99 89

6 2-FgH,CHO 86 82

7 2-ClgH,CHO 89 88

8 MgCHCHO 62 72

9 MeCHO 40 60

& reactions stirred for 10 hours using aldehyde, K& acetic anhydride in a ratio of 1:1:4
with 1 mol% of compleXt1 at -40°C in dichloromethanéBuOH and water were used in a
ratio of 2500:10:1.

Alternative carboxylic acid anhydrides were stddsdowing that the nature of the acid
anhydride has little effect on the steroinductidrcatalyst41 with the exception of benzoic
anhydride®® Benzoic anhydride gave a lower enantioselectioftp6% ) after a reaction
time of 72 hours. To further test the effect oéaftig the anhydride in the reaction, a variety
of aldehydes were screened using the acid anhydtedted, with the exception of benzoic
anhydride as shown in Table 6.

Potassium cyanide was shown to be a compatibledyaource when using complex
41, however the addition of further additives was uiegd to achieve these
enantioselectivities along with much lower reactitemperatures. Compledl in the
presence of trimethylsilylcyanide requires the &ddiof no other additives and reaction
temperatures of +28C to give the same results. Potassium cyanide vgeher a more
attractive cyanide source as it is a solid at reemperature and an easier cyanide source to
handle especially in these small scale reactions.
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Table 6; results obtained when screening alternative antigdsources in conjunction with
potassium cyanide and compkk

Aldehyde Anhydride Time, h Conversion % ee % 0§
PhCH=CHCHO propanoic 48 73 95
pivalic 72 50 75
4-CRCgH,CHO propanoic 50 100 94
pivalic 50 100 62
3-MeOGH4CHO acetic 10 99 93
propanoic 48 100 9
4-MeOGH4CHO acetic 10 74 93
propanoic 48 100 91
MesCCHO acetic 10 62 72
propanoic 48 100 78
2-MeGH,CHO propanoic 28 100 81
3-MeGH,CHO propanoic 36 98 95
4-MeGH4CHO propanoic 36 98 89
4-CICsH,CHO propanoic 16 100 90
CyCHO propanoic 72 95 41

& all reactions carried out at -4G in dichloromethane using 1 mol% of compteix

Polymer supported aldehydé8 were also investigated and were shown to be cgdnat
with a high level of stereocontrol using compkk®’ Using potassium cyanide/propanoic
anhydride system, Using 2 mol% of complk para-substituted aldehydes were converted
into cyanohydrin esters with up to 91% enantiomeskcess. Non-polymer supported

analoguest4 were converted into cyanohydrin esters with elaméric excesses of up to

81%.
KO/\ polystyrene | x
N
o CHO
N \ 7\)
O
O
43) polymer supported aldehyde. 44)yanalogous non-polymer supported

aldehyde.
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North et al also developed the use of enzymes in the cyanaticaidehydes using
potassium cyanide/acetic anhydride in combinatidgii womplex41.3%°° The synthesis of
the cyanohydrin acetate was carried out under timmal optimised conditions after which
the product was treated with a lipase enzyme. €hsyme was specifically chosen as it
targets the minor enantiomer of the cyanohydriereahd hydrolyses it so giving a highly
enantioenriched product (Scheme 4). The studiegne@z wereCandida antarcticdipase-B
(CAL-B), Alcaligenes splipase (ASL),Pseudomonoa stutzdipase (PSL),Pseudomonas
cepacialipase (PCL) andCandida rugosaesterase (CRE), starting from a non-racemic
sample ofO-acetylmandelonitrile with 77% enantiomeric exceSAL-B was shown to be
the optimum enzyme for this application as the &oareric excess of the sample was shown

to increase to >99% in five hours.

RCHO + 41 (1 mol%) OAc OAc OAc

KON + H0,Buod ] CAL-B/ nProH + RCHO
Ac,0

+ ‘7
_40°C, CH,Cl, R~ TCN R” “CN MeOBu,22°C R* "CN
Scheme 4cyanohydrin synthesis utilising enzymatic kinegsalution.

Testing a range of aldehydes showed that the CAtrdatment improved the
enantiomeric excess of th@-acetyl cyanohydrins in all cases except for pighigle
cyanohydrin acetate where no change was obsertesl.gieatest improvement was seen
with aliphatic substrates, in some cases the emaetic excesses were improved by as much
as 27% as observed wiiko-butanal cyanohydrin acetate. After the cyanohydaetate
forming step of the synthesis, the enantiomeriesegavas determined to be 47%. Following
treatment with CAL-B for 24 hours, the enantiomencess was shown to have increased to
74%. Cyclohexanecarboxaldehyde was found to undangmcrease in enantiomeric purity
of only 8% from 60% after treatment with compkek to 68% after treatment with CAL-B.
The results of this study are summarised in Tablend it is apparent that this system
improved the enantioselectivity for the majoritytbé aldehyde substrates tested.

The utility of cyanohydrins was demonstrated bytNet al by selectively hydrolysing
the nitrile group within cyanohydrin esters to tamide using the platinum cataly$b

Synthesis back to the cyanohydrin resulted in se In enantioselectivity (Scheme*8).
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Table 7; comparative data obtained from cyanohydrin synghesiried out using complei and
enzymatic catalysis.

Aldehyde ee % with ee % with CAL-B Timte,
PhCHO 76 97 26
4-CIGH,CHO 89 99 7
2-CIGH,CHO 75 89 22
3-MeOGH,CHO 93 97 23
2-MeGH4,CHO 64 80 22
furan-2-carboxaldehyde 76 99 23
Me(Ch),CHO 69 92 22
X X i
41 (1 mol%)
0O
KCN/tACZO 0" “Me 0" “Me (CF,C0),0 Q)]\Me
R H Hy,O,'BUOH P : NH, : =
CH,Cl, -40cc R~ CN R/W R” > CN
O
Me\ /Me
LO—P_  PMe,OH
H, Pty
O0—R
/
Me Me
45

Scheme 5demonstration of the chemoselectivity of compléx

Moberget al developed a synthesis Gfacetyl cyanohydrins using acetyl cyanide in
the presence of Lewis bases. A variety of Lewisebawere investigated including;
triethylamine, 1,4-diazabicyclo[2.2.2]octane (DABYX 046, 4-dimethylaminopyridine
(DMAP) 47 and various cinchona alkaloids. The highest ensel@ctivities (96%%)) were
achieved using the cinchona alkaloid, cinchonidifiewith benzaldehyde as the substrate at
a reaction temperature of -4C¢ using 10 mol% ofR,R-41. DABCO 46, triethylamine,
DMAP 47 and quinine49 gave enantiomeric excesses of 92%, 94%, 94%, 93% (
respectively** Using cinchonidinel8 in the absence oR(R)-41 resulted in some selectivity
as cyanohydrin product was obtained with 40% epardric excess. A variety of aromatic
and aliphatic aldehydes were screened, using yit@thine as the Lewis base (10 mol%) at a
reaction temperature of -48C in dichloromethane. The acetylated cyanohydrirerew
obtained in 64-95% yields with enantiomeric exces#e20-96% after typical reaction times
of 6-12 hours. Other acyl cyanides were studied, gave similar results to those obtained
using acetyl cyanide.
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From these results it is clear to see that com@léxs one of the most active
complexes for use in the asymmetric synthesis aholiydrins. Moberg studied the use of
complex41 in the presence of a variety of chiral and achielis bases. The results were
shown to be very promising with enantioselectivoégreater than 90 %§( being achieved,
however the reaction times required to achieveethresults were longer than when using
complex 41 in the absence of any additives. Also, a react@nperature of -46C was
required. Although this is a valuable piece of wamkd contributes greatly to the
understanding of the role of additives in thesdesys it can be concluded that the addition
of additives to the reaction system is of no benefihis case

—

\N/ —
N N H y
[2] | B HO N AN
N N
46 47 S ~° N
=
N N
48 49

Belokon and Northet al also investigated the use of cyanoformates agnalige
cyanide source¥. Using benzaldehyde with ethyl cyanoformate andper¥1 at -40°C in
dichloromethanegave mandelonitrile ethyl carbonate with 95% Enantioselectivity in
100% yield. Complex1 was required at a catalyst loading of 5 mol% ameaation time of
18 hours was needed. Adding potassium cyanidelimal% catalyst loading was shown to
increase both the rate and the enantioselectiVitlyeosystem. Using these optimized reaction
conditions (Scheme 6), a variety of aliphatic araheatic aldehydes were screened, Table 8.

)

EtOCOCN
rco 200N A
41 (5 mol%)
CH,Cl,, -40°C " e
Scheme 6cyanohydrin synthesis utilising ethyl cyanoformasethe cyanide source.

lle)

In an attempt to improve the solubility of the msi@m cyanide co-catalyst in
dichloromethane, a potassium cyanide/18-crown-6ptexnwas added to the reaction. This
led to consistently high enantioselectivities foraage of aldehydes (71-100%). A 1 mol%
loading of the potassium cyanide/18-crown-6 comglng with 1.5 mol% of complel

gave the best results. No significant improvemeantenantioselectivity was achieved
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compared to those obtained in the absence of Mre6y however, the catalyst and co-

catalyst loadings were further reduced. These teané presented in Table*d.

Table 8; results obtained from cyanohydrin synthesis usimgnmex 41 and ethyl
cyanoforamate as the cyanide source.

Entry Aldehyde EtOCOCN (eq) Yield % ee%

1 PhCHO 2 90 95

2 4-MeOgH,CHO 2 92 95

3 3-MeOgH,CHO 2 94 99

4 2-MeOgH,CHO 1.2 95 98

5 4-Me@H,CHO 1.2 95 94
6 4-:ECsH,CHO 2 84 76
7 4-CIGH,CHO 1.2 96 94
8 GCH,);CHO 2 54 84
9 CyCHO 1.2 82 79
10 MECHO 1.2 69 76
11 PhCH=CHCHO 1.2 99 94

Table 9; results obtained when using potassium cyanide @saatalyst withd1l and ethyl
cyanoformate as the cyanide source.

Entr§ 41 KCN Temperature mei Conversion Be

mol% mol% °C h % %
1 1 0 25 90 5 89
2 1 1 25 48 100 51
3 1 10 25 48 98 68
4 1 10 -40 19 87 81
5 2 10 -40 26 100 95

6 1 10 -70 24 0 -

@ Reactions carried out at -4C in dichloromethane using benzaldehyde as thetiogac
substrate” The absolute configuration of the product was shtmbeS

As seen with potassium cyanide when used in cotipmavith complex4l, extremely
high enantioselectivities were observed when ustityl cyanoformate as the cyanide
source, however, again lower reaction temperatafeg40 °C were required along with a
catalyst loading of 5 mol%. Adding potassium cyaniw the reaction resulted in the

lowering of the catalyst loading of compled to 2 mol%, however, this system now
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required the use of two cyanide sources to achaevenantioselectivity of over 90%. Also, a
reaction temperature of -4% was required to give this result. Increasing thaction
temperature led to a decrease in enantioselectivity

Ethyl cyanoformate has also been investigated hynaber of other groups with similar
or inferior results being obtained when comparedht North/Belokon system. Ferg al
screened a variety d@,-symmetric cyclohexanediamine derived salen unith wtanium
tetraisopropoxide for tha situ formation of titanium salen complexes. Ethyl cylanmate
was used as the cyanide source for the cyanatiadehydes. Ligan80 was found to the
most effective and gave the highest enantioselée8y Under the optimum conditions
adopted for compleRl (Scheme 6), benzaldehyde was cyanated with ®%nantiomeric
excess and with a yield of 99% after a 16 hourti@adime. The solvent system for these
reactions wasso-propanol and dichloromethane and therefore it lngsothesised that the
30-titanium complex is being formed situ and that ethyl cyanoformate was reacting with
theiso{propanol to generate cyanide. This cyanide cowd thehave as a co-catalyst, much
like potassium cyanide in Belokon and North’s systtiscussed previousf§.Moberget al
also investigated the use of ethyl cyanoformatihéncyanation of benzaldehyde in a similar
study to the one discussed previously using aestghide and triethylamine as a reaction
additive and comple#1 as catalyst’ Benzaldehyde was cyanated to give the correspgndin
cyanohydrin with 95% vyield and 92%)(enantioselectivity after a reaction time of four
hours at -40C. Following on from this workyloberg investigated the effect that the addition
of a Lewis base had on the reaction rate of thenatyan of benzaldehyde using ethyl
cyanoformate. The Lewis base had a beneficial effecthe reaction rate with the best
results being obtained with DMAR7 (10 mol%) and triethylamine. Reaction times were
significantly reduced from 18 hours to four hours some cases. Consistently high
enantioselectivities were obtained for a rangeldétaydes when using triethylamine as the
Lewis base, Table 10.

Table 10;substrate screen using compiexwith triethylamine as a Lewis base additive.

Aldehyde Time h Yield % ee%
PhCHO 4 95 92
4-MeCGsH4,CHO 6 88 94
4-MeOGH4,CHO 6 79 94
4-CICH,CHO 4 90 93
PhCH=CHCHO 7 97 39
MesCCHO 5 81 73
ChH(CH,)sCHO 5 83 89

23



Chiral cyanoformate50-54 have also been used in the asymmetric additiccyafide
to aldehydes using compleXl and potassium cyanide as catalysts. Matched/mishedt
studies showed that cyanoformaR)-60 and catalystR,R-41 form a matched pair, whilst
(9-50 used in combination withR;R-41 gave a lower diastereoselectivity, confirming this
combination to be the mis-matched pair. This was ¢hse with both benzaldehyde and
pivaldehyde. Using cyanoformaid, similar results were obtained using both enanticnof
complex4l. The product obtained using,R)-41 was diastereomeric to the product obtained

using §9-41. Cyanoformates52-54 gave no product with either benzaldehyde or
pivaldehyde.

o) Me O)J\CN ° - O
SN e P

@]
n<
)

NC” 07 SPh RT COLEt )j 0~ “cN
Me Me
50 5R= Me 53 54
5R= Ph

1.2.2 Mechanistic Studies on Titanium Salen Compaex

Due to the high activity of complex4l in cyanohydrin synthesis using
trimethylsilylcyanide, potassium cyanide and ettydnoformate as cyanide sources, detailed
mechanistic studies have been carried out on Hitslyst to determine a possible reaction
mechanism. Mechanistic studies not only providenaight into the mechanism of a catalytic
cycle, but the information gained from such a studg lead to further improvements of a
system.'H NMR studies showed that in deuterated dichlortwaee and chloroform, both
the monomeri&5 and dimeric form of catalystl were present in solution (Scheme 7). In

deuterated benzene, this equilibrium did not apgeaexist, with no evidence for the
formation of comple5.
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Scheme 7equilibrium showing the formation of the momomeaia dimeric forms of
the titanium(salen) catalysts.
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Kinetic studies showed that asymmetric cyanohydsnthesis was first order with
respect to trimethylsilylcyanide and zero orderhwigéspect to benzaldehyéfeVarying the
catalyst concentration allowed the order with respe catalyst to be determined. The
kinetics were carried out on complex#s42 40 showed a catalyst order of 14, showed a
catalyst order of 1.3 andR showed a catalyst order of 1.8. These resultsateld that more
than one metal centre was involved in the catabyade.

Experiments were carried out in order to deterntioev complexest0/41 behave in
the presence of trimethylsilylcyanide and hexathametone. Mixing catalyst$0/41 with
hexafluoroacetone resulted in the formation of Medaetals56 (Scheme 8) giving an

insight into how carbonyls interact with the casily
F.C

3>(CF3
TMSCN CRLLO o ? &
57 <=——— 40/41 ———> N/'ITi‘;N
|
0
56

Scheme 8formation of metalloacetals from complex&#¥41and hexafluoroacetone.

Treatment of complexdl with trimethylsilylcyanide resulted in silylatioof the
bridging oxygen atoms to give compl&X. From these results, a mechanism was proposed
as shown in Scheme 9. Complék reacts with benzaldehyde and trimethylsilylcyaniale
separate reactions to form the mononuclear spé8esd59. The active bimetallic species
60 is then formed from monomers8 and 59. Both titanium atoms are involved in the

catalytic cycle in a dual activation where onenitign atom activates the aldehyde and the
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other titanium atom activates the cyanide. Intraoolar transfer of the cyanide to the
aldehyde occurs preferentially to treeface of the carbonyl, determined by the arrangement
of the transition state, assuming the catalyst ggssthe R,R-stereochemistry. The rate
determining step of the reaction is the silylatioh complex 61 to give the silylated
cyanohydrin and th&,-symmetrical-bis-cyanide comples2. Complex62 can then react
with the aldehyde to reform complé® and the catalytic cycle can continue. Figure 3ax&ho
the arrangement of compleB0. Further evidence for bimetallic catalyst formatiovas
obtained by mixing complexekl and42. *H NMR spectroscopy showed the formation of a
bimetallic complex63formed by the metathesis of compleXdsand42. Kinetics carried out
using complex63 gave an order with respect to the catalyst of Tt rate of the reaction
was shown to be between the rate established foplex 41 and the rate established for
complex 42. This gave further evidence for dimeric speciesngpeiesponsible for the
catalysis, because if the monomeric forms werelysate the reaction, then the rate of the
reaction using comple&3 would be similar to the rate that was obtainecgisiomplex41
alone as monomeric compl&6 would be present in solution in both cases. Titaagition
state explains why ketones are less reactive tltihydes and also why aliphatic substrates
are less selective than aromatic substrates. Tdehwdle has to orientate in a way that
reduces steric interactions between the phenyh@fatdehyde and the cyclohexanediamine.
There is sufficient space to accommodate the atilehydrogen, but if the size of this group
is increased, it can no longer be accommodatedirwitie transition state so activity
decreases. Aliphatic substrates may have morebfléxiwhen bound to the titanium atom.
Addition to both thee- andsi-face may then take place, lowering the enanticorexcess of

the cyanohydrin product.
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Scheme 9proposed mechanistic cycle using compléx

Figure 3: proposedransition state in cyanohydrin synthesis using glem4 1.
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The mechanism shown in Scheme 9 can also be useglain the ability to use other
cyanide sources with catalygtl. For the potassium cyanide/acetic anhydride system
complex41l is known to form a bimetallic bis-acetate comptkon treatment with acetic
anhydride. The acetate groups are then displacecyényide and the aldehyde to generate
complex60, only in this instance with an acetate counteriofteAformation of the titanium
bound cyanohydrin, acetic anhydride would acetytlaéecyanohydrin to reform compléx,
and the catalytic cycle could then continue. Thechanism would also be valid for other
cyanoformates and other anhydrides. For reactiovaving the use of Lewis bases and co-
catalysts with acyl cyanides or cyanoformates rdihe of the Lewis base can be explained by
its reaction with the acyl cyanide to give cyanioles and/or a more reactive acylating agent.
Cyanide ions are needed to form species Gi@eand the acylating agent is required for the
acylation of the cyanohydrin to release the cyadanyfrom the catalyst in the rate

determining step to form species sucléasr 64.2

1.2.3 Other Titanium(Salen) Complexes used in Cyagdrin Synthesis.

North et al have made a huge contribution to the study of alygdrin synthesis over
the last fifteen years, with the development of ptax 41. The catalyst is so effective at
catalysing the enantioselective addition of cyarimléhe carbonyl bond that it was used on
an industrial scale under the trade name of CacAy#s work is a good example of how
asymmetric catalysts are synthesised and develoftbdearly work, using Ci;-symmetric
complexes8-11, demonstrating the potential of these titanium(gatemmplexes to catalyse
asymmetric cyanohydrin synthesis. From these Irstiadies and the early understanding of
the reaction mechanism, the developmenCgbymmetric complexes was studied and the

development of comple®l was achieved. As a result of this work, many ottesearch
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groups have also developed their own salen ligaatisjt none have thus far been shown to
be as active as compleX. The following paragraphs present a selection ofkwfoom a
number of research groups showing the diverse rahgesearch that has been carried out in
this field, including further research from the Nogroup.

Bu and Lianget al modified the structure of ligar@D, exchanging théert-butyl groups
for tert-pentyl groups on the aromatic rings to form lig&@%f*> Using 5 mol% of titanium
tetraisopropoxide with ligan®5 gave cyanohydrin product with 97%) (enantiomeric
excess in 92% vyield after a 12 hour reaction tim&’&°C when using benzaldehyde as the
substrate and trimethylsilylcyanide as the cyasioi@ce. Increasing the reaction temperature
to -10°C resulted in a small decrease in enantioselegtigif0% ). A variety of aromatic
aldehydes were screened using tetitanium tetraisopropoxide complex, all giving
excellent enantioselectivities and yields as showhable 11. These results were comparable
with those obtained using complég, however a higher catalyst loading was requiredglo

with lower reaction temperatures and longer readiines.

Table 11 substrate screen using ligablin cyanohydrin synthesis.

Entry Aldaete Yield % ee %
1 3-MegE1,CHO 92 97
2 4-MegH,CHO 85 92
3 4-Et§E,CHO 84 94
4 APrCH,CHO 93 93
5 ABuCsH,CHO 94 95
6 4-ClgH,CHO 89 97
7 3-CIg,CHO 87 97

8 A-FGCHO 92 96
_N\\ N_
pen OH HO pen
pen pen
65

North et al investigated the use of various chiral diaminethi synthesis o€;- and
Co-symmetric salen ligands. Titanium and vanadium dergs were then synthesised from
these ligand&® The titanium complexes synthesised via treatmérfgands 66-70 with
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titanium tetrachloride, gave much lower enanticdeldgies than those obtained using
complex 37 (75%). A possible explanation for this lowered diwselectivity was the
different conformations that salen complexes camptdlepending on the structure of the
salen ligand. Cyclic diamines have a rigid struettivat locks the salen ligand into a single
conformer, so that asymmetric reactions take place defined chiral environment. This is
reflected in the enantioselectivities obtained gssalen ligands derived from cyclic
diamines. Acyclic diamines have more conformatidregdom, so the chiral environment is
not as well defined. Salen complexes derived frooyclec diamines adopt an anti-
conformation to minimize steric interactions withire complex whilst cyclic diamines must

adopt a gauche-conformation, as shown in Figure 4.

R R R

—~ )\

N N N N
Bu OH HO:%}*I'BU ’BUA<:§:OH HO:%}*’BU
Bu Bu Bu Bu

66= Ph 71)R=Me ©
6R= Me 72)R= CHPh §
68)= propyl 73)R=Ph R)
6P 74)R= CHMe (9
70Bu
H R
R@N H@N
R N) H N)
H R
Gauche Anti

Figure 4; Newman Projections of tigaucheandanti configurations for salen complexes

Cheet al also studied a wide range of salen ligands syrgbégédrom BINAM derived
diamines. Using titanium tetraisopropoxide in comalion with ligands5-86 benzaldehyde
was cyanated using trimethylsilylcyanide at °Z8in dichloromethane. The best results were
achieved using 20 mol% of liga@, which gave mandelonitrile with 93% enantioseletti
after a reaction time of 120 hours using 20 mol%igdnd 78. Table 12 shows the results

obtained with the other ligands.
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Table 12 results obtained using complex&s-86in asymmetric cyanohydrin synthesis.

Entry Ligand R(S Yield % e & R/S
1 75 R 76 38 S
2 76 R 53 47 S
3 77 R 60 81 S
4 78 R 92 93 S

5 79 R 0 - -
6 80 R 53 35 S
7 81 R 82 86 S
8 82 R 73 75 S
9 83 R 85 75 S
10 84 R 54 24 S
11 85 S 75 38 S
12 86 S 68 29 S

aall reactions were carried out at -T8in dichloromethane for 120 hours.

Puet al carried out a similar study using ligaria-91for the cyanation of aldehyd&s.
Titanium tetraisopropoxide and titanium tetractderwere used fan situ formation of the
metal complex. Using 10 mol% of ligan80 with titanium tetraisopropoxide using
benzaldehyde as the reaction substrate, gave gradtinca 52% §) enantioselectivity. The

optimum conditions were found to be a 12 mol% lagdf ligand90 along with 10 mol% of
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titanium tetraisopropoxide in dichloromethane & °2 with silylated cyanohydrin beinng
obtained with an 89% asymmetric induction afteeaction time of four hours. Ligan®3-
89 and91 gave inferior results to thoses obtained usingndPO.

—N N= 87R = (CH2)4, R’= H
C GO =2
89)R = (CHy)s; R2 'Pr

90)R'= (CH,)4; R?="CgH13

OO OR, R0 C 91)R'= Ph; R="CeHs

Zhou et al used an anthracene derivéth-symmetric ligand92 in asymmetric
cyanohydrin synthesis. At -28C in dichloromethane, benzaldehyde was cyanateithgyiv
product with 68% R) enantiomeric excess in 89% chemical yield. A 2§)%nligand loading

was required along with titanium tetraisopropoxagethe titanium sourcg.

"L
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92

This short review demonstrates the diversity oéisdigands and how their structures
can be manipulated to produce a wide variety adlgat systems. All of the above systems
have been shown to catalyse the addition of cyamidaldehydes giving moderate to
excellent enantioselectivities. However, in the onigy of cases, high catalyst loadings, low

reaction temperatures and long reaction times vezpaired.

1.2.4 Immobilized &symmetric Salen Derived Ligands
Titanium(salen) catalysts have been shown to bg aetive in cyanohydrin synthesis.
Research following on from the previously discus$einogeneous systems led to the

immobilisation of these titanium catalysts in atemipt to increase their activity further and
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increase their recyclability which is always arrattive option if these catalysts are to be
used on an industrial scale. The immobilisatiorcatalysts for this purpose is an ongoing
and important area of research, however, the imisabon of catalysts can lead to very
different and unexpected results compared to thasmined with the unimmobilisied
equivalent catalyst. Below is presented is a stemiew of some of this work.

Zheng covalently immobilised salen compl&Xonto cross-linked polymers for use in
the addition of potassium cyanide and acetic aritigdo aldehyde®>* The polymers were
obtained in linear and branched for8®-95.Benzaldehyde was cyanated using 1 mol% of
catalysts93-95 with results comparable to those obtained usmgpiex 41. The highest
enantioselectivity was achieved with a linear t@nwmhed ratio of 100 to O with an
enantioselectivity of 89% after four hours. Increasing the amount of braalcpolymer4
had a relatively small effect on the enantiomexcess of the product but a linear:branced

ratio of 0:10095 gave cyanohydrin product with a lower enantiomericess of 55%R).

O] 0] /—salen-é-
>—\ 0] 0O
_g—salen—O OQ ‘O>7O >_\ : : /_<
—Tsalen-O 0] 0] O
0
o~ _

O—salen-g- Linear polymer

Branched polymer

93)Linear:branched 100:0
94)inear:branched 100:0.5 to 100:50
95) linear:branched 0:10
Kim et al also attempted to immobilise variations of cata#js using mesoporous

silica MCM-41 and silica gel as the solid suppdftédomogeneous systems were first
investigated using comple®7 which was treated with different amounts of waderd
triethylamine to give complexe&l, 96 and 97, (Scheme 10). Complex&3, 41, 96 and97
all gave cyanohydrin product with 100% conversiohew using benzaldehyde as the
substrate after a reaction time of 24 hours. Thdifiea catalyst96 and 97 gave slightly
lowered enantioselectivities of 72% and 783prespectively when using a 10 mol% catalyst
loading at room temperature in dichloromethaneal@st37 gave cyanohydrin product with
an enantiomeric excess of 75%) (with complete conversion under the same reaction

conditions.
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Cl 41

a
0 -~ 2 a) HO (0.5 eq), BN
Ti(salen) \g\ b) HO (1 eq), BN
&l OH C)20 (2 eq)
96 N, TN
o”livo
97 OH

Scheme 10formation of the first homogeneous catalysts imnoyeydrin synthesis.

Immobilisation of these complexes onto MCM-41 wasried out using two methods.

The first method involved covalently bonding théatgst at the five-position of the aromatic
ring of the salen unit, replacingtert-butyl group to give complexe38 and99. The second
method anchored the complexes to the solid supsdng the oxygen atoms bonded to the
titanium atoms and the bridging oxygens of the dicngtructure to give complexd$0-103.
Complexes98-103 were used in the cyanosilylation of benzaldehyodeng cyanohydrin
product with varying conversions and enantioseldéss. Table 13 shows the results
obtained for complexe33-103

Table 13; results obtained when using compleX@%103in cyanohydrin synthesiwith
benzaldyde as the reaction substate.

Cataly$t Conversion % ee %&)
98 23 87
99 28 89
100 36 60
101 40 64
102 39 59

103 38 43

& all reactions were carried out for 24 hours at i@mittemperature in dichloromethane.

Khan et al modified ligand30 to give ligand105 which was then used to prepare the
bis-dimeric titanium complex104 which was tested as an asymmetric catalyst in the
cyanation of benzaldehyde using potassium cyaridiétaanhydride as the cyanide soutte.
When using benzaldehyde as the reaction subspatassium cyanide gave the cyanohydrin
acetate with 92%S) enantiomeric excess whilst sodium cyanide gaanaliydrin acetate

with 89% @ enantiomeric excess.
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Venkataramaret al also modified comple80 by changing theert-butyl groups in the
para-positions of the aromatic rings of the salen layamits to polymeric fragments of low
molecular weight to give liganti06°>* Using titanium tetrachloride with ligartD6é gave a
soluble titanium complex that could be separatemnfrthe cyanohydrin product using
Soxhlet dialysis techniques. The titanium compleasvable to catalyse the addition of
trimethylsilylcyanide to benzaldehyde a total ofefitimes before a decrease in activity was

observed with enantioselectivities of 86% beingeatd at room temperature after 24 hours

R=
S 2 0]

O
N N ')
\O)K/\/\%O/ﬁ\n/ “cH,
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1.2.5 Asymmetric Cyanation of Ketones Using TitamiSalen Complexes.

Ketones are less reactive than aldehydes due tointrease in the size of the
substituents on the carbonyl. The alkyl substitwamnt prevent the cyanide ion from attacking
the carbonyl carbon if steric interactions are éaggough. Also, the change from a proton to
an alkyl substituentdecreases the electrophilicity of the carbonyl cartiue to the electron
donating nature of the alkyl substituent. The iaseein electron density around the carbonyl
group reduces the attractive electrostatic intevaatith any incoming nucleophile such as a
cyanide ion. Asymmetric cyanohydrin synthesis inuay ketones as substratres illustrates
these problems as ketones are found to be lessveeauen with the most active catalysts.

The first example of the catalysed asymmetric cyranaof ketones was reported in
1997 by ChoP> These reactions required high temperatures arsspre to obtained any
cyanated product. Thus, acetophenone was cyansitegl tiimethylsilylcyanide at a pressure
of 0.8 GPa using 1 mol% of compledd7. Even under these harsh reaction conditions,
cyanohydrin product was obtained with just 60% ¢inameric excess. Carrying out the same

reaction at atmospheric pressure gave cyanohydoitugt with only 7% enantioselectivity.

Ke
0 I
|\O\\ Ti—O —NZ
/
T ©
107
108

Despite these problems, a number of titanium(sadgsfems have been developed for
the asymmetric cyanation of ketones. Belokon andtiNet al used complex4l in the
cyanation of ketones giving the corresponding chgdadn products in yields of 64-100%
and enantiomeric excesses of 32-72%. These resatts achieved at atmospheric pressure
and ambient temperatut®Acetophenone and 2-methoxyacetophenone gave hedseilts
whilst isojpropyl and tert-butyl-phenylketones gave no cyanohydrin producemviused
under these conditions. Longer reaction times (d&fys) were required for all these
substrates.

Fenget al investigated the use of Lewis basic additives imisimation with Lewis
acidic complexes in the cyanation of ketones. A wrevious studies using titanium salen
complexes in the asymmetric cyanation of aldehy8@snumber of ligands were screened
using titanium tetraisopropoxide as the titaniunuree and trimethylsilylcyanide as the
cyanide sourcd’ Ligand 17 was found to be the most stereoselective when wstdN-

oxide 108 Ligand 17 was used at a loading of 2 mol% and with an agklitbading of 1
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mol%. Enantiomeric excesses of 83-84% were obtaioethe corresponding cyanohydrin
products when screening a wide variety of ketoAesange ofN-oxides were also screened
all giving similar results to those obtained whemgN-oxide108

1.3. Vanadium(Salen) Based Catalytic Systems foa@hydrin Synthesis.
Cyanohydrin synthesis using titanium complexes vgel established line of research
dating back to 199% and has been extensively reviewddHowever, it was not until 2000
that vanadium was investigated as a possible nsetatce for catalysts for asymmetric
cyanohydrin synthesis when Belokon and Noeh al *° demonstrated the use of
vanadium(salen) complexes in asymmetric cyanohyslymthesis. Complexes09 and110
were prepared from ligan80 using vanadyl sulphate hydrate as the vanadiumceaand

their structure was determined by X-ray crystakqury.

=N,  N= —N\\(HD/(;)N—

V. V.
’BUA<:§:O/\O Bu fBU‘QéiO/\O Bu
‘Bu 'Bu 'Bu ‘Bu

EtOSO;
109 110

Complex109 was initially thought to be an active catalyst é&yanohydrin synthesis.
Thus, a catalyst loading of 0.1 mol% catalysed dléition of trimethylsilylcyanide to
aromatic aldehydes in dichloromethane, giving cysdoin silyl ethers with 90-95%
enantiomeric excess (Table 14). All aldehydes weoenpletely transformed into the
cyanohydrin product in 24 hours at ambient tempeeatThe rate of reaction observed with
complex 109 was lower than that obtained using titanium baseaplexes, however the
enantioselectivities were higher. Further invesiayaof this system revealed that the true
catalyst was the vanadium(V) compl&g0 obtained via oxidation of complek)9 by air.
The high enantioselectivities obtained using complE0 has prompted its use by other other
research groups. Thus, the group of Lloyd-J¥hegere investigating the asymmetric
homoallyl cyclopropanation of dibenzylideneacetaiseng indium halide reagents (Scheme
11). They found that the enantioselectivity of thelopropanation could be enhanced by
using a modifier, in particulgt-amino alcohols or methyl mandelate analogu&$which

were prepared by asymmetric cyanohydrin synthesigyicomplexi10.
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Table 14; comparative data obtained from a substrate scresingucomplex 110 with
trimethylsilylcyanide and potassium cyanide asdyenide sources.

Aldehyde TMSCN?® ee% KCN/AO ° ee%
PhCHO 90 90
3-MeOgH,CHO 85 85
4-MeOgH,CHO 90 -
3-MegH,CHO 95 -
4-MegH,CHO 94 -
2-ClgH4CHO - 78
MgCCHO 68 -
PhCOMe 22 -

& all aldehydes gav@-silyl protected cyanohydrins with complete coni@mnsin 24 hours at
ambient temperature.

P all aldehydes gav@-acetyl protected cyanohydrins with reaction cdodi of; -40°C,
tert-butanol-water (10:1), 10 hours, 1mol%Idf0.

o) 110(0.6 mol%) o/S"VIes Et,O, MeOH %H
A )J\H CHClL, RT Ar” Y CN HCI A
r 2~ NH,CI
H l H,0, NaHCO;
0] Br
I DA"TR -
R~ g THFIn QH
2)111 R ~.~OCH3
3) LiBr AF/W 111
4) Et,0, IM HCl

O
Scheme 11lexample of the application of compl&%Q

The high activity displayed by compléd.0 prompted its immobilisation in an attempt
to increase the catalytic turnover of the systehe first work carried out in this field was by
Gigante and Corma in 2003 and utilised silica agdlites as solid suppoft5.Using silica
supported catalyst12 tethered at thpara-position of one of the aromatic rings, the length
of the alkyl chain tether was varied with longethég lengths being shown to be more
enantioselective (n = 11 gave an enantioselectofit§3% when using benzaldehyde as the
reaction substrate).

In 2004, Gigante and Corma also explored the usenoésoporous organosilica zeolite
as a possible solid supp6ftThis was loaded with complek13, and employed in the
addition of cyanide to benzaldehyde. Using the mpesms organosilica zeolite as the solid

support did not improve on the previous findingsrendelonitrile trimethylsilyl ether was
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obtained with only 30% enantiomeric excess. Immsdiiion of complex110 onto single
walled carbon nanotubes to gi¥@4 gave modest results of 66% enantioselectivityr afie
hours at ®C using a catalyst loading of 0.3 mof%.

—N\\? //N—
O/V\O B
u
Bu IBu
_/OMe
/S'\
<|) <|) O|SiMe3
112
_N\(R:/N_
O A
_/ \/
Bu Bu
Si(OMe)s (MeO),Si
113

114)SWNT = single walled carbon nanotube.

Work by the same group investigated the use ofcidiguids as a medium for
asymmetric cyanohydrin synthesis using comp@R°* Screening of a variety of different
ionic liquids showed that 1-ethyl-3-methyl imidazoh hexafluorophosphate gave the best
results. Cyanation of benzaldehyde using trimetlyldyanide was achieved in 24 hours at

room temperature giving the silyl protected cyarhy product with 89% enantiomeric
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excess. Khaet af® synthesised dimeri@15)and polymeric 116)versions of compleg10.
Using complext15and potassium cyanide as the cyanide sourcejetyaf aldehydes were
cyanated with enantioselectivities varying fromt8®5% and with 90-99% chemical yields.
To achieve these results, a reaction temperatw208C was required with dichloromethane
as the solvent. Complek16 did not improve on these results, or on thoseinbdthusing
complex110 Enantioselectivities of 82-96% were attained doomatic substrates, though
aliphatic aldehydes gave products with lower emmamgiric excesses of 82-96%.

=N, N= =N. N=
N ANQ
fBU 0] @] CH2 o) (@] CH2
© 2 S N

Although vanadium(V)(salen) complexes were foundbéomore enantioselective than
titanium(salen) complexes, the rates of these im&tvere slower than those observed when
using titanium(salen) complexes. In a further studyvanadium(V)(salen) complexes,
Belokon and Nortff prepared a range of vanadium(V) complex&$7¢123 possessing
different counterions. All these complexes werete@sin cyanohydrin synthesis using
trimethylsilylcyanide as the cyanide source under tollowing conditions;117-122 (0.2
mol%), in dichloromethane atC. Table 15 summarises the results obtained. Tindtgds

represented by the length of time required to cdn®®% of the benzaldehyde into

117)X= BF4
118)X= Cl
$ 119)X= Br

cyanohydrin.

=N, Q@ N= 120) X= CF;S0;
t Ne _ 121)X=F
Bu 0] X@ 0] Bu 122)X=CN

‘Bu ‘Bu

40



Table 15; catalyst screen using benzaldehyde as the reacsaobstrate and
trimethylsilylcyanide as the cyanide source.

Catalyst t50 (Mins) He
117 78.2 90
118 8.6 93
119 50.3 94
120 - -
121 7.6 91
122 201.9 91
110 370. 91

Literature precedeft suggested that in the case of complek9, the bromide
counterion would remain uncoordinated to the vamadcentre with the sixth coordination
position occupied by a water molecule. The same tnas for complex120%® *F NMR
spectra showed that for compléd7, the tetrafluoroborate counterion is present in an
equilibrium between the coordinating and the digded form. In the uncoordinated form,
the sixth site is occupied by a solvent mole€lleComplex118 was expected to contain a
vanadium-chloride covalent bordl. An initial hypothesis predicted that complexes
possessing non-coordinating counterions would leentiost Lewis acidic and so give the
highest rates of reaction. Screening the cataiysthe addition of trimethylsilylcyanide to
benzaldehyde however, gave results that were imstens with the above hypothesis.
Complex120 with a triflate counterion was totally inactivedathe next least active of the
active catalysts was complét0, which converted 50% of the benzaldehyde to cyqdioh
in 370 minutes. The most active complex screenddignstudy was complek21 bearing a
fluoride anion (= 7.6 minutes) followed by complek18 containing a chloride anion
(tsos= 8.6 minutes). Complet18 was the most catalytically active isolatable gatial The
catalytic activity thus increased with the basi@fythe counterion. Complexdd8and121
were fifty times more active thafhl0 though the counterion had little effect on the
enantioselectivity of the reaction as all of thenptexes gave enantioselectivities of 90-94%
in favour of the Senantiomer, confirming that the anion is not imaa in the
stereodetermining step of the reaction.

Kinetic studies revealed that at 273K, all the ctaxes displayed second order overall
kinetics, resulting from the reaction being firstler in benzaldehyde concentration and first
order in trimethylsilylcyanide concentration. Thisstinguished these complexes from the

titanium(salen) dimer41 which had been shown to catalyse the addition of
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trimethylsilylcyanide to benzaldehyde with firsder overall kinetics; the rate depending on
the trimethylsilylcyanide concentration, but note titbenzaldehyde concentration. The
difference in rate equations suggests that thedatalytic systems have different catalytic
cycles. The rate equation was also shown to chasthpetemperature for complexd4.7 and
119. Decreasing the reaction temperature from 273K t8K26hanged the overall reaction
order from second order to zero order. The readcitomosphere was also shown to have a
significant affect on the rate of reaction as chiggt from air to argon either totally
deactivated the catalyst or caused the catalydtastivate before the reaction was complete.
Previous studie®iad shown that the vanadium(IV)(salen) complé® was catalytically
inactive and oxidation to the corresponding vanaxd\)(salen) complex by air was required
to generate the catalytically active spedresitu Throughout the course of an asymmetric
cyanohydrin  synthesis, the vanadium appears to kduced to the inactive
vanadium(lV)(salen) complex. The vanadium(lV) coexplhas to then undergo a re-
oxidation back to a vanadium(V) species if the lgéitacycle is to continue. Under an argon
atmosphere, this re-oxidation cannot take placsyltiag in catalyst deactivation. This
observation can also explain the switch from sedwondero order kinetics as the reaction
temperature decreases. At lower temperatures, idadion becomes the rate determining
step of the reaction and therefore the rate beconuependent of both benzaldehyde and
trimethylsilylcyanide concentrations.

North et al also conducted an investigation into the influeatéhe chiral diamine of
the salen unit on the catalytic activify.A range of vanadium(V)(salen) chloride and
ethylsulphonate complexd23-131were prepared and tested in cyanohydrin synth€his.
best enantioselectivities were obtained using cemrgd 123 and 131 (80% and 81%
respectively). The diphenyldiamine derived comp@8 required 1 mol% of the complex to
achieve this result whilst only 0.1mol% of valinerided complex131 was required.
Catalysts123-127were found to be less active than complek28-131which is probably
due to the different counterions within the compkexas previously discussed. All of
complexesl23-131were shown to be less active than the correspormbngplexesl10 and
118derived from cyclohexanediamine.

123)R'=R*= Ph; X= EtOS@

Rl R? 124)R*=R?= Me; X= EtOSQ
3 125)R'=R’= "Pr; X= EtOSQ
=N, Q N= 126)R!=R%*= 'Pr; X= EtOSQ
/\v’@ 127)R'=R?*= 'Bu; X= EtOSQ
'Bu 0”00 gy 128) Ri= H, R’= Me; X=ClI
129)R'= H, RP= CH,Ph; X=ClI
By ‘B 130)R'= H, R*= Ph; X=ClI

131)R'= H, R= CHMe; X=ClI
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Further to this study, a more detailed analysis @@sed out on complexesl7-119
and121* The reaction order with respect to each catalyst aetermined by monitoring the
kinetics of reactions carried out with differenttadgist concentrations. The results are
summarised in Table 16. ComplexEk/-119all displayed orders with respect to catalyst of
0.7-0.9 suggesting that the predominant active ispers the monomeric form of the
complex. This exists in solution in equilibrium tvithe dinuclear species which may also
exhibit some catalytic activity. In contrast, fmmplex121,the order with respect to catalyst
was found to be 2.45, suggesting that the predamicatalytically active species is a
dinuclear complex. The high value of the order witispect to catalyst obtained for this
complex may even suggest that larger oligomerst exisolution for complext21 which
may be responsible for the higher catalytic adgtivibbserved with this catalyst.

Vanadium(salen) fluoride complexes have been shovexist as oligomer.

Table 16;kinetic data obtained from kinetic analysis of cdemps117-121

Complex Order of Reaction with Respect toalest
117 0.84
11€ 0.88
119 0.74
121 2.45

It was hypothesised that the counterion influenties equilibrium between the
monomeric and the dimeric forms of the complex. Tlss active catalysts exist
predominantly as monomers and the more activeysasaéxist predominantly as dimers in
solution. Mass spectrometry experiments carried ayutall the complexes confirmed the
existence of dimeric as well as monomeric species solution. Thus, these
vanadium(V)(salen) complexes appeared to be catglysyanohydrin synthesis via two
different reaction mechanisms depending on the teom present in the complex. For the
less active complexes, the predominant active epewsias shown to be the monomer,
therefore only activation of the benzaldehyde wassjble. The more active specid1)
was shown to exist predominantly as a dimeric gsedherefore activation of both the
benzaldehyde and the trimethylsilylcyanide was jpessesulting in a more active catalyst.

Based on the criteria discussed above for formatmin the most active
vanadium(V)(salen) complexes, compl&®2 was prepared by stirring compléx0 with
potassium thiocyanate in dichloromethane (SchemeTifis, benzaldehyde was converted

into the corresponding cyanohydrin using trimetiylisyanide as the cyanide source, using
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0.1 mol% of compleX 32, in dichloromethane under an air atmosphere, mhours at room
temperature. The cyanohydrin trimethylsilyl etheaswobtained with 91% S enantiomeric
excess in 99% chemical yield. Kinetics experimergsfirmed that reactions catalysed by
complex132 displayed overall second order kinetics at 273Ke Téaction atmosphere had
no influence on the activity of the catalyst instltiase, as performing the reaction under an
argon atmosphere had no detrimental affect ondheity of the system. It was hypothesised
that the high activity of comple432 ensured that the reaction was complete before any
redox processes could lead to catalyst deactivation

The work carried out using complexdd7-132 clealry demonstrates that these
vanadium complexes are much more enantioseledhar the titanium(salen) dime¥l
Complex132is by far the most active salen complex develdpedhe North group with a
great deal of attention being paid to the study anderstanding of the reaction kinetics.
Without a through understanding of a reaction meidma, it can be very difficult to gain a
through insight into the catalytic system. Thisdstualong with the kinetic analysis carried
out with regard to comple#41, displays the vast amount of information that bangained
from such a study and the importance of developimdj optimising a system that can also be

studied mechanistically.
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132
Scheme 12formation of complexX 32 from complexl10using potassium thiocyanate.

All the vanadium(salen) systems discussed thusdae utilised trimethylsilylcyanide
or potassium cyanide as the cyanide source in ¢wailim synthesis. However, in 2004,
Katsuki demonstrated the use of an oxovanandiusr{a@lomplexl33as a catalyst for the
addition of acetone cyanohydrin to aldehydes inpiesence of a ba$&3-Phenylpropanal
was cyananted, giving cyanohydrin product with 98@&antiomeric excess from a reaction
carried out at C for 24 hours. Complex33 was tested with a range of aromatic and
aliphatic aldehydes and moderate to good enanticthaly was observed with aliphatic

substrates. Interestingly however, benzaldehyde gdewer enantioselectivity of 45%.
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1.3.1 Asymmetric Cyanation of Aldehydes Using Helemetallic Catalyst Systems of
Vanadium and Titanium.

Complex41 has been shown to be a very active catalyst imslygenmetric cyanation of
aldehydes. Catalysts10 and 118 have been shown to be highly enantioselective ngivi
cyanohydrin product with enantiomeric excesses3@%%. Due to the dissociative behaviour
of complex41in solution, Northet al prepared heterobimetallic complexes in an attempt
obtain both the high activity displayed by the nitan catalysts and the high
enantioselectivity displayed by the vanadium catalyBelokon and Nortét al carried out a
series of experiments involving the mixing of coewll110 with complex 41 where
complexes 110 and 41 contained the opposite stereochemistry within the
cyclohexanediamine unff. In the absence of heterobimetallic complex forovati
predictions were that catalysis would be carrietlsmlely by the titanium complex as this is
by far the most active of the two systems. Theesigemistry of the cyanohydrin product
would however reveal which species had actuallylvesponsible for the catalysis.

Thus a mixture of monomeric§§-110 and bimetallic RR)-41 in a 2:1 ratio was
prepared and used in the cyanation of benzaldelwgiley trimethylsilylcyanide as the
cyanating agent. Cyanohydrin product was obtainigl an enantiomeric excess of 84%).(
This indicated that the species responsible for aegmmetric induction wasS§)-110.
Varying the ratio of complex10to complex41l showed that only 10% of the vanadium
complex was required for it to have total influermeer the stereochemistry of the product.
Kinetic studies of this system revealed that the od the reaction was intermediate between
the rates found for complex&40and41 individually. These results strongly suggested tha
the formation of a heterobimetallic complex was wdag in situ. The complex was
hypothesised to contain both a titanium and vamaditom as shown in Figure 5. During the

stereodetermining step within the transition sttite,aldehyde appeared to be coordinating to
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the more Lewis acidic, positively charged vanadatom with an intramolecular transfer of
cyanide from the titanium atom to benzaldehyde.

Further work focused on the combination of bothralhiand achiral metal salen
complexes? Achiral complexed34 and135were synthesised and used in combination with
chiral complexes 40-42 and 136-138 in the cyanation of benzaldehyde using
trimethylsilylcyanide. As with previous studiesetAsymmetric induction was shown to be
controlled by the vanadium atom. Chiral compléxRj-41 in combination with achiral
complex135 (1:2 ratio) gave cyanohydrin product with a veoylenantiomeric excess of
18% @ with complete conversion after a reaction time2df hours. Using the opposite
combination of achiral complek34 in combination with R,R-136 gave §-mandelonitrile
with an enantiomeric excess of 92%. Similar commerbinations gave the same results,
always indicating that the species responsibléhlferasymmetric induction was the vanadium
component of the catalyst. To investigate the stinecof these heterobimetallic complexes,
'H NMR spectroscopy and high resolution electrospress spectrometry were used and
gave structural evidence to support the structuesgmted in Figure 5. Mass spectroscopy
showed the characteristic isotope pattern for garitm atom and one vanadium atom.
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Figure 5: proposed heterobimetallic complex formed by mixiogiplexesl10and41.

Mixtures of two titanium complexes were also inygatied. Chiral complex1 and
achiral complext34 were mixed and used in a cyanohydrin reactioneAantiomeric excess
of half the enantiomeric excess obtained when usomgplex41 alone was obtained and the
yield was lower than that obtained using compl&xMass spectrometry again confirmed the
formation of a mixed bimetallic complek39. The metal atoms in compled39 have equal
Lewis acidity and therefore there is an equal podlg that the benzaldehyde will
coordinate to the either of the titanium atomshi& bimetallic complex, one of which has an
achiral salen ligand attached to it, thus resulim@ halving of the asymmetric induction.
Electron-rich and electron-deficient complexes wetkso investigated. A reasonable
enantioselectivity (58%) was obtained when using mhethoxy-substituted compleX38
alone. Using the nitro-substituted compkX gave a much lower enantioselectivity of only
19%. Combining the two complexes again gave ant@sahectivity mid-way between the

two individual complexes.
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The purpose of this study was not to develop a namtese catalyst than titanium
complex41 or vanandium complexekl0 and 118 but to gain an insight into the role of
these two metals when used in conjunction with edbbr. Interesting and important results
were gained from this study that are crucial in emsthnding the high activity of these

catalysts.

1.4 Aluminium Based Catalytic Systems for the Cy&noa of Aldehydes.

The literature on the use of aluminium(salen) caxe$ as catalysts for asymmetric
cyanohydrin synthesis is not as extensive as fanitim or vanadium(salen) complexes,
however, there are some examples of aluminium bsyggeéms used in the cyanation of both
aldehydes and ketones. Kigt al "®’" first demonstrated the use of an aluminium(salen)
complex in asymmetric cyanohydrin synthesis. Com@dd0 was shown to catalyse the
addition of trimethylsilylcyanide to benzaldehydé&hw86% enantioselectivity and in 94%
chemical yield after a reaction time of 18 hours5t°C in dichloromethane. The presence
of a Lewis basic additive was necessary to achtbese results and triphenylphosphine
oxide was found to give the best results when addetie reaction in a 10 mol% loading
along with 1 mol% of comple®x40 Enantioselectivities of 72-86% in favour of tHe)-(
enantiomer of the product were obtained with thst besults being observed for aromatic
substrates. The aluminium metal behaves as a Lawids coordinating to the aldehyde and
bringing it into a chiral environment, thus thisse@m displays dual activation in which both
the trimethylsilylcyanide and aldehyde are actigdatéhis is a common theme throughout

aluminium(salen) catalysis in asymmetric cyanohydsinthesis.

=N. N=
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Corey suggested that trimethylsilylcyanide wouldatewith triphenylphosphine oxide
to produce speciekt1 (Scheme 13}® Speciesl41is believed to be the true cyanating agent
in this cyanohydrin synthesis reaction. Evidenceupport the generation of speciekl was
presented by Corey usifigH and**C NMR experiments. Mixing triphenylphosphine oxide
and trimethylsilylcyanide (1:1) in deuterated coform at 23°C led to the formation of a
new trimethylsilyl peak at 0.05 ppm compared tonaihylsilylcyanide which gives a
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trimethylsilyl peak at 0.36 ppmt°C NMR experiments also showed the formation of & ne
trimethylsilyl peak at 1.84 and a peak at 110.1tl@r cyanide carbon. Infra-red spectroscopy
also showed the appearance of a new C=N stret@0#2 cni which was different to
trimethylsilylcyanide which shows an IR C=N stret@h2095 crt. *'P NMR experiments
also indicated the formation of a new phosphorustaining species as a new peak was
observed to form at 28.77 ppm whilst tiphenylphdsetoxide gives &'P NMR signal at
28.24 ppm. Although Corey acknowledges that themédion of speciesl4l needs
confirmation, there is strong evidence indicate thienethylsilylcyanide does interact with
triphenylphosphine oxide to give a species suchdawhich can then react with the carbonyl
substrate directly to give a racemic mixture ofduct or via a Lewis acidic catalyst to give
the enantiomerically enriched product.

PhP=0 + TMSCN

PhP(OTMS)(N=G)
141
Scheme 13proposed reaction of triphenylphosphine oxide writinethylsilylcyanide to
give complexi41

Zenget al "° utilised complexi42 containing a modified bridging diamine moiety. As
with complex 140, the addition of a phosphine oxide additive wasessary to achieve
catalytic activity so trioctylphosphine oxide waddad in a 10 mol% loading along with 1
mol% of complex142 in dichloromethane at 18C to give §-mandelonitrile with 86%
enantiomeric excess. Use of triphenylphosphine eodisl the Lewis basic additive gave the
cyanohydrin with a slightly lowered enantioseleityivof 80% under these reaction
conditions. The catalyst was also compatible witthbtaromatic and aliphatic substrates, all

giving respectable enantioselectivities of 78-92%.

Kim and Zeng have both demonstrated the use ofinlum(salen) complexes in the
asymmetric cyanosilylation of aldehydes. Howevieeré¢ is a lack of mechanistic studies to
provide a more thorough insight into the mode dioacof these complexes. The role of the

triphenylphosphine oxide is speculative althoughe@aloes provide strong evidence for the
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formation of a complex41l The dual activation of both the carbonyl substitd cyanide
source by separate catalysts is a concept not seén the analogous titanium and
vanadium(salen) complexes, and a further understgrad the reaction mechanism would be

beneficial in these cases.

1.4.1 Aluminium Salen Based Catalytic Systems foe Cyanation of Ketones.

In 2004 Fencet af* utilised an aluminium(salen) complex prepaieditu from salen
ligand 143 and triethylaluminium. It was found that in the ggace of 1 mol% of pyridinis-
oxide, this complex would catalyse the additiortrohethylsilylcyanide to a wide selection
of ketones, with enantioselectivities of 79-94% 20 °C in tetrahydrofuran. A 1:1 ratio of
ligand 143 to triethylaluminium was found to produce the oyl results. Ligand$44, 145

andl46were also screened as potential ligands, but igd@eor results to ligand43

Ph Ph
—
=N N= —N N=
BrdOH HO:%}*Br Br OH HO Br
Bu Bu
143

By Bu
144
Y OH Ph Ph
N Ph 2 ) S
Ph/\N&‘\\\ Q 3
OH OH —N N=
145 146 R' OH HO R'
R R

147)R="Bu, R= Me
148¥R'= C
14R¥ adamantly, R'ZBu

Many other variables were investigated in this gtusltering the structure of ligand
143 had various affects on the enantioselectivity.abig147 gave lower enantioselectivity
(70% R) but a chemical yield of 9994.47-148 Electron-deficient ligand 48 gave lowered
enantioselectivities (53%) and (73%R) respectively. Steric effects were investigated by
increasing the substituent size to an adamantlypgno ligand149, however, in this case no
cyanohydrin product was formed. Lowering the reactiemperature had an unfavourable

effect on the enantioselectivity as well as onytedd as the rate of the reaction decreased.
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Temperatures of -40 and -7& gave cyanohydrin product with just 57 and 66R) (
enantioselectivity respectively.

Kim also used complex140 in the trimethylsilylcyanation of keton&S.
Triphenylphosphine oxide was again required as wid éasic additive in a 10 mol%
loading. was used as the test substrate and tryhséyiicyanide as the cyanide source. Using
1 mol% of complex 140 at room temperature in dichloromethanep-
chlorophenylacetophenone was cyanated to obtaimotyarin product with 68% R)
enantioselectivity after a reaction time of 12 Isolwrowering the reaction temperature to -40
°C improved the enantioselectivity to 81®),(however, the reaction time was extended to
200 hours. Screening a range of ketones showed tthat catalyst was capable of
accommodating a variety of ketone substrates wagults comparable to those obtained
using aldehyde substrates (60-75%). Acetophenone gganohydrin product with 78R}

enantiomeric excess in 93% chemical yield.

1.5 Asymmetric Strecker Reaction using Chiral Catstis.
1.5.1 Introduction to the Strecker Reaction.

The Strecker reaction was discovered in £85%hd is one of the most direct and
efficient methods for the synthesisceBminonitriles, which are useful precursorsitamino
acids. The Strecker reaction involves the nucldaphddition of cyanide anion to an imine
bond to form am-aminonitrile. Hydrolysis then affords the aminadaproduct (Scheme 14).
The Strecker reaction is sensitive to pH with tpgdroum reaction occuring at pH = 7. For
efficient cyanation of the imine bond, the cyan@aeon must be available in solution,
resulting from the dissociation of hydrogen cyanid& the corresponding proton and
cyanide anion. In acidic conditions, the cyanidmamwill remain fully protonated however,
protonation of the imine nitrogen will also occuacieasing the electrophilicity of the imine
bond. If the nucleophilicity of the cyanide aniadompromised this will lead to a slower
addition to the imine bond, regardless of the iase&l this electrophilicity of the imine bond.

In basic conditions the cyanide anion will be dépnated so increasing the
nucleophilicity of the anion. However at this inased pH, the protonation of the imine
nitrogen (shown in the first step of the reactiorScheme 14) will not be as effective and so
the electrophilicity of the carbon will be greatBduced in basic conditions. For an optimum
Strecker reaction, a compromise must be met bettveenucleophilicity of the cyanide and

the electrophilicity of the imine bond. This occatsa pH of 7.
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HCN H” + CN
® NH
)l\Jl\H H® I CN@ /Jl\z
R "R, Ry "R, Ry o2

Scheme 14Strecker reaction.

The corresponding aldehyde can also be used amgtanaterial and by adding the
appropriate amine, the imine is synthesisesitu and is then subjected to nucleophilic attack
by the cyanide ion. The Strecker reaction is aralsego cyanohydrin synthesis, however,
the lower electrophilicity of the carbon atom withihe imine bond means that Strecker
reactions have lower rates of reaction than cyadiwhysynthesis. This is reflected in the
literature with higher catalyst loadings and longsaction times being requiréd.

1.5.2 Asymmetric Strecker Reactions Catalysed by{Ntetal Catalysts.

Non-metallic catalysts have been employed in tlyenasetric Strecker reaction, giving
enantioselectivities as high as their metal comtgicounterparts. Below is a review of some
of the most important research carried out in éinesa. Work carried out in 1996 by Lipten
al. investigated the use of diketopiperazif® as a chiral catalyst in the Strecker reactfon.
The group investigated the addition of cyanide teagdety of N-benzhydryl imines with a
catalyst loading of 2 mol% at -2%& in methanol using hydrogen cyanide as the cyanide
source. N-Benzylidene benzylamind51 (Scheme 15) was found to give aminonitrile
product152 with the most promising enantioselectivity of >9%#td with a chemical yield
of 95%. A variety of benzhydrylimines were screersedl the results are summarised in
Table 17. The Lipton system is particulary attnaetas a catalyst loading of only 2 mol%
was found to give enantioselectivities as high 8% 9depending on the substrate. The
Strecker reaction usually requires a higher catabzding due to the lower reactivity of the
imine bond and so to develop a system which regareelatively low catalyst loading is a
very valuable contribution to this area of research

o) Ph Ph
. HN)‘\‘\\\\\Ph [\f Ph HCN,150(2 m:)l%) Hg Ph
HNYN\\\\\' NH Ph” H -25°C Ph”  CN
NH 0 151 152
2 Scheme 15reaction scheme for Strecker reaction using
150 complex150
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Table 17;results obtained from a substrate screen using lexmp0.

Entry RCH=NCHBh TemperaturtC Yield % ee %
1 dEls -25 97 >09
2 4-CHEl, -25 97 83
3 4-OMef, -25 96 63
4 3-OMefl,4 -75 82 80
5 3-CHel4 -75 80 >99
6 3-NCQsH4 -75 71 >10
7 'Pr -75 81 <10
8 ‘Bu -75 80 17

Corey showed that a chiral bicyclic guanidihB3 could also be used as a chiral
catalyst in the Strecker reactidh.With similar reaction conditions to Lipton's work,
aminonitrile 152 was synthesised in 96% yield and with 86% enaalgasivity. Screening a
wide range oiN-benzhydryl imines once again showed that eleatimmating and electron-
withdrawing substituents on the aromatic ring gibduced aminonitriles with respectable
enantioselectivities of 50-88%. A mechanistic cyekes proposed as shown in Scheme 16 in
which the hydrogen cyanide hydrogen bonds to csitdly3 forming a guanidine cyanide
complex 154. The imine can hydrogen bond to complE¥4 to form complex155 then
attack of cyanide on the coordinated imine affotids desired product with the catalyst
regenerated at the end of the reaction sequencenWbnsidering the three dimensional
arrangement of this transition state, the enarigoseity becomes apparent. The cyanide is
positioned to attack the-face of the imine and one of the phenyl groupthefcatalyst can
undergorn-stacking with one of the benzhydryl phenyls of itnéne. Thesi-face of the imine
bond is blocked by the other benzhydryl phenyl rvign der Waals interactions between the
guanidine core and the phenyl edge of the catglstent the imine from rotating through
180 which would lead to formation of the opposite di@mer of the aminonitrile.

Corey also demonstrated that chiral ammonium Eaft is an effective catalyst for
asymmetric Strecker reactioffs Compound156 had previously been shown to be very
effective for the enantioselective dihydroxylatiohalkenes using osmium tetroxitfeThe
hypothesis for the use of this catalyst in the @paalective Strecker reaction was the
presence of a U-shaped cavity which, in theory]ccaat as a binding pocket to hold imine
157. Due to the configuration of the proposed traositstate, compound57 should be
aligned for attack of cyanide on ite-face, producing theS)-ow-aminonitrile. An interesting

finding from this work was that these reactionsdemh to be most effective with

53



dichloromethane as the solvent. This is in conttasprevious studies as the majority of
research into the Strecker reaction is performemlurene as this solvent has been shown to
give the highest enantioselectivities. CyanationNséllyl benzaldimine1l57 proceeded
efficiently using two equivalents of hydrogen cydmiand 10 mol% of compourib6 in
dichloromethane at -78C to give the aminonitrile produds8 with 92% ) enantiomeric
excess (Scheme 17). The major drawback with thiteay is the very low reaction
temperatures that are required to gain the higimtesselectivities claimed by Corey. As a
result of this low temperature, a reaction time86fhours is also necessary along with a 10

mol% catalyst loading.
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Scheme 16proposed mechanistic cycle for complE3in the Strecker reaction.
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Scheme 17use of compleXd58in the asymmetric Strecker reaction.

Recent work by Ooet alalso investigated the use of a chiral quaternargnamum

iodide saltl59usingN-arylsulfonyl imines (Scheme 18) as reaction sukesfa These were
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prepared in situ from a-amido sulfones, using phase transfer catalysise Th
cyclohexanecarboxaldehyde derive@mido sulfone was treated with a mixture of ond an
a half equivalents of potassium cyanide and 1 mol%59 in toluene-water (1:3), at {C.
Complete conversion was achieved after one andfahbars, producing the aminonitrile
product with 97% enantioselectivity. A selectiontbése results are presented in Table 18,
with Scheme 18 showing the model system used snstiidy WWhen comparing this work to
the previously discussed work by Corey, it candmnghat this system is far more appealing
in the asymmetric catalysis of the Strecker react® catalyst loading of only 1 mol% is
required at a much higher reaction temperature ¥ @ give an enantiomeric excess of
97%. A direct comparison is difficult due to thetura of the reaction substrates being
different, however on the basis of reaction coondsi this system is far superior to Corey’s

system and gives comparable results to Corey'squesystem using compleb0.

-PG _PG
HN 159(1 mol%), KCN (1 eq) HN
R™ "SO,(p-to)  PhMe-HO R™ O CN
0°C
160

Scheme 18Strecker reaction using compl&9.

Table 18;substrate screen using comple9 with variousN-protectedi-amido sulfones.

R PG Yield % ee %
eHex Mts 99 97
eOct Mts 99 98

Ph(Ch). Mts 99 94
(CH),CHCH, Mts 96 19
Ph(CH), Mtr 8 96

Phase transfer catalysis has also been exploretebygraet alas a possible method for
inducing stereoselectivity in the addition of cydmio imines® The authors investigated the
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possibility of using cyanohydrins as a cyanide seurwith N-Boc protecteda-amido

sulfones as imine precursors. Acetone cyanohydes selected because of its commercial
availability and low cost. The study began with theaminosulfone of 3-

phenylpropionaldehyde as a model substrate to lsdarcappropriate reaction conditions
using biphasic conditions of potassium carbonaté an organic solvent (Scheme 19).
Several chiral quaternary ammonium salts were sexk@s potential organocatalysts for the
system and the quinine derived catal$60 was found to be the most effective, giving
enantioselectivities of 60% with excellent yieldslectron withdrawing groups, such as
trifluoromethyl, in theortho-position of theN-benzyl substituent were found to be important
for high catalytic activity apara-substituted catalysts were less effective, givangery low

enantiomeric excess of 16%.

/
H @ PG 160(10 mol%) PG
N - -
"o CF iy Me,C(CNJOH  HN
e N R™ "SO,(p-tol) K;COs, PhMe R” “CN
-20°C
N/ Scheme 19Strecker reaction using ligadd0.
160

The ©-o-aminonitrile products were synthesized with motkerdo excellent
enantiomeric excessebhe size of the aliphatic substituents appeardtat@e no bearing on
the reaction outcome, thus when R = Me and 'Bus enantioselectivities of 78% and 88%
(S were obtained respectivel\N-Boc protectedi-amino sulfones were the best substrates in
this reaction since use of other protecting grolnagl a detrimental effect on the
enantioselectivityThis system was shown to be catalytically activeyéver not as active
previous systems as enantioselectivities above @8% not seen with the substrates tested.
The use of cyanohydrins as a cyanide source isval mea and opens up the possibility of
autocatalysis in the Strecker reaction, a methazht#lysis that has not been explored in this
area of research.

N,N’-Dioxides have also proved to be useful as chirédlgsis in this application.
Huanget al explored the applicability of these compounds gisiftosyl ketimines, (Scheme
20) as substraté8 Early work showed that in the absence of any ysital-tosyl ketimines
remain unchanged after treatment with trimethylsylgnide whilst addition of a catalytic
amount ofN-oxide encourages the productionseéminonitrile in quantative yield. A wide

variety of catalysts derived from prolinamide wepeeened, all of which contained an alkyl
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linkage (61 and 162) These catalysts exhibited low enantioselectijtiherefore more
rigid catalyst structures163-167) were synthesized which proved beneficial for the

enantioselectivity.

N N
o' F B N0

1683 0 16F=H
162)n= 1 164)R=Me
165)R="Bu
16R= OMe
167R= NQ,
T
N7 1611675 mol%) HNT S
TMSCN, PhMe
PR “Me TV Me

Scheme 20Strecker reaction using complexisl-167.

Catalyst 163 proved to be far superior to the other catalystieened giving an
enantiomeric excess of 70% and a chemical yiel98b after a reaction time of 36 hours in
toluene at 0C. Catalysts64 and165 gave reasonable enantioselectivities of 44% and, 33
whilst catalysts166 and 167 gave low enantioselectivities of 11% and 15% respely
though all the catalysts gave product in 82-99%dyadter reaction times of 36 hours. As
with previous studies, attention then turned touke of additives as a way of increasing the
reaction rate. A range of alcohols was selectedadindere found to increase the rate of the
reaction. The majority of the additives chosensimdy reduced the reaction time to 20 hours
under the optimum reaction conditions. 2,5-Di-(l@adntyl)hydroquinone (DAHQ68was
found to be the most effective additive, increagimg enantioselectivity to 85%. 2,5-irt-
butylhydroquinone (DBHQ)169 gave product with 78% enantioselectivity and ir#09
chemical yield. All reactions were carried out gsiratalystl63 at a 5 mol% loading, 20
mol% loading of additive with 1.5 equivalents dfrtethylsilylcyanide at GC. This system
gave similar results to Herrera’s system, with ¢iogelectivities averaging 70%. The lower
catalyst loading and higher reaction temperatuee bmneficial, however when comparing
this system to Lipton’s system using catal{S0 and Corey’s system’s using cataly&3

and156, there is a great deal of room for improvement.
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Huanget al**

extended this work to investigate the cyanatioptashinoyl ketoimine
derived substrates (Scheme 21) using catalystsapgépn situ from chiral bisamides.
Bifunctional N,N-dioxides were again found to induce high enanksxsiity, with
precatalystl70 giving the best results of 80% enantiomeric exetss 20 mol% loadingn-
Chloroperoxybenzoic acidrtCPBA) (40 mol%) was used to form the bisaxide in situ
Altering the length of the carbon chain tether atatyst170lowered the enantioselectivity of
the reactior’?

170(20 mol%)

_P(O)Ph
N 2 TMﬁch;BP,QMe NC{ NHP(O)Ph,

| - > N
)\ 0°C, 24 h F’h>\'V|e

Ph Me
Scheme 21Strecker reaction using compl&XQ.

Increasing the catalyst loading reduced the ensaigativity to 64% although
complete conversion was obtained, whilst redudmggldading to 5 mol% resulted in no loss
in enantioselectivity. The loading ofi-chloroperoxybenzoic acid and trimethylsilylcyanide
were also investigated. Increasing and decreasiesgetloadings had detrimental effects on
the reaction outcome with optimal quantities foamdbe 10 mol% om-chloroperoxybenzoic
acid and 1.5 equivalents of trimethylsilylcyanidée temperature of the reaction was found
to be a key factor in determining the reaction onte as reducing the temperature to *Q0
gave an enantioselectivity of 90%.

Recent work has investigated the use of chiral obewmlidine 171 and
oxazaborolidinium catiorL72 in the asymmetric Strecker reacttthCompound171 was
shown to converN-benzyl-benzylidene imine to the Strecker produithW4% conversion
with an enantiomeric excess of 719 \hen used at a catalyst loading of 20 mol% at’€0

in toluene (Scheme 22).
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Scheme 22Strecker reaction using complexegl-172

Work carried out using protonated oxazoborolidd@ found that the rate of the
reaction was greatly increased and complete coilwver® aminonitrile occurred in two
hours. Using catalystl72, the enantioselectivity was lowered, but surprismgthe
stereoinduction was found to be reversed givingRhenantiomer of the product with an
enantiomeric excess of 38%. Lowering the catalyatling to 10 mol% had little effect on
the reaction outcome. Using both neufrdl and cationic catalyst72 a variety of substrates
were investigated. In all cases the stereoinducti@s found to be reversed when the

protonated oxazoborolidene was used as the catalyst

N. H ) e
/ WOH | P
OM O\P//O
\ e '\
O TOH
NT S |
R
173 17R)=Ph
178)= SiPh

17e¥ 2,6-MeCsHs

Panet al studied the use of chiral amines in the acylcyanadf imines using acetyl
cyanide as the cyanide souré& Thus compound.73 catalyed the racemic addition of
cyanide to the imine bond, giving aminonitrile i8% yield at 0°C. Bronsted acids were
found to accelerate the rate of reaction. The @nahalkaloid, quinined73 also catalysed
the addition of acetyl cyanide Mbenzyl benzylimine at 8C, however racemic product was
again obtained. This prompted research into the aisehiral phosphoric acid474-176
which all gave moderate enantioselectivities, havethe temperature had to be decreased
to -40°C to achieve this. A reaction time of 48 hours Wesh required to give enantiomeric
ratios of 61:39, 52:48 and 76:24 respectively. kertstudy revealed that thiourea based
catalysts gave good to excellent enantiomeric satio particular catalyst77 (10 mol%)
gave an enantiomeric ratio of >99:1 at -AD in toluene after a 24 hour reaction time
(Scheme 23). Screening of a variety of imines usirgoptimum reaction conditions, using
thioureal77 demonstrated the compatibility of this catalysthma range of substrates with

the results being summarised in Table 19.
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Scheme 23Strecker reaction using compléX7 and acetyl cyanide as the cyanide source.

Table 19; data obtained from a substrate screen using lig@id

Entry R Yield % dr
1 Ph 94 98:2
2 4-Me@dy 95 98:2
3 4-G48, 87 99:1
4 2-G8, 86 99:1
5 2-napthyl 92 98:2
6 2-furyl 94 95:5
7 iPr 87 98:2
8 c-hexyl 88 96:4
9 t-Bu 62 98:2
10 tBuCH, 87 98:2

a5 mol% of177.

This system is one of the most active non-metaledhasatalytic systems for the
asymmetric Strecker reaction. Under relatively mddction conditions, a series of aldehydes
were cyanated with excellent enantioselectivitied good yield for aromatic, heteroaromatic
and aliphatic substrates. A catalyst loading ofd%mis an obvious benefit; however a lower
catalyst loading would be more beneficial. Also ttigoice of cyanide source is also
advantageous as it avoids the use of more toxigidgasources such as trimethylsilylcyanide

and potassium cyanide.
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Catalyst 177 was also studied in a three component acyl-Streckaction, again
employing acetyl cyanide as the cyanide sourcez&ldehyde, benzylamine, acetyl cyanide,
magnesium sulphate and 5 mol% of compoiA@ were mixed together in toluene af®
and allowed to stir for 24 hours. Lowering the teactemperature to -4%C improved this
result, giving product in an enantiomeric ratio ®f.6. Changing the drying agent td 5
molecular sieves and changing the solvent to diohde@thane improved this result even
further to an enantiomeric ratio of 97:3. Table dws the results obtained when using
different aldehydes with benzylamine and acetyln@y@. The three component Strecker
reaction was shown not to be as active as the tdog&nation of the imine but good

enantioselectivity was still achieved.

Table 20;substrate screen when using the three componauk8trreaction with ligantl77.

Entry R Yield % e.r
1 Ph 94 97:3
2 A-MeGHE, 88 96:4
3 4-GJ8.4 78 96:4
4 2-naphthyl 92 97:3
5 GHCHPh 82 96:4
6 Pr 92 96:4
7 '‘Bu 46 97:3
8 '‘BuCH, 97 96:4

10 mol% of compled 77.

Chiral BINOL and TADDOL derivatives have been usedcatalysts in the asymmetric
Strecker reaction. In 2007, work carried out udiOL phosphates demonstrated the use
of these catalysts in the cyanation of imines usiydrogen cyanide as the cyanide sodfce.
After screening a variety of BINOL phosphates, cter@d78 was shown to be the most
active, giving aminonitrile product with 70% enamieric excess. Hydrogen cyanide was
added in excess (1.5 equivalents) along with 5 moRcomplex 178 Scheme 24. A
substrate screen showed that this catalytic systammcompatible with aromatic substrates,
though no aliphatic substrates were screened. B&ghtron-rich and electron-deficient
substrates gave enantioselectivities of 60-80%ral® substituted benzylimine gave the
best result of 80% enantioselectivity and 69% vyield

The same reaction was performed using TADDDN9 as a chiral catalyst at a 10

mol% loading along with hydrogen cyanide in toluete-40°C. This catalyst gave much
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lower selectivity than BINOL phosphal&’8 as thepara-bromobenzyl protected imine gave
only 14% enantioselectivity in this case. This sgstwas shown to be less active than any of
the other systems studied and also requires thefusglrogen cyanide as the cyanide source
which is extremely toxic and difficult to handlehd commercial availability of the BINOL
and TADDOL ligands also make these systems of camiaienterest, however optimisation

studies were unsuccessgul in trying to increassehextivity of the system.
Ar OH
Ph
/
P
o~ “OH

Ph e}
O Ph
O OH

Ar
178)Ar= 9-phenanthryl 179
178 (5 mol%) HN
| R

-40°C
Scheme 24 Strecker reaction using compl&x8

Non-metals are efficient catalysts when used inStrecker reaction, as some of these
systems have demonstrated. Corey and Lipton hade m@me very valuable contributions
to this area of research with cataly$&0, 156 and159 showing high activity. A variety of
different imines were cyanated in good to excellEmntioselectivities under relatively mild
reaction conditions. By far the most active of theystems was Pan’s system utilising
thioureal77. Consistantly high enantioselectivities were aebitacross a wide range of
substrates using a 5 mol% catalyst loading andhetiom temperature of -4%C. A higher
reaction temperature would improve this systemhirhowever, to achieve the enantiomeric
excesses reported, this reaction temperature wasnsto be optimum. The main drawback
with these systems is the complexity of the catajrsictures. These catalysts can be difficult
to synthesise, and so the cost and time to dewbip may outweigh the catalytic activity of
the complexes. Due to these factors, these catalysty not be practicable from a
commercial perspective, however from an academintpof view, these systems are

certainly worth investigating.
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1.5.3 Metal Catalysts Used in the Asymmetric StescReaction.
1.5.3.1 Enantioselective Strecker Reactions usingttd BINOL Complexes.

Over the last ten years attention has turned touthee of metal-based catalysts for
asymmetric Strecker reactions and much of this woas focused on the use metal
complexes of BINOL particularly zirconium and aluminim. In 1998, Kobayashet al
showed that cyanation of aldimines can be achiesaa tributyltin cyanide as the cyanide
source (Scheme 28j.The zirconium catalyst was prepaiadsitu by mixing Zr(GBu)s, (R)-
dibromo-1,1-bi-2-naphthols R)-6-Br—BINOL and R)-3-Br—BINOL) and N-
methylimidazole (NMI) in dichloromethane at -46. The zirconium catalyst was found to
convert aldiminel80 into the corresponding aminonitri81 in 70% vyield and with an
enantiomeric excess of 55%. Further research shelatdh mixture of toluene and benzene
(1:1) used as the reaction solvent, gave a vastfyraved result of 90% vyield and 91%

enantioselectivity.

HO HO
Zn(O'Bu),, ligand
N NMI

+ BusSnCN > HN

)I\ PhMe: GHg

Ph H -65-0°C, 12 h Ph CN
180 181
Scheme 2Strecker reaction using complexg82/183

Extensive study of the catalyst structure ustyNMR spectroscopy showed that
complex182 which contained two zirconium centres; tvWR)-6-Br-BINOL ligands, oneR)-
3-Br-BINOL ligand and twoN-methylimidazole units was responsible for thisvated
activity. Complex182 was also shown to form when using different maoketios of the
BINOL ligand units and its structure was confirmesing*H and**C NMR spectroscopy. A
variety of aldimines were screened using the optinneiactions conditions and the results are
summarised in Table 21.

This work was extended in 20QQith ligand combinations being tested in a three
component Strecker reaction using isobutylaldehgemino-3-methylphenol and hydrogen
cyanide as the cyanide sourte?® Combining these components in dichloromethand&t -
°C with catalyst182 the corresponding-aminonitrile was produced in 99% yield and with
94% enantiomeric excess. To clarify the effecth&f two BINOL ligands in the reaction, a
variety of BINOL derivatives were examined. Suhsiitg (R)-3-Br-BINOL for (R)-3-Cl-
BINOL resulted in no change to the enantioselestiiH NMR studies confirmed that
bimetallic complexes such d82 were not observed when opposite ligand configonsti
were used. Biphenols were also shown to be conipditdpmnds with R)-6 or (R)-3-Br-
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BINOL units. Further'H NMR studies showed that the catalytically actsmecies was
complex183where thdert-butoxy groups had been exchanged for cyanide Igjand

Br
9® i
O: r—O Br
° (1
L
99
Br

O—%r\O
X
Br
Br

182)L= NMI; X= O'Bu
183)L = NMI; X= CN

— 1N —x

Table 21 substrate screen using complé2in the asymmetric Strecker reaction.

Entry R Yield % ee %
1 Ph 92 91
2 p-Cl 90 88
3 p-Me 97 76
4 0-Me 96 89
5 Ph(Qk 55 83
6 'Bu 79 83
7 eb17 72 74

Screening a variety of imine substrates showedtthatsystem was more active than
the one component system when using comfigkas catalyst. Varying the substituent on
both the aldehydel84 and aminel1l85 was investigated (Scheme 26), with all the

combinations studied giving consistently good rssa shown in Table 22.

HO HO
182 (5 mol%),
RCHO + HCN SN
H,N CH,Cl,, -40°C /y\ 3
R R™ “CN
184 185

Scheme 26Strecker reaction using compl&g2.
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Table 22;results obtained from the three component Streaastion using complek82.

Entry R R’ Yield % ee % R/S
1 Ph H 80 86 S
2 'Bu H 83 85 S
3 dEl17 Me 83 90 S
4 Ph(GH Me 85 94 S
5 'Pr Me 94 90 S
6 Bu Me 100 86 S

o Ty O O
CI—AI:g N ’Q 186(9mo|%): » QQ
O )I\ TMSCN, CH,Cl, /'\

Ph,(O)P.

P H 40°C pp” eN
187 188
186 Scheme 27Strecker reaction utilising compléX86.

Aluminium BINOL complexes have also been extengivdllised as catalysts for the
asymmetric Strecker reaction. Takamatal highlighted that the Strecker reaction was still
not satisfactory in givinga-aminonitriles derived from aliphatic imines, espdg n-
aldimines andb,B-unsaturated imine¥. The group developed a catalyst, in the form of an
aluminium BINOL complex. Studies showed that reagtirimethylsilycyanide withN-allyl
benzaldehyde imine, in the presence of comd8s, at a 9 mol% catalyst loading in
dichloromethane for 67 hours at -#C gave aminonitrile product with only 4%R)(
enantiomeric excess in 67% yield:-Fluoroenyliminel187 gave aminonitrile produci88
with a much higher enantioselectivity of 95% witliald of 97% after 111 hours when using
9 mol% of complext86 (Scheme 27). Protic additives (110 mol%) were shtowdecrease
the reaction time from 192 hours to just 22 ho@ptimisation studies later decreased this
loading to 20 mol%. The high activity of compl&86 when using substrafi87is explained
by the dual activation exhibited in this systenm@taneous activation of the imine by the
Lewis acidic aluminium and activation of the trimngsilylcyanide via the oxygen atom of
the phosphine oxide leads to a very active catagstem, commonly seen in the analogous
cyanohydrin synthesis reaction when using aluminbased catalyst$: 8% 82 8 variety of

N-fluorenylaldimines were then investigated using gptimum reaction conditions and the
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results are summarised in Table 2Biformly high enantioselectivities were seen watlh
substrates screened with enantiomeric excesseglasas 96% being observed with some

substrates.

Table 23;tabulated data from a substrate screen using carmpke

Entry RCH=NFI Time h Yield % ee %
1 Ph 44 92 95
2 4-ClgH, 44 92 95
3 4-MeOgH, 44 93 93
4 trandPhCH=CH 41 80 96
5 transCH;(CH,);CH=CH 24 66 86
6 iPr 44 89 72
7 Bu 44 97 78
8 CkCH, 44 84 70

Nakamuraet al demonstrated the use ®){BINOL 189 as a chiral ligand along with
(+)-TADDOL 179 diacetonep-glucose (DAG)190 and ligands191, 192 and 193
Diethylaluminium cyanide was employed as the cyiagaagent and also as the aluminium
source (Scheme 28). In the absence of any chiahd, no reaction was observed at °Z8
On the addition of a chiral additive, liganti89, 179 and190, the reaction was shown to go
to completion within 30 minutes at -78 in toluene. Ligand$91, 192or 193were found to
give no sterochemical induction at -8, however, ligand 93 was observed to accelerate
the rate of reaction giving aminonitrile product 80 minutes as opposed to 24-48 hours
required when using ligand91 and 192 Using 1.5 equivalents of ligand$89 and 179
aminonitrile product was formed with complete camsien and with 48 and 35%S)
enantiomeric excess respectively. Three equivalehlgand 190 were required to achieve
an enantioselectivity of 22%S( at -78 °C. Increasing the loading oR)-BINOL to 4.5
equivalents was found to reverse the stereochgmidgtithe product and gave 529%R)(

enantioselectivity.

~Ph  ELAICN (1.5 eq) -Ph
J\f\ chiral ligand HN
Ph™ "H PhMe Ph™ “CN

Scheme 28Streckerreaction using diethylaluminium cyanide as the ayasource and
ligands179and189-193
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This system was shown to be far inferior when camgbdo other metal containing
catalytic systems used in the asymmetric Strecleaction, though the commercial
availability of the BINOL and TADDOL make this sgsh worth exploring further.
Additional optimisation studies would be valuabte this case. The above systems were
shown to be relatively active in the Strecker neacthowever it is apparent that these
systems are not as active as the non-metal systemisssed previously. Catalydt82 and
183 gave enantioselectivities of 74-91% with a catallgmding of 5 mol%. Hydrogen
cyanide was used as the cyanide source and aareaetperature of -4%C was required to
achieve these enantiomeric excesses. Aluminium RINGMplex186 required the use of 9
mol% of catalyst also at -40C. Slightly higher enantiomeric excesses were aekie
especially with aromatic substrates, however thetedivity decreased when aliphatic
substrates were tested. Nakamura utilised a vaoietljfferent chiral ligands in combination
with aluminium and as was previously shown in tbe@sponding non-metal based systems,

these ligands display lower selectivity.

1.5.3.2. Enantioselective Strecker Reactions udiragthanide Metal Complexes

Lanthanide metal complexes have also been of sitare the Strecker reaction.
Extensive work has been carried out on the usadblghium based complexes and also, but
to a lesser extent, europium. In 2003, Masunedtalstudied gadolinium as the metal source
with acetophenone derived imines as reaction saflestf’* It was found that reacting thé
benzyl protected imin&94 with gadoliniumisopropoxide at a 10 mol% loading, along with
ligand 196 and 1.5 equivalents of trimethylsilylcyanide in §£HH,CN at -40°C, gave the
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corresponding aminonitrile product with 72% enamigoic excess (Scheme 29). Using chiral
ligand 197 containing a difluorocatechol, increased the dpaalectivity of the system
further to 96% when using substrat®5 Substrate generality was investigated and the
optimised reaction conditions were found to be ctife for a wide variety of ketoimines
(Table 24).

Ph< 0] |
o 1 n  GU(OPI); (10 mol%)
0 Nig 197(20mol%)  HN”
0 X )l\ TMSCN (1.5 eq) /QIICN
Ph™ "Me cpchen -a0c TN Me
3 2 y -
Scheme 29Strecker reaction using compl&Q7.

HO X

1948=Bn

1993= P(O)Ph

196§=H

19%=F

Table 24;results obtained from a subsrate screen using expl7 as a catalyst.

Entry RC(Me)=NP(O)Bh Catalyst mol% Time h _ Yield % ee%
1 CkCH,Ph 10 5 87 89
2 €H11 8 65 73 72
3 ¢H1:.CH=CH, 5 68 79 83
4 cyclohexene 5 67 58 90
5 'Pr 5 48 74 51
6 naphthalene 2.5 72 67 94
7 Ph 2.5 24 94 95
8 Apo-Cl 2.5 67 84 89
9 Ap-Me 2.5 52 93 98

This work was extended in 200d investigate the use of additives and so imprve
the Strecker reaction for heteroaromatic and cyaimimines-2%*3-Pyridylketoiminel98
was chosen as the test substrate and lid@idvas used in a 10 mol% loading (Scheme 30)
giving aminonitrile productl99 with 33% enantiomeric excess. Increasing the ysital
loading to 20 or 30 mol% led to an improvementhe teaction rate, accompanied by a
dramatic improvement in enantioselectivity to 786l 88% respectively at -4. Due to
the increased amount of ligand used in this impiosygstem, it was hypothesised that the
excess ligand may be acting as a proton sourcesftine the effect of protic additives was
investigated. Phenol and 2,6-dimethylphenol werendbto be the most effective additives

when added in a 100 mol% loading along with 5 moR4gand197.The enantioselectivity
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was also greatly improved; adding phenol or 2,6alimiphenol gave the corresponding
aminonitrile with 99% enantiomeric excess with ar2idiute reaction time. Due to the great
improvement in reactivity brought about by the &ddi of an additive, it was proposed that
the additive may be changing the active catalysicire therefore the constitution of the
catalyst was investigated using ESI-MS studies. ddtalyst was prepared using gadolinium
isopropoxide and ligand97in a 1:2 ratio followed by addition of trimethylgityanide (15
equivalents) in acetonitrile at room temperaturgaedk corresponding to a molecular weight
of 1862 was observed in the ESI-MS spectrum whiak wonsistent with previous findings
for the O-silylated 2:3 complef00. Addition of 2,6-dimethylphenol (10 equivalents)
resulted in the disappearance of the peak at 186P the appearance of a new peak
corresponding ton/z= 1691 thus the additive appeared to be changingatadyst structure
from theO-silylated form200to theO-protonated forn201 Catalyst201would appear to be
the more active catalyst due to the greater ersalgotivity and catalytic activity observed

on the addition of 2,6-dimethylphenol.

O)Ph,  Gd(OPr)197 NC/ un- T ©Ph

TMSCN (1.5 eq)
| DMP, CHy,CH,CN |
-40°C

198 199
Scheme 30Strecker reaction using ligad®7 with gadolinium isopropoxide.

\\\ / O~ \ . N \ /
O\/Gd\ Gd<__ /Gc|1 /| d\O
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200 201

The Strecker product is obtained via cyanide feanfom complex201 to the
activated imine, therefore, only a catalytic amoahttrimethylsilylcyanide is required to
obtain the high enantioselectivities. Ketoim2@2 was converted into aminonitrizd3 with
99% enantioselectivity using 2.5 mol% of catal{§t,mol% of trimethylsilylcyanide and 150
mol% of hydrogen cyanide in GBH,CN at -40°C (Scheme 31). Reducing the catalyst
loading to 1 mol% resulted in a lowered enantiadeliy of 97%, however, reducing the
catalytic loading of trimethylsilylcyanide to 5 ni6l restored the high enantioselectivity.

Loss of enantioselectivity using higher ratios rhethylsilylcyanide suggests the existence
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of an equilibrium between comple00 and complex20L1l Increasing the amount of
trimethylsilylcyanide in the reaction mixture encages the formation of compl@00which

is less enantioselective than complX1L. Decreasing the loading of trimethylsilylcyanide
enhances the formation of the more active com@6g and so the enantioselectivity
increases.

This system showed an extremely high selectivitpgig low catalyst loading of 1
mol%. A major disadvantage with this system howgigethe use of two cyanide sources,
hydrogen cyanide and trimethylsilylcyanide. The asénthanide metals will also raise the
issue of cost when developing these catalyst systam lanthanide metals are not as
accessible as metals such as titanium and vanadwoncommon metals of choice when
studying the analogous cyanohydrin synthesis. Hewediie system gave comparable results
to those obtained when using comple%B§, 153 and156, which were shown to be the most
active systems when using non-metal catalystsNMR studies also gave an insight into a

possible mechanism for this system.

N~ OPh2 501 (1 moloe) N, - POPh:
| HCN (150 mol%) 2
0,
J e TMSCN (5 mol%) 7 Ve
s CHaCH,CN, -40°C

202 203
Scheme 31Strecker reaction utilising the gadolium cyanidenptex,201

Jacobseret al demonstrated the use of lanathanide complexeS)0fRrPYBOX 204
in the asymmetric hydrocyanation of hydrazotfédJsing a variety of lanthanide chlorides
in combination with ligan@04, anN-benzoyl-protected substra2@5was converted into the
corresponding aminonitrile using trimethylsilylcyde and methanol in dichloromethane,
Scheme 32. The enantioselectivity increased withesing atomic number of the lanthanide
metal, reaching a peak with erbium, then fallingrgly if the atomic number of the
lanthanide metal was increased further. Using embiuchloride with ligand204 gave
aminonitrile product with 40% enantiomeric excess8B% chemical yield. Optimisation
experiments showed that the best reaction temperattas 0°C in freshly distilled
chloroform, giving aminonitrile products with higenantioselectivity and high chemical
yields after reaction times of two to three daysvakiety of hydrazones were found to be

compatible with the catalytic system as shown ibl@25.
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Scheme 32reaction scheme for the Strecker reaction
using ligan@04

Table 25; results obtained from a substrate screen using leon394 in the asymmetric
Strecker reaction.

Entry RCH=NNHBz Time, days Yield % ee %
1 4-MBICgH, 3 85 97
2 4-BnQH, 3 92 93
3 3,4(Me@sH3 3 90 85
4 2,3,4,(MegsH, 3 87 80
5 4-Me8l, 3 89 76
6 4-ClEl, 3 94 84
7 REH 2 98 96
8 t-Bu 2 98 66
9 PhCH 2 99 31

Comparable results to Masumoto’s system were afdausing the Jacobsen system
however the issue of cost is once again raisedthe@sige of lanthanide metals is explored.
Another disadvantage of using lanthanide metalsthiese catalysts is the issue of
stereocontrol in the transition states of theséesys. Lanthanide metals have co-ordination
numbers of nine to ten and so the ability of theaineentre to co-ordinate the reacting
substrate and the chiral ligand of choice maybemdtially compromised. A large
proportion of space around the metal centre magbaped by solvent molecules so making
the chiral reaction less efficient. A more througiderstanding of the transition states in

these systems would be of interest, along withrokee of the metal centre.

1.5.3.3 Enantioselective Strecker Reactions catatl/by Metal(Salen) Complexes
Metal(salen) complexes have been used in a widgerafi organic transformation®

Research into their applicability to Strecker reats began in 1998 when Jacobsen’s group

introduced the first case of metal(salen) complesa&slysing the addition of cyanide to

imines!% A range of metal(salen) complexes were screenethéoaddition of cyanide t-

allyl benzaldimine206. The first metal to be investigated in conjunctisith salen ligands
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was aluminium with the aluminium(salen) comp6&7 being shown to be the most effective
catalyst when cyanating the imine subst24i6 (Scheme 33).

Complex207was found to give an enantioselectivity of 45%wibmplete conversion
after a reaction time of 15 hours, at @3 in toluene when using 5 mol% catalyst with 1.2
equivalents of trimethylsilylcyanide. No reactiorasvobserved under strictly anhydrous
reaction conditions, suggesting that the true @asource is hydrogen cyanide produced by
reaction of trimethylsilylcyanide with residual rstire. Under catalysed conditions, lower
reaction temperatures were found to be very beaéfto the enantioselectivity of the
reaction, increasing it to 95% with 91% vyield afi&y hours. A survey dN-allyl imines
showed that substituted aromatic substrates alk ghe corresponding aminonitrile in
moderate to excellent enantioselectivity and wilgjhhyields. Electron-rich substrates gave
the highest enantioselectivitiggOMe andp-Me benzaldehye derived imines gave products
with enantiomeric excesses of 91 and 94% respégtitaectron-deficient substrates gave
lower enantiomeric excesses; 79-81% and aliphatibstsates gave still lower
enantioselectivity. Thus, the imine obtained fromclohexane carboxaldehyde gave
aminonitrile product with 57% enantiomeric excess 47% chemical yield and the
pivaldehyde derived substrate gave extremely pesults with only 33% enantioselectivity
and 69% vyield.

_ 1) 207 (5 mol%) O

\ " PhMe, 23C

N N e, ; >
=i ¢ B G

ZN P 2) TFAA Ph” > CN

‘Bu o] 6] ‘Bu 206

'Bu B Scheme 33Strecker reaction using compl2R7
207

North et al extended this study to investigate the use ofitita and vanadium(salen)
complexes in asymmetric Strecker reactitisJacobsenet al had reported that the
titanium(salen) dichloride speci83 was ineffective at inducing enantioselectivityigg an
a-aminonitrile with only 24% enantiomeric excesstefpts to use comple87 in the
cyanation ofN-benzyl benzylimine were also unsuccessful usimgdtylsilylcyanide as the
cyanide source and 5 mol% of compldX at room temperature. Reducing the reaction
temperature to -48C and again employing the use of trimethylsilylagenas the cyanide

source resulted in complete conversion, but tomaceroduct.
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Attempts to improve the enantioselectivity were enmaken using aim situ prepared

complex. Mixing titanium tetraisopropoxide with tlsalen ligand30 resulted in a slight
improvement in enantioselectivity. In dichlorometba using trimethylsilylcyanide as the
cyanide source, even at -78, only a 7% enantiomeric excess was obtained % $2ld
after 46 hours. Changing the solvent to tolueneegaslightly improved enantioselectivity of
15% at -78°C. Increasing the reaction temperature to 4D improved both the
enantioselectivity and the yield; 30%) @nd 100% respectively. Attention then turnedn® t
analogous vanadium(salen) complietO containing a positively charged vanadium 5+ metal
centre. Using 5 mol% of complex10 in toluene gave aminonitrile product with 30%
enantiomeric excess at -4Q after 20 hours. Increasing the catalyst loadmd @ mol%
increased the enantioselectivity to 77®) @fter a reaction time of 23 hours. As with
previous studies, investigation into the true cyiagaagent was carried out by adding
additives to the system. Adding water to the reactmproved the enantioselectivity, though
it was still lower than previously obtained. Addii of methanol (1.2 equivalents) to the
reaction gave aminonitrile product with completengersion and 79% enantiomeric excess
after 19 hours at -48C. The increase in activity on addition of methaseggests that the
true cyanating agent is hydrogen cyanide rathar thanethylsilylcyanide. The generation of
hydrogen cyanide could also explain why ihesitu prepared titanium catalyst showed some
catalytic activity. Isopropanol would be generaitethis system which would have the same
effect as methanol, reacting with the trimethylsjsanide to liberate hydrogen cyanide.
These optimised reaction conditions were used fteesca variety oN-benzyl imines. The
effect of substituents on the aldehyde derived atanring of N-benzyl benzylimine was

investigated and the results are summarised ineT2@l
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Table 26 results obtained from a variety of substitutednaatic imine substrates using
complex110in the Strecker reaction.

Entry RCH=NBnN Yield % ee %

1 Ph 88 75

2 3-Gld, 76 57
3 4-Gld, 48 57
4 4ECsH, 65 31
5 4-MeGH 50 51

6 3-Me@H; 70 59

7 Me 80 16

Jacobsen’s and North’s results are very valuableeggarch into the asymmetric
Strecker reaction, and can be considered as amsgxte of the work performed in
cyanohydrim synthesis. With regard to North’s waakhigher catalyst loading of 10 mol%
was found to be optimum, but this is not surprisasgexchanging the carbonyl oxygen for a
nitrogen reduces the reactivity of the imine bond so higher catalyst loadings are to be
expected. Comple207 only required a catalyst loading of 5 mol% sugigesthat complex
207 is the more active of the three systems. Also dexgs37 and110require the addition
of reaction additives in the form of alcoholic si@scand all these metal(salen) systems are
inactive in anhydrous reaction conditions. Thisseai the question of the role of these
additives, and their possible interaction with thmethylsilylcyanide to generate hydrogen
cyanide, a more reactive cyanide source. Compl&k containing an aluminium centre, has
been shown to be more active than the correspondargum and vanadium complex&s,
and 110 respectively. This is the opposite to the trendemsbked in cyanohydrin synthesis,
with titanium/vanadium(salen) complexes being mactive in the analogous aluminium
systems. What is somewhat lacking in these studiasmore detailed understanding of the
reaction mechanism and so a kinetic study woulcefiethese studies a great deal and may

help in answering some of these questions.

1.5.3.4 Enantioselective Strecker Reaction UsingetMetal Ligand Complexes.
Mansawatet al investigated the use ®f-salicylf3-amino alcohol ligand208 and 209
as chiral ligands for asymmetric Strecker reactiosisg titanium tetraisopropoxide as the
metal sourcé® TheseC,;-symmetric Schiff bases were synthesised usingaiéeyde and
the appropriate amino alcoha§){phenylalaninol andS)-valinol respectively. Ligan@08 or
209 (10 mol%) was mixed with titanium tetraisopropaxitlO mol%) in toluene at -%
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along with trimethylsilylcyanide (two equivalentahd used to catalyse the cyanatiorNef
benzyl benzylimine giving aminonitrile product witbw enantioselectivity. A catalytically
active species was being formiadsitu, however, mainly racemic product was being formed.
In order to investigate the effect of the ligandusture in this Strecker reaction, compounds
210 and 211 were synthesised by a sodium borohydride reduatfothe imine precursor.
Compound210was shown to give aminonitrile product with an mr@selectivity of 79% in
toluene at GC after a reaction time of six hours.

Under optimum conditions, compound10-212 were screened using\-
benzylidenebenzylamine as substrate and trimetylgiganide as the cyanide source.
Compounds211 and 212 showed the highest enantioselectivities of 82 &6do ©
respectively whilst ligan@10gave a product with a 76% enantiomeric excessingust 9%
chemical yield. These results showed the importaridbe steric bulk of the ligand on the
enantioselectivity of the reaction. Further increggshe size of the substituents on the ligand
decreased the enantioselectivity of the reactiosing) ligands210 and 212, a range of
aromatic substrates were screened using the optinnesaction conditions shown in Scheme
34 and the results are outlined in Table 27.

R R
N
(X > CC“)\
H
OH
OH OH OH

208)R = PhCH 210)R = PhCH
209 ='Pr 211)R ='Pr
212)R ='Bu
o 210-212(10 mol%) PN
)N|\ Ph TMSCN 2 eq) HN" Ph
Ar H Ti(O'Pr); (10 mol%) A" >cN
PhMe, -5 °C

Scheme 34Strecker reaction using complexzk0-212

Further work demonstrated that the use of protiditags enhanced the rate of the
reaction. Additives such as water and propanol \aded to the reaction under the optimum
reaction conditions and were shown to bring abolie tconversion of N-
benzylidenebenzylamine to aminonitrile productvitw thours at GC. The optimal loading of
protic additive was established to be one equitalEms system was shown to be one of the

leaset active of the systems discussed.
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Table 27;substrate screen using comple2é6-212in the Strecker reaction.

Entry Ligand Ar Yield % ee %
1 210 4-ClgH,4 84 72
2 210 3-ClgH4 98 80
3 210 3-GNCgH4 >99 64
4 210 4-MegH, >99 67
5 210 3-PhOgEl, 90 75
6 210 4-MeOgH, 98 44
7 212 4-MeOgH, 92 48
8 212 2-MeOgH, >99 39
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1.6 Aims

Due to the diverse applications of salen ligandasymmetric reactions, metal(salen)
complexes were chosen as the focus of this reseacbentrating on two fundamental
reactions in asymmetric catalysis; the Streckectre@a and cyanohydrin synthesis. Figure 6
shows the many variations of salen ligand thatpassible by changing the substituents on
the diamine moiety and the aromatic rings.

6 6
R R

R \> é,RE’
R4 —N N= R4
R3 OH HO R3
R2 R R R2

Figure 6: basic structure of the salen ligand.

Two reactions are going to be the focus of thigkyw@asymmetric cyanohydrin
synthesis and the asymmetric Strecker reactiostlfimattempts will be made to improve on
the current enantioselectivities being obtainethinStrecker reaction using complekg**?

A range of different variables will be investigatedluding the addition of additives and if
other additives can be used in the Strecker raadtoincrease the enantioselectivity of
complex118 and other variables such as reaction temperatdeeaction solvent will also
be investigated. As was demonstrated in the intbolu in Section 1.5.3.3here are no
thorough kinetic studies that have been performig rggard to the Strecker reaction. This
is seen throughout the literature and so it wo@dlmajor breakthough in the understanding
of this reaction. A variety of different techniquesl be employed to try and address this
issue such as stop-flow kinetics, UV spectroscopy &l NMR spectroscopy. Ligan80
containingtert-butyl substituents has long been thought to bembst selective ligand for
use in the Strecker reaction and cyanohydrin sgigheligands bearing even larger
substituents are yet to be investigated and sodéwelopment of new ligands will be
synthesised containing large aromatic substitudotstesting in the Strecker reaction and
cyanohydrin synthesis. The metal sources usedilimited to titanium and vanadium so a
direct comparison of the results obtained using riba/ly synthesised catalysts against
current literature precedent can be carried outeOimetal sources may be explored with
zirconium and hafnium being of particular interdse to the larger size of their atomic radii
and the effect this could have on the salen ligamdngement and the subsequent effect on

enantioselective reactions.
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Aluminium has been shown to be active in the asytmmaddition of cyanide to both
aldehydes and ketones when using com@dlé® and so a more extensive study will be
attempted using aluminium(salen) complexes. Theanisviack of kinetic data with regards
to complex140 will be addressed and the role of additives wdlibvestigated when using
aluminium(salen) complexes in cyanohydrin synthd$ipossible, Hammett and Arrhenius
studies will be performed and the results analysmmbrdingly to hopefully give a thorough
understanding of aluminium(salen) complexes in opgdrin synthesis as has been shown

with complexegtl and132
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2.1 Results and Discussion.
2.1.1 Ligand and Catalyst Synthesis.

The catalyst which has been shown to exhibit trghdst activity in the Strecker
reaction is theR,R)vanadium(V)(salen) chloride compld48'*?Synthesis of catalyst18
is accomplished by a two step procedure, the lliestg the synthesis of the salen lig&td
and the second being the complexation of vanadiulgand30.

Bu Bu Bu o Bu
109 EtOSO;
110
_N\\(I?/N_
\V/®
/XX
‘Bu O 0 ‘Bu
Cl
Bu ‘Bu
118

The chosen procedure for the synthesis of salemdi§0 was Hansen’s routeThis
was used in favour of the Jacobsen procedureiasait easier protocol to follow and only
requires a one step syntheSidldehyde 213 was preparedn situ from 2 4-ditert-
butylphenol, triethylamine, magnesium chloride gradaformaldehyde, in tetrahydrofuran,
by refluxing for three hours (Scheme 35). The fdraraof the aldehyde was apparent from
the colour change of the solution to an intensyelAldehyde213was not isolated, rather;
to the solution, potassium carbonate a@RR(-1,2-diaminocyclohexane tartrate s&li4 were
added and the solution was then refluxed for eh&urthree hours. Removal of the solvent
and extraction into dichloromethane, followed byshiag with water, gave salen ligaB@
as a Yyellow solid after which recrystallisation froacetone gave ligan80 as a yellow
crystalline solid.

The C,-symmetry of the ligand results in a simpleNMR spectrum. Only one imine
proton is observed as a singlet at 8.2 ppm andihatic region is very distinctive due to
there being only two aromatic protons on each ef phenyl rings which appear as two
doublets at 6.9 and 7.2 ppm with coupling constaft®.4 Hz. This coupling constant is
consistent with'J coupling in aromatic system® Mass spectrometry and a melting point
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comparable to the literature value also confirnfedlformation of the ligand80. The optical
rotation of ligand30 was also consistant with literature values. lroatfiorm, a value of -
292 was obtained, compared with the literatureevalir314’

OH O OH
tBu  MgCl,, EGN tBy
(CHO)n H
—_—
THF, reflux 213
tBU tBU

K,COs, THF
—_—

Q 214

< —N N=

JEICE
0,c  co, Bu OH HO Bu
HO OH By -

30
Scheme 35synthesis of Jacobsen’s ligagd

Hansen’s procedure allows ligar3 to be synthesised quickly and in high purity.
From here it was possible to complex vanadium ® lifgand. Two sources of vanadium
employed in past researtfl are vanadyl sulphate hydrate and vanadium oxyicld@s both
are available commercially and give the vanadiufa(gacomplex although the counterions
differ depending on which is used. Vanadyl sulphHatdrate was chosen for this research
and was added to ligar80 in tetrahydrofuran and the reaction was refluxadttiree hours.
Formation of a dark green solution from the inteyskow salen ligand solution confirmed
that complexation of the vanadium had occured. Upastion completion, the green residue
obtained was passed through a silica column, g@utuith dichloromethane. This was
required to remove any uncomplexed ligand whicheelufirst as a yellow band. Any
vanadium(lV)(salen) complet09 also eluted, as a light green band. Vanadium(\8(ga
ethyl sulphonatd 10 complex remained on the silica until a more palavent, in this case
methanol, was added and compoui@ could then be eluted as a dark green band.

Complexation was further confirmed usiti NMR spectroscopy. The presence of the
V=0 bond means that th&,-symmetry is destroyed resulting in the complexdneiag C;
symmetric, evidence of which is seen in theNMR spectrum. Two peaks are observed for
the imine protons and four doublets are visibl¢hie aromatic region of the spectrum each
having a*J value of 2.4 Hz. The splitting of the original peaif the free ligan@0 into two

distinguishable peaks in the complexed ligand mss=tent with the two imine protons and
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the aromatic protons now being unequivalent. Twakpeat 1.4 ppm correspond to the four
tert-butyl groups. The counter-ion for the complex is ethyl sulphonate anion which
produces a triplet and a quartet at 0.8 and 3.4 rgspectively in théH NMR spectrum. X-
ray crystallography has previously shown that aewatolecule is present, coordinated to the
vanadium, in the axial positiotrans to the V=0 bond making the vanadium atom six
coordinate-'?

An ion-exchange was then carried out by adding eotmated hydrochloric acid to
complex 110, dissolved in dichloromethane. Washing with waaed concentrating the
solution gave vanadium(V) chloride complé48 as a dark green crystalline solid. lon-
exchange was confirmed by proton NMR spectroscaytd the disappearance of the ethyl
peaks of the ethyl sulphonate anion. The vanadM){galen) complex109 obtained
previously, was oxidised to the vanadium(V) specissg ceric ammonium nitrate. Work
up by treatment with concentrated hydrochloric aefforded an additional batch of
vanadium(V)(salen) chloride compléd8 The vanadium(lV) speciel09 has been shown
to be inactive in the Strecker reactidfiso it is desirable that all traces of this speeies
removed from the catalyst. Due to the paramagmetiare of vanadium(lV) it was possible
to assess whether there was any present by ruarfifdNMR spectrum, as the presence of
vanadium(IV)(salen) complex would result in lineadening and carrying out this analysis
showed that all traces of the paramagnetic matbadlbeen removed. ComplexER) and
118 have been synthesised numerous times in the Njootlp with extensive studies been
carried out in this field of asymmetric catalysiwolving these complexes. Due to this, no
further analysis was undertaken of these complea®she’H NMR spectra were deemed

sufficient to show the purity of these catalystswéan acceptable standard.

2.1.2 Synthesis of New Catalysts

Early research carried out on salen complexes hasrsthatBu groups in thertho-
position of the aromatic rings of the ligand areesdial for high enantioselectivity in some
asymmetric transformations. When these substituemts changed to less sterically
demanding substituents, or electronically differgmcies, the selectivity has been shown to
decrease in some cases. Larger substituents are lyetinvestigated in Strecker reactions or
asymmetric cyanohydrin synthesis. Adamantyl comgicomplexes such as chromium(lll)
containing complex215 have been shown to increase the selectivity obgliate-ene
reactions (Scheme 36): When compared to the use of the standard Jacobagarsi 30 in
the reaction shown in Scheme 36, the enantioseigcincreased from 15% to 79%. A

variety of other substituents were tested withati@mantyl substituted ligand giving the best
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results. Therefore, the synthesis of adamantyhtigal 6 and trityl ligand217 were carried
outusing standard protocols reported by JacoBsen.

; P
-

_N\ /N_
B
N
Bu o} O Bu

BFY
215

0
1 +\[/ 215(1 mol%) U
Et0,C~ H PhMe, RT,24h  Et0,C

Scheme 36application of comple®15in asymmetric synthesis.

N\ =

216)R adamantyl
217R= trityl

4-Tertbutylphenol was dissolved in dichloromethane alomigh 1-adamantanol.
Concentrated sulphuric acid was added dropwishisosblution and the reaction was left to

stir for 30 minutes!?113

to bring about the formation of the tertiary caraton and its
subsequent electrophilic substitution onto the atiering.The adamantyl group adds in the
position ortho to the hydroxyl group as this is the electronicatiost favoured position.
Neutralisation of the reaction was carried out gsadium hydroxide, followed by work-up.
A thick clear oil was obtained to which methanolswadded, the solution was heated to
reflux and then kept overnight at %€. The ortho-substituted phenol, compour@il8
(Scheme 37), was obtained as a white solid in 6&#l.yOnce the phenol starting material
218 had been synthesised in a high purity, Handeptscedure was attempted for the
synthesis of ligan@16. The synthesis was not as clean as for liggd@s after the final
work-up there was a large amount of unreacted stiEeR20 still present in the final

product. Increasing the size of the substituentthat 2-position appeared to have a
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detrimental effect on the one pot synthesis. SiHe@sen’'s procedure was not a viable
option in this case, formylation of compourgl8 using Duff's procedure**™® was
attempted. It was found that, even though aldehyZ0 was present in the product, many
by-products had been formed and the reaction yskte low. Duff's procedure is sensitive
to temperature changes as reported by Jacobseis afsb sensitive to substituent changes
on the aromatic rin§.Due to the large change in substituent size it e@®luded that this
was the reason for the diminished reactivity iis itase.

Therefore Hansen’s procedure was employed for ltiehgde synthesis and it was
isolated at that stage; compoud8 magnesium chloride and paraformaldehyde were
dissolved in tetrahydrofuran. Triethylamine was ediddropwise to produce a yellow
coloured solution. The mixture was refluxed for bours, followed by work-up. Compound
220was obtained in 46% vyield as a pale yellow powt¢NMR spectroscopy showed the
distinct aldehyde peak at 9.98 ppm confirming thecsssful synthesis of compougdQ.
Recrystallisation from ethanol was the only pudfion technique required. Synthesis of
compound216 was carried out in the same way as for the standacobsen’s ligand0.
(R,R-1,2-Diaminocyclohexane tartrate salt4 and potassium carbonate were combined in
tetrahydrofuran, along with aldehy@20 and refluxed for four hours. The adamantyl ligand
216was prepared in good purity and in 54% yield (3oh&7) after a simple work-up.

OH

R triphenylmethanol 0O OH
or 1-adamantanol MgCl,, Et;N R
- (CHzO)n H
H,SO,
THF, reflux
‘Bu 218/2 9 220/221
‘Bu
K ,COj,, THF
—_—
®

R
216, 2Hhd220) R= adamantyl
217, 2EMd221)R= trityl
Scheme 37synthesis of ligand216/217

The trityl containing ligand217 was prepared using the same route, (Scheme 37)
however, longer reaction times were required arfterént purification procedures were

necessary. Zertbutylphenol and triphenylmethanol were dissolvaddichloromethane,
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followed by addition of sulphuric acid which resdtin a deep red/brown solutidt}. This
was verification of the formation of the trityl dercation known to possess an intense red
colour, due to the high level of conjugation thrbagt the extensive aromatic system.
Purification of the trityl substituted phend19 proved more problematic. Firstly,
recrystallisation was required using ethanol toaeeany unreacted triphenylmethanol. The
remaining material was purified by column chromaapdpy, eluting with dichloromethane
to remove any unreactedtdr-butylphenol giving compoun@19 in 60% yield. Hansen’s
formylation was employed for the synthesis of aladEh221, which was isolated and
purified to give a 70% yield followed by the syngigeof ligand217in a 44% vyield.

Complexation of these ligands to vanadium was edrmout using vanadium(V)
oxychloride as the vanadium source. Vanadium(V) cbigride was dissolved in
dichloromethane and the appropriate ligand was chdohel the reaction stirred overnight.
Removal of the solvent produced a dark green solidoth cases which was purified via
column chromatography eluting with dichloromethdokkowed by methanol. Analysis of
these complexes proved to be problematic due by issues though it was possible to
obtain a'H NMR spectrum of comple222 Complexation was confirmed by the change in
the imine proton peaks. Two distinguishable imiealks were visible as well as the aromatic
region becoming more complex due to the loss ofGhsymmetry as seen with complex
118 Complex223was found to be much more insoluble, staNMR spectrum could not
be obtained. It was however possible to analysepooimd223 using mass spectrometry. A
mass of 983.4357 was predicted with a mass of 383.4eing detected.

The titanium complexeg24 and 225 were prepared using the procedure previously
developed for the synthesis comple37.''” Ligand 216/217 was dissolved in
dichloromethanand titanium tetrachloride added to the stirrinugon. The complexation
of the titanium was indicated by an immediate colchange to red/brown. The solution was
stirred at room temperature for one hour and theesb removed to give compoun@24
and 225 in 70% and 79% vyield respectively. These catalystse to be tested in the
synthesis of cyanohydrins and Strecker reactions.

4 -

_N\ I ,N_ - \\ C|I/N_
® P
AR 1IN
‘Bu ) 0 ‘Bu Bu O ¢c O Bu
)
Cl
R R R R
222R = adamantyl 224)R = adamantyl
22 = trityl 225)R = trityl
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Ligand 65 has been shown to display high activity in cyartshny synthesis. Liangt
al showed that when used in combination with titaniutetraisopropoxide in
dichloromethane, the complex form&d situ would catalyse the addition of cyanide to
benzaldehyde giving cyanohydrin in 97% énantiomeric excess at -78. To achieve this
result, 5 mol% of ligan@5, along with 5 mol% of titanium tetraisopropoxidene required
(see section 1.2.3).In light of these findings, this ligand was oférgst due to the extensive
study that has been carried out in the group,isarea of asymmetric synthesis.

R R
65)R=tert-pentyl
226)R=tert-hexyl

OH \C')f' OH O OH
Me Me AlC R  MgCl, EgN R
+ OR _3> (CHZO)n H
Cl. Cl CH,Cl, THF, reflux

228/230
e\)Q/ e R

K,COs, THF
—_—

N —N N=
HsN NH;
0°® © 3
0,G, CO, R OH HO R
HO\\ OH R 65/226

226, 229 and 23R5 tert hexyl
65, 227 and 22&=tert-pentyl
Scheme 38synthesis of ligand85 and226.

This ligand was synthesised using phenol as th@rgganaterial. The first step in the
synthesis involved the addition of thert-pentyl substituent to the aromatic ring. This was
achieved using a Friedel Crafts alkylation reactidrPhenol and 2-chloro-2-methylbutane
were added to aluminium chloride and the resultxfure was stirred at room temperature
for five hours followed by further addition of 2{oho-2-methylbutane and aluminium

chloride*® After this second addition the reaction tempegtas raised to 60-7AT and
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held at that temperature for 24 hours. The mixtuas then poured onto ice, and extracted
into diethyl ether and washed with water sevenmale. The organic layer was collected,
dried and the solvent removed to leave a pale cetbwil. Purification via column
chromatography gave the di-substituted compoR8@d in 22% vyield. Hansen’s one pot
procedure® was attempted for the synthesis of lig@&fbut proved to be ineffective. The
aldehyde 228 was therefore prepared and isolated using Hanstemiaylation giving
compound 228 in a yield of 73% after a short reaction procedutegand 65 was
subsequently prepared by addinBR)-1,2-diaminocyclohexane tartrate s&fi4 and
potassium carbonate. No further purification wasessary. Theert-hexyl ligand226 was
also prepared using the same route through inteates@29and230 (Scheme 38).

Whilst this work was in progress, results from othesearchers in the group showed
that vanadium(V) isothiocyanate compléd2 was an even more active catalyst for

8%  Therefore, the

asymmetric cyanohydrin synthesis than the complét
vanadium(V)(salen) isothiocyanate comple84aand231bwere synthesised for testing in
asymmetric cyanohydrin synthesis. As with the statidsalen ligan®0, vanadylsulphate
hydrate was added to a solution of liga®8 or 226 in dichloromethaneand refluxed
overnight. The vanadium(IV)(salen) complexes weepasated from the vanadium(V)
material using column chromatography eluting witthtbromethandollowed by methanol.
The vanadium(V)(salen) complex eluted as a darkl lmmaddition of methanol after which
the complexes were isolated on removal of the stlaad redissolved in ethanol. Potassium
thiocyanate was then added and the mixture wagdtat room temperature for two hours,
inorganic salts were removed by filtration and sledution concentrated to give complexes
23laand 231b in 80% and 88% vyield respectively. Distinct chasgn the'H NMR
spectrum confirmed that complexation had occurgt o imine peaks being observed for
both complexes at 8.4-8.7 ppm. These complexes weerdge used in the synthesis of

cyanohydrins and Strecker reactions.

R R
231a)R=tert-pentyl
231b)R=tert- hexyl
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2.1.3 Testing New Catalysts in the Strecker Reattmd Cyanohydrin Synthesis.

Due to the unexpected solubility problems, it wasdgted that complexe?22 and
223 would not perform well in the Strecker reactiorl{f®me 39). This was confirmed with
catalyst223 giving aminonitrile232 with just 11% R) enantioselectivity and catalygp2
giving compound232 with an enantioselectivity of 20%R) after three hours at -47C.
Additives have been shown to increase the ratetretclser reactions with methanol giving
the best resultsherefore methanol was used as the reaction additithese reactiors’
The enantioselectivity was determined usthigNMR spectroscopy by adding)¢camphor
sulphonic acid to the NMR sampt€. Complexation of the camphor sulphonic acid to the
aminonitrile forms diastereomeric salts and the ngomeric CH protons of the
aminonitrile, which cannot usually be distinguistsd"H NMR spectroscopy now become
diastereomeric and so thB){ and §)-sterecisomers can now be seen as separate peaks i
the NMR spectrum (Figure 7). The ¢ldf the free aminonitrile can be seen in the NMR
spectrum as a sharp single peak at 4.58 ppm. adiéition of the chiral acid the peak is split
into two peaks now at 4.86 ppm (minor) and 4.91 fgprajor), corresponding to th&){ and
(R)-enantiomers respectively. Integration of thesakpewas then carried out and the

enantiomeric excess calculated.

\ \ \
5.50 5.00 4.50

ppm (f1)

Figure 7: A = CH, of the free aminonitrileB = after addition of §-camphor sulphonic
acid.

NP HN™ “Ph
)\ + TMSCN + catalyst + additive —> /L\/
Ph CN

232
Scheme 39the asymmetric Strecker reaction.
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)Oj\ O/Si(CH3)3
+ TMSCN + catalyst—>
H Ph/L\/CN

233
Scheme 40asymmetric cyanohydrin synthesis.

Ph

Catalyst222and223were also screened in cyanohydrin synthesis uséngaldehyde

as the test substrate (Scheme 40). CataBtgave produc233 with 13% conversion and

an enantioselectivity of 10%8Y and complex222 gave produc33 with a conversion of

12% and an enantioselectivity of 15%).(Upon completion of the reaction, the conversion

was calculated usintH NMR spectroscopy integrating the, peakof the cyanohydrin and

the aldehyde peak, at 5.4 ppm and 10.0 ppm respscti Determination of the

enantioselectivity utilised Kagan’s procedure whids been shown not to bring about any

racemisation with the protected cyanohydrin beiogverted into the corresponding acetate

using acetic anhydride and scandium(lll) trifluoethanesulphonate in acetonitrile as

solvent (Scheme 41! The enantioselectivity could then be determinemigushiral gas

chromatography. For compour83, the peaks at 19.1R( and 19.60 § minutes were

integrated to give the enantiomeric excess. Figuslows the gas chromatogram of a chiral

sample ofO-acetyl-mandelonitrile.
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Scheme 41the formation ofd-acetyl-mandelonitrile.
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Figure 8: GC conditions: initial temperature: 9&; final temperature: 188C; ramp rate:
5.0°C/min; flow rate: 2.0 ml/min; column pressure: 1€.p
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The titanium complexe®24 and225 showed higher enantioselectivity in cyanohydrin
synthesis reactions, with cataly&24 giving compound233 with 70% conversion and an
enantioselectivity of 30%S after a one week reaction stirring at room terapee. Shorter
reaction times gave compoun@33 with decreased conversions, however, the
enantioselectivity was found to be consistent tghmut. A reaction time of 18 hours using
complex224 gave product with 21% conversion and with an apargric excess of 25%
(S). Increasing the reaction time to 36 hours gawapet with 32% conversion and with
30% © enantioselectivity. Compoun@25 gave cyanohydrin produc233 with 17%
conversion and 20%S) enantioselectivity after a reaction time of one kved room
temperature. Attempts to synthesise bimetallicniitan complexes from monometallic
complexes224 and 225 were unsuccessful. All the results obtained useglgsts222-225

in the Strecker reaction and cyanohydrin synthesssummarised in Table 28.

Table 28; results obtained when using ligan282-225with vanadium and titanium in the
Strecker reaction and cyanohydrin synthesis.

Catalyst Metal i®ecker Reaction Cyanohydrin Synthesis
conversion % ___ee% _ conversion % ee¥%
222 \Y 100 20 12 15
223 Vv 100 11 13 10
22 Ti - - 70 30
225 Ti - - 17 20

2 all aminonitriles were determined to be predomilyathe (R) enantiomer usingH NMR.

b all cyanohydrins were determined to be predomigahe ) enantiomer using chiral GC.

¢ reaction time of one week using 1 mol% 224 or 225 at room temperature in
dichloromethane.

Large substituents have previously been shown ¢eease the enantioselectivity of
some reaction5® In the case of the Strecker reaction and cyanohy&jmthesis however,
they are detrimental to the efficiency of the cgalincreasing the substituent size frtam-
butyl to adamantyl and trityl effectively destrogi catalytic activity. Mechanistic studies of
cyanohydrin synthesis using compléXd8 have shown that the benzaldehyde has to
coordinate to the vanadium(V) centre of the catalyhis simultaneously activates the
substrate making the carbonyl more electrophiind also brings the substrate into a chiral
environment for enantioselective addition of cyanigignificantly increasing the size of the
substituents in thertho-position of the aromatic ring appears to obstthet benzaldehyde
substrate so that this coordination is significantéduced though some coordination is
observed which is reflected in the slight asymmneatrduction. The coordination is reduced
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even further when using complexga3and225, as the size of the substituents are increased
further to the sterically demanding trityl group.sfgnificant reduction in conversion is also
observed along with a decrease in enantioselectiVhis is more apparent in cyanohydrin
synthesis as the conversion decreases considgidlfly to 17% for compleR25 with a
slight decrease in enantioselectivity.

The lower reactivity may also be due to the configion of the salen ligand around the
metal centre. Compountll8 has one available coordination site for the betetalde to
coordinate to the vanadium(V) centre, whichtians to the V=0 bond. Thigrans
arrangement of the V=0 bond and the V-O bond of ltbaezaldehyde means that the
metal(salen) complex hasans geometry. This is the preferred geometry of thesken

complexes as it reduces the steric interactionsdest the two ligands as shown in Figure 9.

Figure 9: proposed co-ordination of benzaldehyde to the viana@alen) catalyst.

Complex 37 is active in cyanohydrin synthesis giving a 100%\w&sion and an
enantioselectivity of 86%Y. X-ray crystallography has shown that the chleriigands in
complex 37 occupy the axial coordination sites around thentiim metal, with the salen
ligand occupying the equatorial coordination sttés?*An initial study hypothesised that it
was complex37 that was responsible for the catalysis thoughh&rrtwork showed that a
titanium(salen) dimed1 was the catalytically active species and was fdrinesitu from
complex37. X-ray crystallography of the dimeric species showet the salen ligand takes
on a different geometry, known ass-p. In this geometry, the salen ligand occupies one
axial coordination site and three equatorial cawation sites with the chloride ligands being
cis with respect to one another. Compiekgives compoun@33with 86% § enantiomeric
excess in less than five minutes at room temperaiging 0.1 mol% of the catalyst. This
extremely high activity is a consequence of thengeain the ligand geometry frotrans to
cisf. Mechanistic studies showed that both titaniumatseare involved in the catalytic
cycle confirming that the titanium dimdd is the active species and not the monometallic

complex37. 124
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Cis-p geometries are preferred when the size of thelratim is increased or the salen
ligand carries large substituents and so by inangabe size of the substituents frdert-
butyl to adamantly or trityl, enhanced formation ¢ie cis-p configuration was
predicted:*>*?° Cis-B configurations reduce the steric interaction betwene substituents on
the salen ligand that would otherwise occur in tfems arrangement. ZirconiutA’ and
hafnium®® salen complexes have been shown to disgl®fi geometry and these
compounds have been shown to display high cataiivity in a variety of reactiond®
However, using complexe®24 and225 in cyanohydrin synthesis was not successful and it
appears that the larger substituents do not atb@ddrmation of the catalytically actives-3
dimeric species. Complex@24 and 225 are still not as active in the monomeric form as
complex 37, as the substituents are too large to allow eifficicoordination of the
benzaldehyde substrate to the titanium metal cenftes is reflected in the lower
conversions and enantioselectivities when usingef®mplexes as catalysts in cyanohydrin
synthesis. Attempts to isolate the dimeric speckesomplexes244 and 225 and grow

crystals for X-ray crystallography analysis prowetsuccessful.

2.1.4 Testing of Complexes 231a and 231b in CyamslmySynthesis and the Strecker
reaction.

Complexes23la and 231b were added to a cyanohydrin forming reaction .
mol% catalyst loading with trimethylsilylcyanide #ge cyanide source. Compl@8lawas
found to give compoun@33 with complete conversion and with an enantiomexcess of
90% ). Complex231bgave compoun@33with complete conversion and an enantiomeric
excess of 84%S), Table 29. Both of these reactions were carrigidad room temperature

for a period of three hours. Comparison of thisadaith the results obtained by Liang
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showed that the vanadium(V)(salen) isothiocyanatmptexes are more active than the
titanium isopropoxide complexes prepaieditu from ligand65.*’ Liang’s system required
a reaction temperature of -10 to achieve the same enantiomeric excesses amé ai®|%

of ligand 65. The vanadium(V) isothiocyanate complexes requeelbading of just 0.1
mol% to give produck33 in three hours and so were shown to be more actwalytic
systems than Liang’s system. Lower enantiosela@gtivas observed using compl@81b
due to the substituent size increasing frtart-pentyl totert-hexyl, therefore making the
system more hindered and so more difficult for tlenzaldehyde to coordinate to the
vanadium atom. This decreases the influence oftiral environment therefore resulting in
a decrease in enantioselectivity. Table 29 shoesdhults obtained for complex23laand
231b along with the results obtained for compleXds8 and 132 It is clear to see that
complex132is still the more active catalyst in terms of teaction time required to give an
enantiomeric excess of 90%%) (under the standard reaction conditions. Comd8g
requires two hours with complex28laand231b only requiring a further hour to give the
same results, therefore these newly synthesisedstst show very similar activity complex
132 The major drawback with complex28laand231bis the longer synthesis required to
obtain them and therefore their use on an industicae to obtain enantiomerically enriched

cyanohydrins is unlikely.

R R
231a)R=tert-pentyl
231b)R=tert-hexyl

Table 29; comparative data for complexekl8, 132, 23laand 231b in cyanohydrin
synthesis

Catalyst Time,%h Conversion % ee %
118 18 100 93
132 2 100 91
231a 3 100 90
231b 3 100 84

reactions were carried out using benzaldehyde esdhction substrate and 0.1 mol% of
catalyst at room temperature in dichloromethanbaseaction solvent.
b all cyanohydrin products were determined to belpmginantly the $) enantiomer.
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From these findings, it can be concluded that lam®matic substituents have a
detrimental effect on the enantioselectivity ané tieneral activity of these systems as
displayed by complexe®22-225 especially complexe22 and 223 when used in
cyanohydrin synthesis. Both the enantioselectwitiand reaction conversions were
exceptionally poor with enantioselectivities no aje than 15% being achieved with
conversions showing similar values. Compl2®4 gave a higher conversion of 70%
however, the enantioselectivity was still poor &/@ Due to these poor results, these
catalysts are not viable in either an academicanmercial sense. The solubility issue
experienced with regard to the trityl containingtatgsts 223 and 225 supports this
conclusion. These solubility issues were also m@molltic when trying to gain
characterisation data and so the purity of thess Ieoluble catalysts is not known.
Complexes 225 and 223 were particulary insoluble with comple223 only being
characterised using infra-red spectroscopy and rapsstrometry. Complexe231a and
231b, however showed high activity with enantioseletida of greater than 90% being
achieved. These results and full characterisatemahstrated the purity of these catalysts,
which were the most active from the screening stdi

3.1 Research into the Strecker Reaction using Me®alen Complexes.

Catalyst 118 has been shown to asymmetrically catalyse the tiaddiof
trimethylsilylcyanide to imines giving moderategood enantioselectiviti€s? In an attempt
to improve on these results, further research wagmaken using cataly$i8 investigating
a range of variables to try and optimise the curmeaction conditionsN-Benzylidene
benzylamine was chosen as the test substrate andywmthesised from benzaldehyde and
benzylamine in dichloromethane. Initially, a Streckeaction was carried out in the absence
of catalyst to establish if any background reactwas occurring. Standard reaction
conditions were chosen; 1.2 equivalents of trimisiiilcyanide and 1.2 equivalents of
methanol, 1.0 equivalents of imi284 (Scheme 42) with toluene as the solvent. Thisrobnt
experiment gave the expected result of 0% enantiore&cess, and 50% conversion to the
Strecker produc232

N7 Ph HN™ Ph
)L + TMSCN + MeOH —>
Ph™ H Ph™ “CN
234 23

Scheme 42standard Strecker reaction used in this work.
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A Strecker reaction carried out using vanadium@e¢n) complex 09 (10 mol%) as
the catalyst also gave racemic product, but thevesion was higher at 70%. This shows
that complex109 does catalyse the reaction, but does so racemidak to complexL09
being a neutral species and therefore the iminetistrongly attracted to the vanadium atom
of the catalyst. Vanadium(V)(salen) complexes pesse positive charge on the vanadium
centre, so the electrophilic nitrogen of the imibend can strongly coordinate to the
vanadium atom bringing the imine into a chiral atgtically active environment.

The first catalysed Strecker reactions carriediouhis project used the conditions as
described above along with 10 mol% of catalys8 First attempts at the reaction gawve
aminonitrile product232 with exceptionally low enantiomeric excess and lawer
conversion than those previously reported; 1890and 70% respectively. This much lower
enantioselectivity was worrying as previous workl lshown enantiomeric excesses as high
as 75% were possible using complek8 as catalyst’ It is believed that the actual
cyanating agent is hydrogen cyanide, generated fréine reaction between
trimethylsilylcyanide and an appropriate additive this case methanol. The use of an
additive possessing a more acidic proton was stegeso encourage the generation of
greater amounts of hydrogen cyanide in the reasystem. 4-Nitrophenol was selected and
added to the reaction in the same quantities pusiyjoused for methanol as the additive.
This increased the enantiomeric excess to 40% ediged, however this was still not as
enantioselective as previously reported. A numberaniables were then investigated with
distilled toluene being used along with distillediniethylsilylcyanide but these changes

made no difference to the enantioselectivity ofgheduct.

N\ N= —N_O N=
VO
/XX
‘Bu fBu 0 C:) 0 Bu
H " H

Bu © Bu
109 118

Testing of catalyst18in asymmetric cyanohydrin synthesis showed thabi of high
activity (Scheme 40). Complex118 was dissolved in dichloromethane and
trimethylsiylcyanide and benzaldehyde were addetthéoreaction. The reaction was stirred
at room temperature overnight and the reactionurexpassed through a silica plug eluting
with dichloromethane to remove compléd8 ‘H NMR spectroscopy confirmed the

conversion to be 51% and chiral gas chromatograployved the enantiomeric excess to be
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87% @ using the method of Kagan. Comparison with ltiera datd™® showed this to be the
expected result, verifying that compl&k8was an active catalyst. Taking these findings into
account, other variables for the Strecker reactiene investigated, starting with a closer
inspection of substrat®€34 which showed it to contain trace amounts of urtezhc
benzylamine and which was calculated to be of 98%typ Catalytic activity in this system
is dependent on the Lewis basicity of the iminessate and the ability of the nitrogen to
complex to the central metal atom of the catalfstines can also behave in a Lewis basic
manner as they too possess lone pairs of electoribe nitrogen, therefore any residual
amine present in the reacting substrate will compéth this complexation and hinder the
reaction. It was suspected that this was occurimghe reaction due to the lowered
enantioselectivities and conversions, therefdigenzyl benzylimin€234 was taken up into
dichloromethane and washed repeatedly with acitlifieater. '"H NMR spectroscopy
confirmed that all traces of the amine had beenoxwem and that the imine was now of
>99% purity. Using this newly purified imine in atr&ker reaction confirmed the
deleterious effect of amines on the activity of tagalytic system as the enantioselectivities
and conversions were restored to those obtaingaewious studies (75%R] enantiomeric
excess and 98% yield respectively) when using ebplitenol as the reaction additive. A
lower enantiomeric excess of 65%) (vas obtained when using methanol as the additive.
Comparision of the optical rotation values the witerature values confirmed that thie){
enantiomer of the aminonitrile was predominantia product mixturé=°

To test the effect of amines directly on the reagta Strecker reaction was carried out
and one equivalent of benzylamine was deliberadijed. Work up antH NMR analysis
showed that the aminonitrile product was presernhwnly 20% R) enantioselectivity,
confirming the ability of the amine to inhibit tlatalyst.*H NMR studies were carried out

to see if the coordination of the amine could b¥eed spectroscopically (Figure 10).

VANV Y.V
NN
M

‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
8.80 8.70 8.60 8.50 8.40 8.30 8.20 8.10

B

A

ppm (f1)

Figure 10: interaction of benzylamine and V(V) salen compléx 0.5 egqB =1.0eqC =
1.5 eq of imine
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Increasing amounts of benzylamine were added &gk of complexX 18 and there
appeared to be a change in the imine protons ofatedyst. The two peaks observed at 8.55
and 8.76 ppm in the original spectrum of complé8 can be seen to be merging together
and there is a change in their chemical shifts. W& equivalents of amine (A) are added
the peaks shift to 8.47 and 8.65 ppm. On additich®equivalents of amine (C) an obvious
change in chemical shift is observed with the impeaks almost fully merged. As was
discussed previously, the free ligand displ&gssymmetry. As a result of this only one
imine proton signal is seen in the NMR spectrum as the two imine protons are eqeival
The addition of vananium to the ligand destroys #yimmetry and the system then becomes
Ci-symmetric due to the V=0 bond, This is confirmedtiie'H NMR spectrum, as the
single imine signal in the free ligand is now spito two distinguishable signals, each
integrating to one proton. If the prediction isremt, then the binding of benzylamine to the
vanadium will further alter the spectrum. The effet the binding benzylamine can be
clearly seen in théH NMR spectra presented in Figure 10. Spectrumh@wsd the
appearance of additional peaks in the aromaticoregf the spectrum. It would appear as
though these are a result of the addition of thezydamine as benzylamine also contains
aromatic protons, though a careful inspection ef'th NMR spectrum showed that these
signals were not cauased by free benzylamine amgagdbe due to the benzylamine binding
to the vanandium of the catalyst as was predicefdre the study began. This possibility
was not explored further due to time constraints.

Having established how easily the activity of tlystem could be disrupted and how
readily imines and amines can coordinate to theahueintre, the steric requirements of the
imine substrate were investigated. The followingnes were chosen for synthesiN:
benzylidene benzhydrylamiti&13?133235 N-benzylidene-2,6-dimethylanilifi& 236 and
N-benzylidenetritylamin€® 237. Synthesis of these imines was carried out without
difficulty. Thus the appropriate amine was addedb&mzaldehyde in dichloromethane,
adding magnesium sulphate as a dehydrating agenthanreaction allowed to stir at room
temperature for 24 hours. Great care was takemtidypghe imines to >99% purity and to
remove all traces of the starting amine. Each satesivas tested in the Strecker reaction
using the same conditions as for the precedingtiozec N-Benzylidene benzhydrylamine
235 reacted within three hours to giweaminonitrile produc238 with 46% enantiomeric
excess R), with 88% conversion.N-Benzylidene-2,6-dimethylaniline236 and N-
benzylidene-tritylamin@37, gave racemic products however the conversion:98%b6 after

three hours.
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)N|\ Ph '\f '\fkph HN)\Ph
Ph” H Ph)\H Ve Ph)\H Ph” YCN
235 623 237 238

As the size of the imines increases the converaimmh the enantiomeric excess was
shown to decrease. When usidpenzylidene benzhydrylamirg35 some selectivity is still
observed though the enantiomeric excess is lowen the selectivity obtained usirdr
benzyl benzylimine 234 Using N-benzylidene-2,6-dimethylaniline236, and N-
benzylidenetritylamine237 as reaction substrates gave totally racemic proboatever a
complete conversion was achieved. This stronglygssigd that there is a very prominent
background reaction which was bypassing the cadlysaction as even though imirg36
and 237 appeared to be too sterically hindered to cootdina the catalyst a reaction was
still occurring. If high asymmetric induction is b observed in any asymmetric synthesis,
then any racemic or background reaction has toot&ly suppressed or significantly
reduced. Another possibility was uncatalysed reactn work-up when the product was
passed through the silica plug to remove the vamadiatalyst. This could be responsible for
lowering the enantioselectivities of the reactionilst also giving a 100% conversion in the
majority of cases. In an attempt to prevent angtiea on work-up, triethylamine was added
to the eluent used when passing the crude prodweh dhe silica plug and the silica was
exchanged for alumina. This made no differenceh® results obtained with a complete
conversion and an enantiomeric excess of 68%oathieved, when usiny-benzylidene
benzylamine as the reaction substrate, which wightlsi lower than previously obtained
when using complex18 To test the theory of possible reaction on waok-tH NMR
experiments were carried out by removing samplesaaalysing them at various timepoints
throughout the duration of the reaction. Over agaeof three hours, samples were removed
and passed through a silica plug to remove thdysatand the residue was analysed in

deuterated chloroform. The results are present@alote 30.
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Table 30;results obtained from sampling the Strecker readiadifferent time intervals
using complext18as a chiral catalyst.

Time Sample was taken (min) Conversion % ee %
30 100 50

60 100 59

90 100 63
120 100 70
150 100 77
180 100 78
210 100 77

Two observations in this experiment were the cadestsconversions of 100%
suggesting that the reaction was going to compietio work-up, and also the increasing
enantioselectivity. The lower enantioselectivitiained with early sampling are consistent
with racemic reaction on work-up. At earlier stagesthe reaction, there has not been
sufficient catalysis to bring about high stereoictthn, therefore when the reaction is
worked up, any unreacted imine reacts racemicallyhe silica and this lowers the apparant
enantioselectivity. It was predicted that if the@ggon was left for a longer period of time
then the selectivity would keep on increasing a&sdhtalyst converted all of the imine into
chiral aminonitrile product, leaving no unreactddrting material susceptible to racemic
work-up. However when this theory was tested ovew@day reaction time, there was no
further improvement in the enantioselectivity. Fgull shows the increase in
enantioselectivity over the first three hours foledl by a plateau with a decrease observed
after 24 hours which was probably caused by racrois of the product.

To ensure a thorough study of all possible vargldenumber were investigated in an
attempt to increase the enantioselectivity of gection (Table 31) with the solvent, additive
and reaction temperature all being investigatechgerature can have a direct bearing on the
enantioselectivity of a reaction; in the majoritiycases, lowering the reaction temperature
increases the enantioselectivity, though at theeesg of decreasing the rate of the reaction.
The reactions discussed thus far were all carrietl a -40 °C and therefore lower
temperatures of -60 and -8C were investigated. Performing a reaction at°®@n toluene
gave consistent results with an enantioselectigity/7% ) and a conversion of 100%
(Entry 1). Changing the additive from 4-nitrophetmimethanol gave product with 64%®) (
enantioselectivity with a 90% conversion at a rieactemperature of -68C. Reducing the
reaction temperature to -8Q using 4-nitrophenol as the reaction additive gem@parable

results to when using methanol as the reactiontisddEntry 2).
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Figure 11:variation of enantiomeric excess with time whemgsiomplex118in the
asymmetric Strecker reaction.

Table 31;data from the optimisation studies using com@d&8 in the asymmetric Strecker
reaction.

Entry Additive Temperatre °C __ Conversion % ee %
i 4-nitrophenol -60 100 77
2 4-nitrophenol -80 100 75
3 4-nitrophenol -40 89 32
4 4-nitrophenol 0-4 82 6
5 4-methoxyphenol - 40 100 56
é MeOH 80- 90 64
? MeOH 40- 100 0
8 1-adamantanol -40 96 57
9 ‘BUOH -40 100 80
16 CHCOOH -40 100 65
1% MeOH 0-4 71 0

#Reaction carried out in toluene using 10 mol% da® ,eq additive, 1.2 eq of TMSCN, 3 h.

P Reaction carried out in dichloromethane using mcat., 1.2 eq of additive, 1.2 eq of
TMSCN, 6 h.

¢ Reaction carried out in EtOH using 10 mol% ca,eqaf additive, 1.2 eq of TMSCN, 10 h.

4 As (a) except using 1 mol% of catalyst.

® Reaction carried out in propylene carbonate udidgnol% cat, 1.2 eq additive, 1.2 eq
TMSCN, 3 h.

99



Changing the solvent to dichloromethane or ethdmaal a detrimental effect on the
selectivity. Using dichloromethane at -20 gavea-aminonitrile produc32 with 32% R)
enantioselectivity with an 89% conversion (Entry. Fthanol at -60°C gave an
enantioselectivity of only 6%R) with an 82% conversion. At -4, racemic product was
obtained when using ethanol as the reaction solf{emiry 4). Using a more polar solvent
will lower the enantioselectivity of the product #ee ability of the solvent molecules to
interact with the charged vanadium(V) atom willrieese and therefore will make it more
difficult for the imine to coordinate to the catsly Toluene is the solvent of choice for the
Strecker reaction as it is non-polar, thereforeingjvthe highest enantioselectivities. 4-
Methoxyphenol was tested as a reaction additive gawe a lowered enantioselectivity of
65% ) due to the lower acidity of the phenolic prot@&niry 5). Changing the additive has
a direct bearing on the enantioselectivity of teaction withtert-butanol giving a higher
enantioselectivity of 80% at -40C and l-adamantanol and acetic acid giving lower
enantioselectivities (Entries 8, 9 and 10 respebt)v A reactionwas also carried out using
propylene carbonate as the reaction solvent afG4@iving aminonitrile product with 71%
conversion with 0% enantioselectivity (Entry 11).

Changing the rate of addition of the additive alkad an effect on the
enantioselectivity. Using compleki8 at -40°C and methanol as the additive; all reagents
except methanol were dissolved into toluene andedoto the required temperature. The
methanol was added to the reaction in tet fgortions every 15 minutes. This gave product
232 with 80% R) enantioselectivity compared to 65%) enantioselectivity obtained when
adding methanol in one portion. Similarly, addieg-butanol slowly to the reaction gave an
increased enantioselectivity of 83R)(Slow addition of the additive results in sloviegse
of hydrogen cyanide and so the addition to the érbond occurs at a slower rate. Adding
methanol in one portion results in all of the hygkp cyanide being generated in one step
therefore it may be possible for some to escape tilé atmosphere lowering the amount
available for reaction. Initial studies have shawat the racemic reaction can occur rapidly,
therefore if hydrogen cyanide is produced quickbyme will react to give the racemic
product also lowering the enantioselectivity of teaction. Allowing the concentration of
hydrogen cyanide to build slowly lessens these ipiises, which is reflected in the

subsequently higher enantioselectivities.
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3.1.1 Kinetic Study of the Strecker Reaction usi@gmplex 118.

It was decided that a closer analysis of the reactias required as it was beginning to
appear more complex than initially anticipated Hretefore attempts were made to study the
reaction kinetics of the Strecker system. A rebkafvlethod has been developed in our group
for studying the kinetics of cyanohydrin reactioibis involves taking samples manually
from a reaction at appropriate time intervals amdhlysing each sample using UV
spectroscopy to monitor the disappearance of tH®ogl bond. It was decided to apply this
methodology to asymmetric Strecker reactions. édigents were distilled and a reaction was
set up at @C from which samples were taken manually and teapjiearance of the imine
bond monitored. However, it quickly became appatieat this method was not going to be a
suitable means to carry out a kinetics study. uthé high amount of catalyst being used
and the dark colour of the catalyst, the detectackdy became saturated and it became
impossible to detect any imine in the sample. Bearering the catalyst loading made little
improvement to this problem. There were also suspscthat reaction was occurring in the
microsyringe when removing the sample as the m@actiarmed up to room temperature.
Attempts were then made to use stop-flow kinetchniques, however the same problems
were encountered. Due to the problems of reactiowark-up and reaction when sampling,
a method was required whereby the reaction couldmoaitoredin situ at lowered
temperatures without disturbing the samplé.NMR spectroscopy was chosen to obiain
situ data.

Therefore, a Strecker reaction was set up in an NddRple tube. All the reagents
were dissolved in gtoluene excepN-benzylidene benzylamine and the probe of the 400
MHz NMR spectrometer was cooled to -¥D. The imine was then added to the NMR tube
and the sample placed in the spectrometer. Aftermwnutes the spectrum showed complete
conversion to aminonitrile produ@32 A second attempt was made only this time the
sample was cooled to -78 in a dry ice/acetone bath. Once again the imias added in
one portion and the sample placed in the spectemiet analysis, which again showed
complete conversion to the aminonitrile productséemed as though the reaction was
occurring at a very fast rate, much faster thaniaify anticipated, or the process of
transferring the sample from the dry ice/acetorth ba the spectrometer was allowing the
sample to reach higher temperatures and so monigmareasing the rate of the reaction to
bring about complete conversion to the aminonifpiteduct. To prevent any such reaction
occurring in the sample tube before monitoring dduggin, both the tube and spectrometer
probe were cooled to -7&. Once the sample was in the spectrometer, theepwas

warmed to -40C. Complete conversion was observed in the firetgpm taken after two
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minutes. Decreasing the monitoring temperaturehef grobe to -60C resulted in 50%
conversion being observed after two minutes. Allapihe probe to warm to -4C proved
that the reaction was occurring at an extremeliyrite even at this temperature as after two
minutes at this temperature, the reaction had gormmpletion. The best temperature to
monitor the reaction was chosen as %60with initial experiments showing that warming the
reaction from -78C to -60°C brought about a 50% conversion. From this theitoong of
the remaining 50% of reaction could be carriedfoarh which the data could be analysed to
give some kinetic information. For a first ordeaction; [A] = [ALe*, where A= imine.
This equation can be rewritten in the form In[A]lpA= -kt whereby a plot of the natural
logarithm of imine concentration against time wilve a straight line for which the gradient
is equal to the negative rate constant. As showrigare 12 the reaction was found to be
first order overall with a rate constant of 0.0GT 5t -60°C.

For this Strecker reaction a rate equation cantitéew as follows;
Rate= k[imine}[TMSCN]P [catalystf.

If the concentration of the catalyst remains camsthroughout the duration of the

reaction then the rate equation can be rewritten as

Rate= kp{imine]’[TMSCN]® where k& k [catalyst].

Time, s

0 T T T 1
D 500 1000 1500 2000

y = -0.0015x - 1.3624
R? = 0.9861

In[imine]

Figure 12;[imine] =0.301 M; [MeOH] = 0.361 M; [TMSCN] = 0.361 M1[L§ = 0.0301 M
in dg-toluene at -66C.

Therefore this first order behaviour is either suteof a first order dependence on the
imine concentration or a first order dependenceahentrimethylsilylcyanide concentration.
For first order reactions; the rate of the reactdirectly proportional to the concentration
of the reagent in question, i.e. if the concemrabf the reagent is doubled then the rate of

the reaction will also double. Using this theorywibuld be possible to determine which
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reagent was responsible for the first order kiseltig changing the initial concentrations and
observing the effect on the rate of the reactidre imine concentration was halved and the
same experiment was repeated at®@@s shown in Figure 13 with all the other compd®en
being kept at the previously used concentrations.

There appeared to be a decrease in the rate constard003 ¢ strongly suggesting
that the rate of reaction depended on the imine@anation. However, analysis of the rate
of consumption of trimethylsiylcyanide for theseotwxperiments (Figure 14) showed that

the initial rate of both reactions appeared toheesame.

Time (secs)
-2 ‘ ‘ |
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R* = 0.9159 o
4 -

Figure 13;[imine] =0.150 M; [MeOH] = 0.361 M; [TMSCN] = 0.361 M1[L§ = 0.0301 M
in dg-toluene at -66C.
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Figure 14: plot of trimethylsilylcyanide concentration agaitigte.
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Figure 15 expanded view of Figure 14.

Being unable to prevent any background reactiomfaxcurring before the kinetic
analysis could begin proved problematic when iteamanalysing the data. Before any data
points could be collected, a large portion of thaction had already occurred. Initial analysis
of the graphs in Figure 14 appeared to show a brsier dependence on the imine
concentration. However, close inspection of thdyestages of the reaction seem to show
that the reactions are proceeding at the samealimisite; between 0.38 and 0.30 M
trimethylsilylcyanide. Figure 15 shows the initethges of the same reaction as Figure 14.
Data collection was only possible for the finalg&ta of reaction giving a potentially false
result of first order in the imine substrate in flret 200 seconds of the reaction. Figure 15
appears to show zero order dependence in the isniostrate. Due to the lack of data points
in this early stage of the reaction, these resudire not sufficient for a full kinetic analysis
of the reaction and so it became apparenttHaliIMR spectroscopy was not a convenient
method for studying the kinetic profile of the $ker reaction and the experiment was not
continued further as the background reaction wasvsho be occur at too fast a rte, and any
attempts to prevent or significantly reduce thiskgsiound reaction failed.

4.1 Aluminium(salen) Complexes in cyanohydrin syetis.
4.1.1 Cyanation of Aldehydes Using Alumium(saldbimer 239.

Much research has focused on the use of titafifurand vanadium(saleth)®’
complexes as chiral catalysts for the cyanationaloehydes and keton&¥. All these
systems have been thoroughly studied and highlyniged giving compoun@33 (Scheme

43) with high enantioselectivity under mild reacticonditions. Aluminium salen complexes
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have also been shown throughout the literatureetadtive in cyanohydrin synthesis using
aldehydes and ketones as substrat&&*' Extensive work has been carried out in our group
investigating the use of dimeric aluminium(saleanplexes as catalysts for the insertion of
CO; into epoxides to form cyclic carbonaté® These complexes have been shown to be
active in this reaction with the dim@39 derived from ligand30 displaying the highest
activity. Due to this high activity and the knowatigity of aluminium(salen) complexes in
cyanohydrin synthesis, compl@89 was synthesised for testing in asymmetric cyanohyd
synthesis.

0] O/Si(CH3)3

)J\ + TMSCN + 239 —>
H Ph/L\/CN

233
Scheme 43standard cyanohydrin synthesis used in this study.

@Q

\\\ N, // \\

ﬁﬁf

To prepare comple39 the procedure of Melendeet al was followed™*® Initial

Ph

cyanohydrin reactions were attempted using only pier239 as the chiral catalyst and
benzaldehyde was chosen as the test substratenibircation with trimethylsilylcyanide as
the cyanide source. A catalyst loading of 1 mol%eaiplex239 was used for preliminary
reactions with a reaction time of 16 hours at raemperature. Cyanohydrin produz33
was obtained with 30% conversion and with 309 énantioselectivity. These results
showed that comple239 exhibited some catalytic activity in cyanohydrynghesis, though
the selectivity and conversion were low. Increashegcatalyst loading to 10 mol% under the
same reaction conditions improved these resultls thie conversion increasing to 55% and
the enantioselectivity increasing to 50%) after 16 hours at room temperature. A study of
the literature showed that aluminium based systensire the use of a Lewis basic additive

to enhance the activity of the catalyst and theesfsiphenylphosphine oxide (10 mol%) was
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chosen and added to a reaction catalysed by 1 nodlZ39. Immediately there was a
substantial improvement in conversion and enargeseity of the product; 100% and 67%
(S respectively at room temperature after 16 houssvering the reaction temperature in an
attempt to increase enantioselectivity proved ssgfoé as at 0°C, -20 °C and -40°C
enantioselectivities of 68%, 75% and 90% (vere obtained respectively, though the
conversion decreased. Reactions carried out at°@@esulted in conversions of 60%.
Increasing the amount of phosphine oxide additR@ 30 mol%) restored the conversion,
however the enantioselectivity decreased to 58)6 riphenylphosphine oxide has been
shown to catalyse cyanohydrin reactions racemicatly so by adding more to the system,
this competing achiral reaction increases whialefkected in the lowered enantioselectivity,
however, lowering the phosphine oxide loading alscreased the enantioselectivity. The
reaction temperature of -4 was chosen as the optimal temperature for thssesy,
however the conversion at this temperature usingpPo of 239 was low (60%) and so the
catalyst loading was increased to 2 mol% giving noygydrin product233 with 80%
conversion and an enantioselectivity of 89%). (These conditions were chosen as the
optimal reaction conditions239 (2.0 mol%), triphenylphosphine oxide (10 mol%),
trimethylsilylcyanide (1.2 eq) in dichloromethanie-40 °C for 16 hours. PyridinéN-oxide
and tri-octyl phosphine oxide were also testeddakti@es in a 10 mol% loading giving33
with 83% conversion, 80% §( enantioselectivity and 73% conversion, 89%) (
enantioselectivity respectively, but longer reatttomes were required: 48 hours at 4@
These results were still respectable with convessibigher than those obtained using
triphenylphosphine oxide, but the enantioselegtiwts lower in both cases, by as much as
10% when using tri-octyl phosphine oxide. Also th&e of the reaction when using both of
these phosphine oxides was much lower and so tryypieosphine oxide was chosen as the
best phosphine oxide for use in this reaction, uthe faster rates of reaction, availability,
and lower cost of the compound. The optimisaticuits are tabulated in Table 32.

Corey suggested that in cyanohydrin synthesis imet the purpose of the
triphenylphosphine oxide is to activate the trinyéthylcyanide by forming specie$41l,
which is the true cyanting agent (Scheme A2)Aluminium is a weak Lewis acid so
coordination of the aldehyde to the aluminium metttre will be a weak interaction, the
consequence of this being that the aldehyde isstiohgly activated towards nucleophilic
addition evidence of which is seen when usi39 in the absence of cocatalyst as much
lower enantiomeric excesses and conversions ailievach Addition of triphenylphosphine
oxide activates the trimethylsiylcyanide in thenfoof specied41which can then react with

the aldehyde and can be used to explain the reshiitssned when using different phosphine
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oxides. PyridineN oxide and tri-octylphosphine oxide are less Lewiasic than
triphenylphosphine oxide, therefore the trimetHylsyanide is not activated as strongly and
so the activity of the system decreases.

Table 32; optimisation results obtained using compl231 in asymmetric cyanohydrin
synthesis with benzaldehyde as the reaction substra

Entry? PRP=0 Temperature k% ee %
mol% °C

1 - RT 30 30
2 - RT 55 50
3 10 RT 100 67
4 10 -10 010 68
5 10 -20 010 75
6 10 -40 06 90
7 1 -20 - -
8 -20 - -
9 5 -20 oaL 73

10 -20 010 77

1P 10 -40 80 89

& reactions carried out using 1 mol%2#9.
b reaction carried out using 2 mol% 289.

PhP=0 + TMSCN PhsP(OTMS)(N=C )

141
Scheme 44proposed reaction of triphenylphosphine oxide wrtinethylsilylcyanide.

A variety of substituted aromatic and aliphaticediygdes were screened as substrates to
investigate the general applicability of compl@89 using the standardised reaction
conditions established in earlier studies. The Itesare shown in Table 33. All aromatic
substrates gave consistent enantioselectivitie) @fiectron-rich substrates (Entries 1-7)
giving lower conversions as the carbonyl is lessctebphilic than benzaldehyde. This
reduces the reaction rate and so the cyanide reawts slowly with the carbonyl. Attempts
to increase the conversion were made by incredbmgatalyst loading to 3 mol% usipg
methylbenzaldehyde as the reaction substrate (@htwhich gave a conversion of 63% and
an enantioselectivity of 819&); Increasing the reaction time to 24 hours didimgirove the
result further with a conversion of 60% and 858pgnantioselectivity being obtained (entry

3). Electron-deficient substrates (Entries 8-12) vega higher conversions and
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enantioselectivities ranging from 84-90%. In armfpt to increase the enantioselectivity for
these more active substrates, the temperature wasrdd to -60 °C, but p-
trifluoromethylbenzaldehyde (entry 9) gave just 35%onversion and a lower
enantioselectivity of 79%S under these conditions. The aliphatic substr@esies 13-16)
were more reactive, all giving complete conversifier 16 hours at -48C, however, the
enantioselectivities were lower. Lowering the terapare to -60°C for pivaldehyde (entry
16) gave complete conversion but a very low enaatextivity of 37% §). A solvent screen
confirmed that dichloromethane was the most corbfgatiolvent with the system. Changing
the solvent to more polar and less polar solveatgeted the enantioselectivity of the
reaction. Toluene lowered the conversion to 69%shlitgave a good selectivity of 899%)(
Tetrahydrofuran gave a poor conversion of 23% an@a@eased enantioselectivity of 60%
(S). Acetonitrile gave a conversion of 38% and deggdsthe enantioselectivity to 73%).(
Propylene carbonate gave a conversion of 70% wWith ) enantiomeric excess at -20.

'H NMR spectroscopy was used to calculate the emawetic excess ofm- and p-
methoxybenzaldehyde (entries 6 and 7) accordintheéoprocedure of Moort al using
benzaldehyde to initially test this methtd8The silyl protected cyanohydrin was deprotected
using concentrated hydrochloric acid, and to thee frcyanohydrin, in chloroform,
dimethylaminopyridine andR}-mandelic acid were added. The formation of diasteeric
complexes in solution allowed the enantiomeric egc® be calculated by integrating the
peaks at 5.309 and 5.65 R) ppm for the two diastereomers resulting from $pétting of
the single peak corresponding to the Gifotons of the free cyanohydrin. Figure 16 shows
the'H NMR spectrum of racemic mandelonitrile after #mplication of Moon’s procedure.

Applying the same method to the cyanohydrin obthindrom para
methoxybenzaldehyde gave th&€ NMR spectrum shown in Figure 17. Integrating peaks
at 5.16 § and 5.22RR) ppm gave an enantiomeric excess of 79)(th the same analysis
being carried out ommetamethoxybenzaldehyde which gave the same resules@h
enantiomeric excesses were lower than those obtéamether electron-rich substrates. The
free cyanohydrin is prone to racemisation and foezesome racemisation may have taken
place during the deprotection resulting in a lovesantiomeric excess. The remaining
enantiomeric excesses were obtained using chisatigaomatography using the procedure of
Kagan’® Table 34 shows the retention times of the sulestrand Figures 18 and 19 show
gas chromatograms of pivaldehyde aneétamethylbenzaldehyde as examples of the chiral

gas chromatograms obtained from these chiral cyairots.

108



Table 33;substrate screen using comp30.

Entry R Conversion % ee %
1 p-Me 54 83
2 p-Me 63 81
3 p-Me 60 85
4 m-Me 61 96
5 o-Me 88 93
6 m-OMe 71 75
7 p-OMe 36 75
8 p-CF 100 87
o p-CE 35 79
10 p-F 83 90
11 p-Cl 83 87
12 m-Cl 09 84
13 eH1,CHO 100 37
14 (CHsCHO 91 63
15 CyCHO 100 53
6 CyCHO 100 37

Optimum reaction condition239 (2.0 mol%), triphenylphosphine oxide (10 mol%),
trimethylsilylcyanide (1.2 eq) in dichlorometharte40°C for 16 hours unless otherwise
stated.

@reaction carried out using 3 mol% 289.

Preaction carried out using 3 mol%289 after a reaction time of 24 hours.

° enantioselectivities were calculated usihgNMR.

9 reaction carried out at -6C.

®all cyanohydrins were determined as beingSleaantiomer.
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Figure 16:'H NMR spectrum of racemic mandelonitrile after tneent with
dimethylaminopyridine andR)-mandelic acid.
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Figure 17: 'H NMR spectrum of th@ara-methoxybenzaldehyde derived cyanohydrin used
to obtain the enantiomeric excess.
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Figure 18: GC trace of the pivaldehyde derived cyanohydrin; @&hditions; initial
temperature: 98C; final temperature: 18%C; ramp rate: 5.6C/min; flow rate: 2.0 ml/min;
column pressure: 10 psi.
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Figure 19: GC trace ofmetamethylbenzaldehyde derived cyanohydrin. GC cooni
initial temperature: 95C; final temperature: 188C; ramp rate: 5.0C/min; flow rate: 2.0
ml/min; column pressure: 10 psi.
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Table 34; retention times for different reaction substratdstamed from chiral gas
chromatography.

Entr§ R 1%' peak (min) "“Zeak (min)
1 p-Me 17.38 17.57

2 m-Me 16.96 17.06

3 o-Me 28.72 28.93

4 p-GF 14.01 14.33
5 p-F 14.75 14.97

6 p-ClI 19.44 19.63

7 m-ClI 18.97 19.14
8 eH1,CHO 16.17 16.29

9 (CH)sCHO 4.95 5.08
10 CyCHO 13.97 14.13

& GC conditions;initial temperature: 95°C; final temperature: 186C; ramp rate: 5.0
°C/min; flow: 2.0 ml/min; column pressure: 10 psi.

P GC conditions; initial temperature: 86; final temperature: 18%C; ramp rate: 2.6C/min;
flow 2.0 ml/min; column pressure: 10 psi.

4.1.2 Cyanation of Ketones Using Alumium(salen)ngr 239.

Due to the high activity of comple239 with aromatic and aliphatic aldehyde
substrates, ketones were then chosen for studpniéstare less reactive than aldehydes due
to the lower electrophilicity of the carbonyl andce &nown to be difficult substrates even
with the most active catalysts. This is a resulthef inductive effect from the groups directly
bonded to the carbon of the carbonyl group ancetigesups can also hinder the approach of
any nucleophile such as cyanide so attack beconoes difficult. Acetophenon@40 was
chosen as the test substrate and initial reactieed the optimised conditions established for
benzaldehyde (Scheme 45).

0 o/Si(CH3)3
)J\ + TMSCN + 239 + PhP=0 —> "
Ph Me Ph ICN
Me
240 241

Scheme 45reaction scheme for cyanohydrin synthesis usingriest and comple239
With a catalyst loading of 2 mol% of compl289,compound241was obtained with a
low conversion of 12% after a reaction time of béifs at -40°C. Increasing the temperature
to room temperature and increasing the reactioe ton48 hours resulted in an increase of
the conversion to 85% and the enantioselectivity eanfirmed at 56%S)j. Figure 20 shows

the 'H NMR spectrum of compoun241,in the presence of DMAP an&)¢mandelic acid,
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using the peaks at 2.69 and 2.71 ppm for integratogive the enantiomeric excess. This
method was used on all reactions using ketone rabstto obtain the enantiomeric

excesses.

T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
2.800 2.750 2.700 2.650 2.600 2.550
ppm (f1)

Figure 20: *H NMR spectrum ofacetophenone derived cyanohyd@idl after treatment
with dimethylaminopyridine andR)-mandelic acid.

To further improve on these results the catalysdilog was increased to 4 mol%
resulting in no further improvement in the convens{(77%) or enantioselectivity (549%)]
As predicted, the cyanide ion cannot attack thbarayl as easily as with aldehyde substrates
which is exemplified by these lower conversions andntiomeric excesses and so higher
catalyst loadings and higher reaction temperatames needed when using ketones as
substrates. Substrate screening showed the samgs e observed with substituted aromatic
aldehydes; electron-deficient ketones showed higbactivity and electron-rich substrates

showed lower reactivity, Table 35.

Table 35;substrate screen using ketone substrates with ecr@pb.

Entry R Conversion % ee % RIS
1 p-Cl 86 68 S
2 m-Cl 100 65 S
3 p-Br 80 62 S
4 p-F 83 65 S
5 p-Me 47 64 S
6 p-OMe 27 59 S
7 2-pentanone 100 40
8 Tetralone 21 - -
9 Propiophenone 0 - -
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Electron-deficient substrates (Entries 1-4) gavanojydrin product with conversions
ranging from 80-100% with consistent enantioselgats of 62-68% ) although these
were lower than the enantioselectivities obtainetih ihe equivalent aldehyde substrates.
Electron-rich substrates (Entries 5-6) gave lowmrversions, wittp-methoxyacetophenone
giving a conversion of just 27%, but still a redpbte enantioselectivity of 59%)(and 2-
pentanone (Entry 7) gave 100% conversion but ar@mantioselectivity than that obtained
using aromatic substrates, 40%). (

The substituted aromatic ketone substrates scregaelall methyl ketones, therefore
tetralone242 (Entry 8) and propiophenorit3 (Entry 9) were screened giving conversions
of 21% and 0% respectively. Attempts to gain ann@omeric excess for the tetralone
derived cyanohydrin proved unsuccessful using hitinal gas chromatography arfé
NMR spectroscopy. This lowered reactivity when @asing the size of the ketone
substituents is commonly seen when using ketonestsmibs. The consequences of
increasing the size of the substituent (in the ch243 from a methyl to an ethyl group) are
that the cyanide finds it increasingly difficult &mproach the carbonyl group due to steric
interactions and so the carbonyl becomes blockethdyncreasing size of the groups on the
carbonyl group. The reactivity of the carbonyl atkerreases due to the increased inductive
effect from the ethyl group which is reflected hetunsuccessful attempt of reacti243
with trimethylsilylcyandie using comple39 as a chiral catalyst. In the case2#2 the
increased size of the substituent is held in aicgttucture therefore allowing some access
of the cyanide to the carbonyl however some sigaifi steric interactions are still
experienced as the conversion using this substrasemuch lower than those obtained using

methyl ketones.

242 243

4.1.3 Using complex 239 in the Strecker Reaction.

Complex239 was also used in a Strecker reaction, using 104vadlcomplex239 in
toluene at -40PC in the absence of triphenylphosphine oxideBenzylbenzylimine was
cyanated using trimethylsilylcyanide as the cyarsderce and methanol as the reaction
additive for three hours, giving aminonitrile pratiwvith complete conversion, however the
product was found to be racemic. Due to the absengehosphine oxide there was no

background reaction taking place catalysed by tiesphine oxide and so compl289was
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shown to be inactive in the Strecker reaction decated by the lack of stereoinduction from
the chiral catalyst. Adding phosphine oxides to thaction did not improve on these
findings as triphenylphosphine oxide and diphenyhyi@hosphine oxide both gave racemic
product with complete conversion, though in theases catalysis by the phosphine oxide
was probably responsible for the complete converdm racemic aminonitrile product.

Another possibility was reaction on work-up whersgiag the crude material through a

silica plug or on warming the reaction to room tengpure as shown in previous work.

5.1 Kinetic Studies of the Dimeric Aluminium(Salgisystem

Having established that aluminium(salen) din89 was an active catalyst in
cyanohydrin synthesis, a thorough study of the tr@ackinetics was undertaken. The
corresponding vanadiulif and titaniumi*! based systems have all been previously studied
and rate equations and reaction mechanisms detninfor each system. The reaction
mechanisms were more complex than initially anéitgd with complex41 giving a rate
equation of the form; rate= k[TMSCNI{]** displaying zero order kinetics with respect to
benzaldehyde. Complex132 gave a rate equation of the form;rate=
kK[TMSCN][PhCHO][132*? and complex110 gave a rate equation of the form; rate =
K[TMSCN][PhCHO][110°% The non-integer values obtained for the ordeth véspect to
the catalysts suggested that the structure of thieveacatalysts were not as initially
anticipated, with a complex monomer/dimer equililekisting in the solution throughout the
duration of the catalytic cycles. This promptediasepth study of the kinetics of catalyst
239using UV analysis.

‘Bu ‘Bu
K@fgu ’Bu/q Q
N 0 o, Ny, =N 1, N=
N / O \ ,’ /” BYAC
Tizm iy MU / \
[} IIII[”I”IO\\\\\\\\\\\\\ O O tBu
€]
X
'Bu ‘Bu
110X= EtOSQ
132)X= NCS
41
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The kinetics of the system were studied using U¥ctpscopy monitoring the
disappearance of the carbonyl bond of the aldetagi®enzaldehyde absorbs at 246 nm
which is a convienient wavelength to follow as thex no overlap with thabsorbance from
other species in the reaction. Samples were rematvagdpropriate time intervals during the
course of the reaction and scanned at 246 nm. Fostaorder reaction; [A] = [Aje"
therefore; In[A])/[Ap = -kt. A plot of In[A] against time will give a idight line where the
slope gives the negative rate constant. For a seoaer reaction; 1/[A] = 1/[A]+ kt. A
plot of 1/[A] against time will give a straight Bnwith a slope that corresponds to the
positive rate constant. This analysis is only validen the concentrations of each reactant
are equal (rate = k[A) so for a more accurate kinetic analysis a diffeepproach should be
used. Revising the second order rate equation gives
IN(([TMSCN]o[PhCHO))/([PhCHOY[TMSCN])) = kt([TMSCN]-[PhCHO}). Therefore
plotting 1/([PhCHQY).In(([TMSCN]o.[PhCHO])/([TMSCN].[PhCHQ{)) against time will
give a plot with the gradient being equal to therenaccurate second order rate constant.
For the reaction shown in Scheme 46, using compB&as catalyst, a rate equation can be
written as; rate=  k[TMSCNJPhCHOf[239[Ph:P=Of. Complex 239 and
triphenylphosphine oxide act as catalysts and sir tboncentrations remain constant
throughout the duration of the reaction, therefthre rate equation can be simplified to;
rate= K[TMSCNF[PhCHOF, where k’= k39 [PhsP=0F. Simplifying the rate equation
means that the order with respect to trimethylsyighide and benzaldehyde can be
determined from initial kinetic experiments. Foe tfeaction shown in Scheme 46; first and
second order kinetics plots are shown in Figuread 22 respectively. Figure 21 shows
how the data fits overall first order kinetics astiaight line is obtained with a first order rate
constant of 0.00167s Figure 22, derived from the same data as usedFigure 21,
demonstrates how the reaction does not fit secoder &inetics. Figure 23 shows the more
complex second order kinetic analysis, again shgvanpoor correlation to second order
kinetics. To establish which component of the rieactvas responsible for this first order
behaviour a number of reactions were carried outying the concentrations of
trimethylsilylcyanide and benzaldehyde in the rescand monitoring the effect on the rate
of the reaction. The concentration of trimethylsfyanide was halved and doubled and the
reaction repeated in each case and the consunygitinenzaldehyde was monitored. A clear
dependence of the reaction rate on the trimetlyidshnide concentration is shown in Figure
24 as the rate varies as the trimethylsilylcyaredacentration is varied. To confirm zero
order kinetics with respect to benzaldehyde, theivadent experiment was carried out;

changing the concentration of benzaldehyde and towomg the consumption of
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trimethylsilylcyanide. No change in the rate is etved on changing the concentrations of
benzaldehyde, clearly shown in Figure 25.

The order with respect to trimethylsilylcyanide drehzaldehyde were shown to be a =
1 and b = 0 (rate = K[TMSCN]) respectively. Theaerder dependence on benzaldehyde
concentration can be interpreted in two ways; tdergyde is only involved in the reaction
after the rate determining step, or a pre-equdibribetween the catalyst and the aldehyde
forms an aldehyde-catalyst complex. If this is ttwse then the concentration of the
aldehyde-catalyst complex would be of interestaathan the aldehyde concentration and
since the aldehyde is present in large excess aaapia the catalyst, the concentration of
aldehyde will not change on formation of the compl€o establish if such a complex was
being formedH and**C NMR experiments were undertaken. Coordinatiothefcarbonyl
to the metal centre would cause a downfield sHithe original aldehyde peak at 9.99 ppm
as the aldehyde proton will become deshielded dueldctron movement away from the
carbonyl group. Benzaldehyde a39 were mixed together in equimolor amounts in
deuterated chloroform and tfiel and**C NMR spectra obtained. Free benzaldehyde was
shown to appear at 9.99 ppm in thespectrum and at 192 ppm in tHe€ spectrum. Adding
239to the solution had no effect on the chemicaltshii either case offering no evidence

for the formation of an aldehyde-catalyst complesalution.

e) O/Si(CH3)3

M+ tmsen + 239 + prp=o— .
Ph™  Me Ph” /CN

Scheme 46asymmetric cyanohydrin synthesis using ketonebeasgaction substrate.
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Figure 21; [239 = 0.005 M; [PRP=0] = 0.025 M; [PhCHO] = 0.25 M; [TMSCN] = 0.40 M,
in 1.75 ml of dichloromethane af’G.
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Figure 22 kinetics carried out under the same reactiorditimms used foFigure 21
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Figure 23: plot of 1/([PhCHQ]).In(([TMSCN]o.[PhCHO])/([TMSCN].[PhCHQY)) against
time.
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Figure 24:[239 = 0.0005 M; [PEBP=0] = 0.025 M; [PhCHO] = 0.25 M, in 1.75 ml of
dichloromethane at C
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Figure 25;[239 = 0.0005 M; [PBP=0] = 0.025M; {TMSCN] = 0.40 M, in 1.75 ml of
dichloromethane at .

To study the kinetics of the system further, theleos with respect t®39 and
triphenylphosphine oxide were investigated. To whetee the order with respect to these
components a series of experiments were carriedvanting the concentration of the
component under investigation and keeping all otkactant concentrations constant. The
order with respect t@39 or triphenylphosphine oxide can be determined fiive rate
equation; rate = k'[TMSCN] where k' = RBI[PhsP=OF. Therefore log(k’) = log(k) +
c.log[239 + d.log[PRP=0]. A plot of the logarithm of the apparant ratastant against the
logarithm of the concentration &#39 or triphenylphosphine oxide will therefore give a
straight line with the slope of the straight lingirig equal to the order with respect to either
239 or triphenylphosphine oxide. Carrying out this Ige& for 239 gave the result shown in
Figure 26. A plot of the logarithm @39 concentration against the logarithm of the apgdaran
rate constant gave a plot with a slope equal t@.0I8was suspected that compl29
retained its bimetallic structure in the catalyticcle and if this was the case then the order
with respect t®39 should be exactly equal to one. If the order @cHy one, then a plot of
239 concentration against apparent rate constantwid)produce a straight line since k' =
k[239[PhsP=OF. Figure 27 shows this analysis with a straighte lineing obtained,
confirming first order kinetics with respect to cplex 239 and not an order of 0.80. Non-
integer orders for reactions are possible for gatalif monomeric and dimeric species are
present in a reaction mechanism, as seen with itaeium(salen) and vanadium(salen)
complexes in cyanohydrin synthesis. A plot of tbgarithm of reaction rate against the
logarithm of triphenylphosphine oxide concentrataleo gave a straight line with a slope

equal to 0.95 (Figure 28). As with compl2®9the same analysis was conducted by plotting
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the concentration of triphenylphosphine oxide agjathe apparent rate constant (k’). As
seen in Figure 29, a straight line was again obthiconfirming first order kinetics with
respect to triphenylphosphine oxide.

log[239] ..
[ I I I I I I =1.0
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Figure 26: [PhP=0] = 0.0025 M: [PhCHO] = 0.25 M; [TMSCN] = 0.40,¥h 1.75 ml of
dichloromethane at C.
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Figure 27; [PheP=0] = 0.025 M; [PhCHO] = 0.25 M; [TMSCN] = 0.40 Nh 1.75 ml of
dichloromethane at C.
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Figure 28; [239 = 0.0005 M: [PhCHO] = 0.25 M: [TMSCN] = 0.40 Mnil.75 ml of
dichloromethane at ¥C.
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Figure 29; [239 = 0.0005 M; [PhCHO] = 0.25 M; [TMSCN] = 0.40 Mnil1.75 ml of
dichloromethane at @C.

A full rate equation can therefore be written fgaohydrin synthesis catalysed by
complex239, rate = K[TMSCN]R39[PhsP=0], and zero order in benzaldehyde. Based on
this kinetic data and literature precedent, a ghatalcycle for asymmetric cyanohydrin
synthesis catalysed by compleX39 was proposed and is shown in Scheme 47.
Triphenylphosphine oxide acts as a Lewis base aads with the trimethylsilyl cyanide to
form specied41 which then coordinates to compl289 via one of the aluminium atoms to
form intermediate244 in the rate determining step of the reaction. Béshehyde can then
coordinate to the second aluminium atom to formcEse245 which is followed by an
intramolecular transfer of cyanide to the carbagrglup. The new stereocentre is established
within the chiral environment of the salen ligandsth the trimethylsilyl protected
cyanohydrin being released, regenerating the alumincatalyst and triphenylphosphine

oxide and so the catalytic cycle can continue.
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Other possible reaction mechanisms may involve direct interaction of the
trimethylsilylcyanide with the aluminium catalystieh would also result in a rate equation
that is first order in trimethylsilylcyanide condeation. If this is the case, then speclgd
would not be involved in the reaction mechanism #ral role of the triphenylphosphine
oxide would again come into questibii Triphenylphosphine oxide may play an alternative
role in the transition state of the reaction, dlbiéie role of the additive has been
demonstrated to be crucial as without the Lewischadditive the rate of the reaction and the
enantioselectivity are greatly decreased. Direntinig to one of the aluminium centres of
the catalyst may explain the first order kinetidserved with triphenylphosphine oxide,
which may then influence the arrangement of thesiteon state which in turn affects the
selectivity of the catalyst. What is clear from gheresults is that no one single reaction
mechanism can be accepted as accurate. Due twittenee put forward by Corey for the
generation of complexl4l it is likely that there is some interaction betweéhe
triphenylphosphine oxide and trimethylsilylcyanid@.Attempting the same cyanohydrin
synthesis using compleX39 under the same reaction conditions, but substguti
trimethylsilylcyanide with ethyl cyanoformate ortpesium cyanide, rendered the system
inactive. Adding triphenylphosphine oxide to thegstems gave complete conversion to the
cyanohydrin product but this was shown to be racenacemic catalysis via the
triphenylphosphine oxide is almost certainly thasa@n for this. This raised the possibility
that the first order kinetics shown for triphenytisphine oxide could be as a result of the
racemic reaction, however this was quickly dismids$msed on the enantioselectivities
obtained in the substrate screen, (Table 33) akitfteenantiomeric excesses show that the
reaction was proceeding almost exclusively viaasynmetrically catalysed reaction.

For the purpose of this study, it was concluded tha most likely mechanistic
pathway for this system was the mechanism showBclreme 47, nevertheless alternative
mechanisms should not be ruled out. There maylasiine possibility that there are two or
more different reaction mechanisms in operatiorugihout the duration of the reaction.
Current work involving the use of the vanadium(salehloride complext18 and 132 in
cyanohydrin synthesis using benzaldehyde as thatiseasubstrate, appears to show that
there may be more than one reaction mechanismvimgpthese catalysts and the same can

not be ruled out for the aluminium based catalyst.
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Scheme 47proposed mechanistic cycle for compR89in asymmetric cyanohydrin
synthesis.

6.1 Hammett Study of Complex 239.

Having carried out an extensive kinetic analysi@®fmmetric cyanohydrin synthesis
catalysed by comple39 a Hammett study was undertaken to investigateetteet that a
substituent (X), on the aromatic ring of an aldehyiibstrate would have on the rate of
reaction. Hammett studies are used to investighte dffect of this substituent on an
equilibrium or the rate of a reaction, where theubstituted aromatic species (X=H) is used

as a referencé”? The Hammett equation is as follows;

log(kx/ke)) = o.p (1)

Equationl relates the relative rate of reactiorx/fs;) between a substituted aromatic
substrate and the unsubstituted substrate to thstitient constant (sigma,) and the
reaction constant (rhop). The substituent constant is a predetermined npatexr that
numerically represents the electronic effect a stlesnit has on the substrate. Generally,
electron-withdrawing substituents have a positiviestituent constant and electron-donating
substituents have a negative substituent constadt so sigma is a measure of the
substituents ability to affect the electronic eadiment of a reaction system. Values for the
substituents used in this project are shown in g&@i. Substituent constant values are
determined using the dissociation of benzoic acidvater as a standard (Scheme 48).

Electron-withdrawing substituents increase the atisgion constant of benzoic acid by
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making the proton more acidic and electron-donasinigstituents decrease the dissociation
constant of benzoic acid by making the proton ksdic and so the substituent constant is
defined as the logarithm ofgKdissociation constant for unsubtituted benzoid)adivided

by Kx (the dissociation constant for substituted benzaaid). A Hammett study measures
the change in the rate of a reaction when the gubst on the aromatic ring is changed.
Plotting log(k/ky) against sigma gives a Hammett plot where theestdghe graph is equal

to the reaction constant and the magnitude ofd@hetion constant depends upon the reaction
itself and expresses the amount of charge builohubpe transition state of a reaction. There
are four conclusions that can be drawn from a Hathplet each determined by the

magnitude of the rho value;

1) p > 1: the reaction rate is strongly influenced ey substituents of the aromatic ring and a

negative charge is generated in the reaction.

2) p >0 < 1: the reaction rate is less strongly influencgdhe substituents of the aromatic

ring and a negative charge it generated in thdimac
3) p = 0: the reaction rate is not influenced by thiessituents on the aromatic ring

4) p < 0: a positive charge is generated in the reactio

0 0 o
NP RO | N g2+ HiO
» —[_
X

X
Scheme 48dissociation of benzoic acid in water.

A Hammett study of the cyanation of aldehydes usiomplex239 as catalyst was
conducted using a range of substrates (Table 3&).same method used for previous kinetic
studies was employed here with samples being rethowanually from a reaction and
guenched into dichloromethane. The UV absorbancemeasured at relevant time intervals
at appropriate wavelengths. Table 36 shows thea@atstants obtained for each substrate,

along with the sigma values.
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Table 36;reaction rates obtained from the Hammett analygls awariety oimetaandpara
substituted aromatic substrates.

Substrat® o R Kk, " Averagek
p-H 0.00 -0.00150 -0.00160 -0.00155
m-Cl 0.37 -0.00240 -0.00190 -0.00215
p-Cl 0.23 -0.00210 -0.00200 -0.00205
p-F 0.06 -0.00190 -0.00240 -0.00215
m-F 0.34 -0.00330 -0.00280 -0.00305
p-Br 0.23 -0.00180 -0.00110 -0.00145
p-CRs 0.53 -0.00240 -0.00210 -0.00215
m,p-diCl 0.60 -0.00170 -0.00190 -0.00180
m,mdiF 0.68 -0.00250 -0.00350 -0.00300
m-Me -0.06 -0.00150 -0.00170 -0.00160
p-Me -0.14 -0.00160 -0.00150 -0.00155
m,pdiMe -0.20 -0.00100 -0.00120 -0.00115
p-O(CHy)s -0.27 -0.00080 -0.00100 -0.00090
p-OMe -0.14 -0.00070 -0.00060 -0.00065
pSMe 0.00 -0.00110 -0.00130 -0.00120

akinetic reaction conditions: 2 mol239, 10 mol% PpP=0, at OC in dichloromethane.
Pall reactions were duplicated and the average afsilated for use in the Hammett plot.

The substituent seemed to be having only a smédctebn the reaction rate for
cyanohydrin synthesis catalysed by com@8&9 as judged by the reaction constant of 0.38
obtained from the slope of the graph shown in FgB80. This can be interpreted as the
aldehyde not strongly interacting with compl239. Previous research has shown that the
addition of triphenylphosphine oxide leads to acrease in the rate of the reaction and an
increase in enantioselectivity but triphenylphosghoxide also has the ability to react with
trimethylsilylcyanide to generate the isocyanidecsgs141the formation of which may be
responsible for the catalysis in this catalytic tegs™ Only when comparing the data
obtained for comple®39to other metal(salen) catalysts studied in cyaddhysynthesis do
mechanistic differences become more apparent. TBabkhows the reaction constant values

obtained for other metal(salen) catalysts obtalmedther group members.
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Table 37;reaction constants obtained from Hammett studiesgyusomplexe39 132, 110
and4l

Catalyst PhP=0, mol% Rbpo,
239 10 0.38
132 - 1.57
110 - 1.87
41 - 2.37

Two processes within the catalytic cycle are ciufwa high conversions and high
enantioselectivity;
1) The Lewis acidity of the metal centre of the cadaly
2) The nucleophilicity of the oxygen of the carbonyhfluenced by the
substituents on the aromatic ring of the substriite. more electron-rich the
aldehyde, in the case of electron-donating sulestis) the more electrophilic

the oxygen. The opposite argument is true for edeetleficient aldehydes.

In the case of comple39, a Hammett plot was obtained with a rho value &80
(Figure 30). If exclusively Lewis basic catalysiaswoccurring in the reaction mechanism, a
reaction constant of zero would be expected aschigaéion of the aldehyde by the Lewis
acidic metal would be taking place and so changiey substituent on the aromatic ring
would not have an effect on the rate of the reactfduminium is a weaker Lewis acid than
vanadium or titanium, therefore coordination of #iéehyde to the aluminium atom will be
weaker with all substrates, however there is ewiden the Hammett plot to suggest that
some coordination is taking place albeit only a kveaordination, as the rate is seen to vary
as the substituents are varied. Electron-defigebstrates are seen to react with at a greater
rate than electron-rich substrates (Table 36). EEheonsistant with the nucleophilic cyanide
anion attacking the electrophilic carbonyl, as ®tecdeficient substrates will make the
carbonyl more electrophilic and so more reactiyge dpposite argument is true for electron-
rich substrates. Due to the weak coordination efdarbonyl oxygen to the aluminium, the
substituents on the aromatic ring can not exeiit fiad electronic influence as there is no
pathway for the electron density to move thoughtthasition state so electron movement
towards the carbonyl is less pronounced which ggested by the small rho value.

The main role of compleX239 in this reaction is therefore to provide a chiral
environment for the asymmetric transfer of cyanmdéher than to solely activate the

aldehyde. The catalytic system using compk39 is governed predominantly by Lewis
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basic catalysis. Triphenylphosphine oxide reactsh wiimethylsilylcyanide to generate a
more reactive species, possibily in the form ofcgg®el41 which can then go on to react
with the weakly activated substrate and asymmeélyickeliver the cyanide to the carbonyl
group. These findings are also consistent withrésallts obtained when screening ketone
substrates. Ketones coordinate less strongly thdehwydes to the metal centre of the
catalyst. The kinetic and Hammett study have shtiwsicoordination to be less important
for complex239 so the ability of the substrates to coordinat¢h® metal centre is not as
crucial as with other catalysts. The Lewis basalgsis from the triphenylphosphine oxide
allows the ketone substrates to be cyanated alththese substrates were shown to be even
less reactive than aldehydes, as longer reactioestiare required along with higher reaction

temperatures.

0.4 -

y = 0.3888x - 0.0131
R? = 0.6104 L 2

0.3 A

log1o (kx/kn)

-0.3 4

0.4 4

Figure 30;[239 = 0.0005 M; [PEP=0] = 0.025 M; [TMSCN] = 0.40 M; [RCHO] = 0.25 M
in 1.75 ml of dichloromethane af’G.

The data for comple41 can be fitted to a single straight line with a &rgeaction
constant of 2.37 (Figure 31) suggesting that thestsates have a large influence on the
reaction rate. As titanium is a stronger Lewis aitidn aluminium, co-ordination of the
aldehyde will be strong for all aldehydes and soghbstituents can exert their full electronic
influence on reactivity of the carborf{il.As the aldehyde becomes coordinated, electron
density is pulled away from the carbonyl towards thetal centre therefore making the
aldehyde more electrophilic and more reactive tdwdhe nucleophilic cyanide ion and so
this system is governed by Lewis acid catalysigctEbn donating substituents will bind

more strongly to the Lewis acid as the substituenteases the nucleophilicity of the
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carbonyl oxygen however this increased electrorsithein the carbonyl will also repel the

incoming cyanide anion and so the overall effethat the reaction reate decreases.

y = 2.3715x - 0.0409
R? = 0.9427

0.4 0.5

Figure 31; Hammett plot using complekl.

Vanadium catalysts seem to fall inbetween theseeitremes and the Hammett plots
for complexesl32 and 110 are shown in Figures 32 and 33 respectively. Vamads also
more Lewis acidic than aluminium but not as strendtewis acid as titanium, however
complexes132 and 110 also carry counterions which can also have aruanite on the
activity of the catalyst. A reaction constant ob7Z.and 1.87 was obtained for both
complexesl132 and 110 respectively. CompleXx 32 contains a Lewis basic isothiocyanate
counterion which has been shown, via X-ray crystagtiphy to be bound directly to the
vanadium metal and therefore, there is no freefeitehe aldehyde to bind to the metal
which makes the activation of the aldehyde morécdit.”® Also the isothiocyanate anion
has been shown to activate the trimethylsilylcyanid much the same way as seen with
triphenylphosphine oxide and so Lewis base catlggy be responsible for some of the
catalysis in the system when using compl82 Complex110contains an ethyl sulphonate
counterion which is not co-ordinated to the vanadicentre and so the aldehyde can co-
ordinate more freely. It could be hypothesised tleatis acidic catalysis would be prevalent
in the system using complekl0 as a chiral catalyst, but the similar reaction stants
obtained for these two complexes suggests thatranom mode of reaction is in operation
for both complexes. The V=0 double bond also peesesome Lewis basicity which is
responsible for the formation of oligomeric vanadispecies® Kinetic studies have shown

that these oligomeric species are important forrtwest active vanadium(salen) catalysts.
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The Lewis basic V=0 bond may be responsible foresafnthe catalytic activity displayed
by these vanadium systems along with the Lewisitgcaf the vanadium metal, and so a

reaction constant between the two extremes of alum and titanium is observed. The

mechanism involving vanadium(salen) complexes legs lshown to be very complex and is

still not fully understood.
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y= 1.5705x - 0.1448
R?= 0.8511

Figure 32: Hammett study for complek32

y= 1.8724x - 0.1167
R? = 0.9252 0.8
0.6
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Figure 33; Hammett study for complek10.
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Figure 34; Hammett plot of complexe$l, 132, 110 and 23% = 41; 0 = 110; A = 239;
0=132

Plotting all the Hammett plots obtained for theserfmetal(salen) complexes onto the
same graphical axis demonstrates the mechanistezatices between the catalysts (Figure
34). On the scale used in Figure 34, the Hammettfpt complex239 can be interpreted as
an almost horizontal straight line reinforcing tiygothesis that this system is dominated by
Lewis basic catalysis. The Hammett plot for compkk shows a steeper gradient,
demonstrating a system dominated by Lewis acidlysasawith complexesl32 and 110

lying in between these two extremes.

7.1 Arhenius Study of Cyanohydrin Synthesis usi@gmplex 239

To complete the kinetic study on compl289 variable temperature kinetics were
carried out on the cyanation of benzaldehyde, usomgplex239 as a chiral catalyst, in order
to construct an Arhenius plot for the reaction.ufeg35 shows the Arhenius plot and from
this the activation parameters can be determinénguke Eyring equation. The Eyring
equationl relates the rate constant for a reaction to thieadmy (AH*) and entropy4S*) of

activation***

k = (ke. T. h™).exp (AH*/RT). expAST/R) (1); where k= Boltzmann's constanh= Plank’s

constant, R= gas constant.
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It is more convenient to use the apparent ratetaahgk,,, = k[catalyst][PBP=0]) so

equationl can be modified to equatid

kapd T = (ks h™%). [catalyst] [PBP=0] exp(AH*/RT). expAS/R) (2)

Taking the natural logarithm of both sides of thyeaion gives equatiad
IN(kapd T) = (-AH*RT) + (AS*/R) + In(ke h™) + In[catalyst] + In[PBP=0]. (3)

Plotting In(kypdT) against 1/RT gives the Arhenius plot shown iguFe 35, where the
slope is equal to the enthalpy of activation anel ¢éntropy of activation can be obtained
from the intercept of the y-axis. Carrying out targlysis gives the activation parameters as
follows; AH*= 17.7 kdmof, AS'= -155 Jmot.

The Gibb’s free energy of activation can be deteedi using these values from
equatiord;

AG*= AH* - TAS": T= 273K 4)

From equatiord, the Gibb’s activation parameter is 60.0 kJfal 273 K. Table 38
shows the rate constants obtained when carryingheuteaction at various temperatures

1 | ~ 10000/RT

4.6 4.8 5 5.2

-11.5+

-12 1

In(k/T)

125- y=-1.77x- 3.9243
R®=0.968
13

-13.5-

Figure 35;[239 = 0.005 M; [PRP=0] = 0.025 M; [PhCHO] = 0.25 M; [TMSCN] = 0.40 M,
in 1.75 ml of dichloromethane at 241.15-296.15 K.
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Table 38; rate constants obtained at different reaction teatpees using complex39 with
benzaldehyde as the reaction substrate.

-1

Temperature, K obKS™
241.15 0.00060
273.15 0.00155

1285 0.00270
206. 0.00390

The data obtained for compl@89 was compared to other catalysts with high activity
in asymmetric cyanohydrin synthesis (Table 39).sEheomplexes were the titanium(salen)
dimer41 and two vanadium(salen) cataly$t0 and132 possessing the ethyl sulphonate and
isothiocyanate anions respectively. CataB®9 was also compared to two BINOL based
catalysts246 and 247. Complex246 was developed by Shibasaki, and possesses internal
phosphine oxides, which behave in the same marsneipaenylphosphine oxide, acting as a
Lewis base to activate the trimethylsilylcyanideywever, external phosphine oxide was
shown to still be an essential component of thetima'***® Complex247, developed by
Najera, contains the same BINOL unit, however, ghesphine oxides have been replaced
with tertiary amines to behave as Bronsted baseashwpre-organise hydrogen cyanide
formedin situ from trimethylsilylcyanide and water, along withidmolecular sieves to form
a highly organised transition stafé:*® From these variable temperature studies, complex
239 was found to have a Gibb's free energy of actratdf +60 kJmot. This data is
consistent with the catalytic activity of the systestudied as the most active catalydts (
and 132 display the lowest Gibb’s free energy of +59.41 ar57.5 kJmot respectively.
Cyanohydrin forming reactions are typically comelewithin 1-2 hours with catalyst
loadings of 1.0 - 0.1 mol% when using compleAés 110and132 Catalysts246 and247
display the highest Gibb’s free energies of +79 afitl kJmof with cyanohydrin forming
reactions typically going to completion within 6-3®urs using 2-10 mol% of catalyst.
Complex239 lies inbetween these values, as reactions are letanwithin 16 hours at -40

°C using a 2.0 mol% catalyst loading.

0
Cl-Al <O cl-A
Ph,(O)P OO Et;N OO
246 247
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Table 39;reaction parametebtained from a variety of catalysts used in asytnme
cyanohydrin synthesis.

Catalyst  AH (kJmol®) AS (Jmot') AG (kJmol)
41 +35.9 -86 +59.4
132 +20.4 -136 +57.5
110 +27.6 -184 +77.8
239 +17.7 -155 +60.0
246 +34.8 -162 +79.0
247 +54.7 -61 +71.3

The Gibb’s free energy is derived from a contribntfrom the enthalpy of activation
and the entropy of activatiomG'= AH* - TAS"). From the four salen systems studied
complexe239, 110and132 showed the greatest negative entropies of aaivati -155 and
-184 and -136 kJmdl Unlike the other salen systems, com®&9 requires the addition of
a Lewis basic additive for the catalyst to be actim cyanohydrin synthesis. This extra
species present in solution results in more compgnieaving to assemble in the transition
state and this generates a large negative entriopaction. With regard to complex&&0
and 132 mechanistic studies have shown that cyanohygmithesis proceeds via a dimeric
species generated from the association of two mencnunits in solution resulting in a
large negative entropy contribution.

Schemes 49 and 50 show the catalytic cycles foptexas246 and247 respectively,
to allow a direct comparison with compl289. Scheme 50 shows a modified mechanism in
the absence of 4 molecular sieves, as Najera proposed the use fofrdolecular sieves
along with trimethylsilylcyanide to generate hydeagcyanide which would then go on to
react with the aluminium bound carbonyl substrategive the asymmetrically enriched
cyanohydrin product. In order to carry out an dffex kinetic analysis, a homogeneous
reaction had to be developed which also gave thee smantioenriched cyanohydrin product
and this negated the use of molecular sieves. Kis@idies were carried out on complexes
246 and 247 and led to the following rate equations. The rajeation for complex39 is
included for comparison;

246 rate = kR46[TMSCN]

247 rate = kp47]>ITMSCN][MePhPO]

239 rate = P39[TMSCN][PhsP=0]
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Scheme 49mechanism proposed by Shibasaki.

The most noticeable difference between the rateateaps for the three aluminium
catalysts, is the order with respect to catalysiceatration. Complexe&39 and246 show a
first order dependence of the rate on catalyst eatnation while comple247 exhibited an
order of 0.5 with respect to the catalyst. A reactorder of 0.5 has been shown to be
consistent with a mechanism in which the precatakysorganised into dimers or higher

oligomers, but where the catalytically active speds monomeri¢>
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Scheme 50mechanism proposed in the absence &fmolecular sieves.

All the reaction mechanisms proposed for compl&38% 246and247 are very similar
with a highly ordered transition state being fornigdthe coming together of a number of
different reaction components; the catalyst, trmgisilylcyanide and the phosphine oxide.
This proposal is supported by the entropy of attivavalues determined from the Arrhenius
study except for compleX47which showed a less negative value of -61 kJnihis can be
explained on the basis of the order with respethéacatalyst when using compl247, as an
order of 0.5 was determined suggesting that thalytat species is preorganised as a dimer
or higher oligomers in solution though the actiatatyst is monomeric in nature. If this is
the case then dissociation into monomeric formtbaxccur for the catalyst to become active
and so this allows for a positive entropy contritwit However, this favourable entropy is
off-set by the highly ordered transition state @snsin Scheme 50 and so an overall value of -
61 kmol* was observed. All three systems show a zero ateleendence of the rate on the
benzaldehyde concentration, suggesting that thelament of the substrate in the

mechanistic cycle takes place after the rate deménmstep of the reaction. Phosphine oxide
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is required in all three mechanisms, but for com@46 a zero order dependence of the rate
on phosphine oxide concentration is observed. dleeaf the external phosphine oxide may
be to alter the geometry of the aluminium atom fitoigonal planer to trigonal bipyramidal
allowing for a more favourable binding of the algédé substrate due to reduced steric
constraints. The phosphine oxide plays no othez iolthe mechanistic cycle since the
internal phosphine oxide activates the trimethylsylanide, resulting in the observed zero
order kinetics. Complexe®39 and247 show a first order dependence on phosphine oxide
concentration as the phosphine oxide directly atds the trimethylsilylcyanide.

The conclusion that can be drawn from these studlittgat the most active metal(salen)
catalysts are those which contain the highly Leaggdic vanadium and titanium metal
centres as demonstrated by compledés 110 and 132 Though these catalysts do not
necessarily give the highest enantioselectivigemntioselectivities greater then 90% can be
achieved in less than ten minutes at room temperathen using catalyst loadings of 0.1 -
1.0 mol% of complex4l. Complexes246 and 247 are highly enantioselective giving
enantioselectivities as high as 99%, however, ystaloadings of 2 — 10 mol% are required
along with reaction times of 6-36 hours at reactemperatures of -20 to -4{. Catalyst
239 was shown to have an activity that lies betwee ¢ii complexegll, 110and132 and
that of complexe®46 and 247, with complex239 being more active than the aluminium
BINOL complexes developed by Shibasaki and Najéna. catalyst loading for compl&39
was found to be optimal at 2 mol%, however, enaetectivities as high as 96% were
achievable in reaction times of 16 hours at °@0 These catalytic activities were supported
by the Arrhenius study where the energy of actorafor complex239 was lower than that
seen for complexe®46 and247. ComplexesAl, 110 and 132 still remain the most active
metal(salen) complexes for the addition of cyanaithe carbonyl bond. Mechanisitic studies
have shown that the catalytic cycles for the tilamiand vanadium(salen) complexes are
more complex than the aluminium systems as shov8tireme 9 for comple4l. Research
is still ongoing into the mechanism involving vanad(salen) complexes which has been
shown to be very complex.

In conclusion, compleX239 was shown to be an active catalyst in cyanohydrin
synthesis with reliable and reproducable kinetitadaeing obtained from a full kinetic
analysis, Hammett study and Arrhenius study. Tlergrong evidence to suggest that the
role of the triphenylphosphine oxide is to actikie trimethylsilylcyanide and so increase the
overall activity of the catalytic system with th@e of complexX239 being to provide a chiral
environment for the asymmetric reaction to takec@lan. Reactions in the absence of

triphenylphosphine oxide were shown to give inferfesults to those obtained in the
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presence of a Lewis basic additive, again stroagpporting the role of the additive. Species
141 was proposed by Corty as the product of a reaction between trimethyitsignide and
triphenylphosphine oxide and has been incorponateda possible catalytic cycle, shown in
Scheme 47. This study has also given an insigbtKinn’s cyanohydrin system, which used
the monomeric aluminium(salen) compléx0.’""® The addition of triphenylphosphine
oxide was also required for the formation of anvacsystem, suggesting that compled0
may behave in a similar manner to com@®@&9in the catalytic cycle.

8.1 Summary of Results, Conclusions and Future Work
8.1.1 Testing of New Catalysts in the Strecker Reatand Cyanohydrin Synthesis.
Attempts to improve on the activity of catalyst$8 and 132 proved unsuccessful.
Complexes 222-225 were synthesised and screened in the Strecker tiReaand
cyanohydrin synthesis, with lower enantiomeric ases being obtained in both reactions,
with the greatest stereocontrol coming from compB24 when used in cyanohydrin
synthesis when using benzaldehyde as the reaatiostrate. An enantioselectivity of 30%
(S was achieved, however a reaction time of one vetekom temperature was required to
achieve this result. Shorter reaction times ancelorgaction temperatures resulted in lower
conversions and lower enantioselectivity. The vama@V)(salen) chloride complexe&22
and 223 were screened in the Strecker reaction with battmpiexes giving much lower
enantiomeric excesses than complé8 Complex222 gave the higher enantioselectivity of
these two complexes, 209R)( These lowered activities were explained by thanditic
increase in substituent size as complek84 and 225, were synthesised to contain an
adamantly and trityl substituent in tleetho-positions on the aromatic rings of the salen
ligand. The formation of the catalytically activengric species, as in the case of complexes
37 and41, could not occuin situ and therefore these complexes displayed low #gtini
cyanohydrin synthesis. Attempts to isolate theatimspecies of complex&24 and 225
were unsuccessful as the steric interaction betwbenlarger substituents prevents two

monomer units coming together to form the dimer.

R
2223 adamantly 224)R = adamantyl
223 = trityl 225)R = trityl
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Due to the results reported by Liaweg al, the vanadium(V)(salen) isothiocyanate
complexes231laand 231b were synthesised and screened in cyanohydrin aesistlyiving
high enantiomeric excesses and conversibrishe results were comparable to those
obtained using compled32. Complex 231a gave cyanohydrin product with 90%)(
enantiomeric excess with complete conversion. Ttanoselectivity decreased to 84%) (
when using comple®31b, which was accounted for by the increase in thestswent size
from tert-pentyl totert-hexyl and so the reacting aldehyde, in this casealdehyde cannot
coordinate to the vanadium atom of com@@4bas easilyas seen with complexd48 132
and23laand so is not as activated towards nucleophitecktby the cyanide nucleophile.
The consequence of this being that the activityreises which is reflected in the lowered
enantiomeric exces€omplexes23laand231b were shown to be more reactive than the
corresponding titanium complex developed by Lidhddigher enantioselectivities were
obtained using lower catalyst loadings and higkaction temperatures.

8.1.2 The Strecker Reaction.

Attempts to improve on the results already obtainesthg complex118 were
undertaken with no improvement in enantioselegtivileing achieved. The reaction
temperature, reaction solvent, reaction additivd eatalyst loading were varied with no
improvement being observed. The rate of additiotriofethylsilylcyanide was shown to be
a factor in the enantioselective outcome of thectiea as slow addition of
trimethylsilylcyanide resulted im-aminonitrile product being obtained with 809%R) (
enantiomeric excess when using methanol as theéiograadditive as opposed to 65%) (
when adding the trimethylsilylcyanide in one pamtiwhen using methanol as the reaction
additive. Adding the trimethylsilylcyanide slowly tthe reaction resulted in a slower
production of hydrogen cynanide, and therefore tamdio the imine bond can occur via the

catalytic cycle rather than the racemic backgroueaction. Also less of the hydrogen
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cyanide gas is lost to the atmosphere and so rsoawadilable for the asymmetric Stecker
reaction.

These results along with the consistent complete@sions led to the suspicion that
some of the reaction was occurring on work-up &dfude reaction mixture was passed
down a silica plug, or racemically as the reacti@s allowed to warm to room temperature
after the removal of the catalyst. Kinetic studessmfirmed these suspicions with situ
monitoring of the reaction usintH NMR showing that after two minutes at -40 the
reaction had gone to completion with no decreasenantioselectivity. At -60°C, the
reaction was slower giving complete conversion hniinutes. Further attempts to gain
kinetic data was unsuccessful as transferring ‘theNMR sample to the spectrometer
resulted in a very fast reaction as the sample meamé warmed up. Attempts to stop or
slow down this background reaction were unsuccessfd no reliable kinetics data was
obtained. From these findings it has been shownlibid the racemic and catalysed Strecker
reactions occur at extremely fast rates even attémperatures. It was not possible to stop
or slow down the racemic reaction or sufficientlgvs down the catalysed reaction and so
the reaction was giving a significant conversion-{@minonitrile product before any kinetics
could be monitored. No further attempts were madebtain kinetic data as this extremely
fast background reaction could not be suppressechwhade studying the reaction kinetics
very difficult and so so it can be concluded thab further improvements in

enantioselectivity is likely to be made using coexd18

8.1.3 Cyanohydrin Synthesis using Complex 239.

Complex 239 was shown to be active in cyanohydrin synthesingi cyanohydrin
product with 89% $ enantiomeric excess with 80% conversion afteha8rs at -40°C.
Triphenylphosphine oxide (10 mol%) was requirechglavith a catalyst loading of 2 mol%.
Screening a variety of aromatic and non-aromatielaydes gave cyanohydrin product with
36-96% O enantiomeric excesses and conversions of 35-1@0%natic substrates were
the most compatible with this catalytic system wile highest enantiomeric excess being
achieved when usingetatolualdehyde (96%S)). Complex239 was also shown to be
active with ketone substrates however longer readtmes were required along with higher
reaction temperatures and higher catalyst loadiggsensive kinetic studies gave a rate
equation of the form; rate = kK[TMSCN][EP=O][239 and so a catalytic cycle consistent
with this rate equation was proposed as shown ine®e 47. A Hammett study was
undertaken using a range of substituted benzalashydgth the Hammett plot (Figure 30)

appearing to show a straight flat line with a vew reaction constant of 0.38, suggesting
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that the substituent on the aromatic ring of thaelyde had very little or no effect on the
rate of the reaction and that a negative chargebeasy generated in the transition state of
the reaction. From the Hammett study, conclusioresewdrawn that this system was
dominated by Lewis basic catalysis from the triphenosphine oxide, activating the
trimethylsilylcyanide via specie$41 proposed by Corésf or the ion pair proposed along
with the mechanism in Scheme 47. The role of cat&$9 is to therefore provide a chiral
environment for the addition of cyanide to the cawyd bond, rather than to activate the
carbonyl bond via coordination to one of the aluomm atoms within the complex.
Comparison of this data to that obtained from othetal(salen) complexes confirmed this
result, with the titanium(salen) completl giving a rho value of 2.37 and the
vanadium(salen) complexdd40 and 132 giving rho values of 1.87 and 1.57 respectively.
Large positive rho values suggest that the sulestituon the aromatic ring of the reaction
substrate have a great effect on the rate of tlaetiom, with electron-withdrawing
substituents stabilising the build up of negativerge at the benzylic position of the
aldehyde during the transition state. From thesewdlues, it can be assumed that these
catalysts are dominated by Lewis acidic catalysis.

An Arrhenius study at variable temperatures alsmpced mechanistically consistent
results for the system catalysed by com@8Q (Figure 35). Catalys239 was shown to have
an intermediate activity in comparison to relatadhabysts of interest and was shown to be

more active than Shibasaki¥®1%’ 148,149

and Najera’s aluminium BINOL catalysts.

However, these systems were more enantioselediviag enantiomeric excesses of >99%
when using benzaldehyde as the reaction subsirate.entropies of activation calculated
from the Arrhenius study provided a great dealndbrimation regarding the catalytic cycle
and were used to support the theories of how tlsgseems behave in solution. Large
negative entropies of activation suggest that gection proceeds via a highly organised
transition state which has been shown to be a feagible argument for the aluminium
complexe239, 246 and247. All of work involving the aluminium(salen) catatyhas been

reviewed by external referees and has led to tlhéiqation of three scientific papers in two

academic journals.

8.1.4 Future Work.

Further studies should be carried out on com@88 in cyanohydrin synthesis with
particular attention to the Hammett study. To fartbonfirm the importance of Lewis base
catalysis, a Hammett study should be carried omgusnly Lewis bases in the form of chiral

phosphine oxides. If Lewis base catalysis is resipba for the catalysis, as in the case of
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239 then a prediction can be made that the Hammettvpbuld be very similar to the one
obtained in Figure 30. Analysis of the enantiomencess would confirm if a Lewis acid
catalyst is even required for cyanohydrin synthe€ibiral phosphine oxides may be
sufficient to generate cyanohydrin products wittar@iomeric excesses as high as with
catalyst 239. Matched and mis-matched studies should also beedaput using both
enantiomers of the Lewis base along with the chiealis acid to give a further insight into
the catalytic cycle. As discussed previously, thergtill much speculation as to the reaction
mechanism using complé&39in the cyanohydrin system and so further studshisf would

be advantageous. Also the role of triphenylphosploixide should be explored further with
further evidence to support the existence of sget#l being provided® The achiral
reaction is also of interest using achiral Lewisdsaand achiral Lewis acids. This would
provide interesting and comparable data to the datained using chiral compl&39. The
same analysis could be carried out, obtaining bkinktic analysis, a Hammett plot and
Arrhenius plot and so reaction orders, Hammettrpatars and activation parameters could
be determined. The achiral system may also bereasanalyse and therefore could give a
better insight into the activity of compl@39.

One-componant catalysts are quickly becoming ofemioterest especially in the
chemical industry. These catalysts tend to showhdrigactivity and so combining the
phosphine oxide additive with the catalyst, as seecomplexes246 and 247, should be
studied further. The possible immobilisation of ttegalyst onto a variety of different solid
supports also means that the catalyst can be estyclnumber of times before a drop in
activity is seen. Separation of the catalyst fréva trude reaction mixture is also easier.
Further research into this area of asymmetric gsitalwould be of interest when using

complex239in cyanohydrin synthesis as the activity of thetegn may be increased.
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9. Experimental

Dichloromethanewas dried via distillation from calcium hydride. |Atleuterated
solvents were purchased from GOSS chemicals. Chogmeahic separations were
performed with silica gel 60 (230-400 mesh) ana tayer chromatography was performed
on polyester backed sheets coated with silica §eFB54, both supplied by Merck or
aluminium-backed flexible silica plates (0.25mmdgyWhatman AL SIL G/UV, containing
UV 254) visualised with UV light. Chiral gas chrotagraphy analysis was carried out on a
Varian 450 GC using a Supelco Gamaa DEX 120 fusied sapillary column (30 m x 0.25
mm) with hydrogen as a carrier gas (flow rate 210 min, column pressure 10 psi). Initial
temperature 98C, final temperature 188C, ramp rate 5.6C / min. Optical rotations were
recorded using a Polaar 2001 Optical automatic rpoéder and are reported with a
concentration value in g/ 100ml. All UV spectra weaecorded on a Biochrom Libra S12
spectrometer (100-240 V) at the wavelength spetiftd and**C NMR were carried out on
a Bruker Avance 300 and Jeol 400 or 500 MHz spewters at room temperature unless
specified otherwise and the solvent for a particgfectrum is specified in the experimental
section.'H and*C NMR spectra were referenced to TMS and chemicii galues §),
expressed in parts per million (ppm), are repodednfield of TMS as: singlet (s), doublet
(d), triplet (t), quartet (q), multiplet (m) or kad (br). Mass spectrometry was carried out on
a Waters LCT Premier Acquity LCMS using positiva imode. Samples were dissolved into
either methanol or acetonitrile and injected malyuito the spectrometer via a syringe
pump. Samples were also analysed by the EPSRCnahtservice at Swansea. Melting
points were obtained using a Barnstead Electrothke®h00 system. Infra red spectra were
recorded on a Varian 800 FT-IR spectrometer. Almwb intensities were measured as:

broad (br), strong (s), medium (m), or weak (w).

141



(R,R)-(-)-1,2-diaminocyclohexane-L-tartrate 214

H,N  NH,
o ® @
0.,C Cco,
HO  ©OH

L-(+)-tartaric acid (100 g, 0.67 mmol) was dissalve water (270 ml) at room temperature.
Racemiccis andtrans-1,2-diaminocyclohexane (144.3 g, 155 ml, 1.26 mmals added via

a dropping funnel at a rate such that the readtomperature reached 66. The reaction
was stirred vigorously and a white precipitate fedras the reaction was cooled to room
temperature over a period of two hours. The resylksiolution was cooled in an ice bath for
one hour, and the precipitate collected via sudhidration. This was washed with ice cold
water (2 x 100 ml), ice cold methanol (7 x 100 amgd dried by suction to leave the crude
material as a white powder. Glacial acetic acidrf¥01.16 mmol) was added to the mother
liguor taking care not to let the temperature abeve 90°C. A white precipitate formed
immediately upon addition. Again, the slurry wasret vigorously as it cooled to room
temperature over a period of two hours. The mixtuas cooled to 8C for one hour and the
precipitate was collected by suction filtration.eThale yellow solid was washed with ice
cold water (2 x 100 ml), then rinsed with ice cab@¢thanol (10 x 100 ml) and dried via
suction giving a second crop as a white powder. Thmbined crude material was
recrystallised from water. Filtration and dryingelgled compoun®14 as white crystals
(64.5 g, 36%).

[a]p= +8.6 (c= 2.9, KO) [Iit.** [o]p= +12.5 (c= 4.0, KD)]
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[N,N’-Bis-(3,5-di-tert-butyl-salicylidene)]-(R,R)-2-diaminocyclohexane 30.

2,4-Di+ert-butylphenol(5.00 g, 24.3 mmol), magnesium chloride (4.60 gb4@mol) and
paraformaldehyde (1.60 g, 53.4 mmol) were addetétr@hydrofuran (50 ml) in a round
bottomed flask. Triethylamine (6.45 ml, 48.5 mmwaids added dropwise to the resulting
mixture which was then refluxed for ca. two hous heating, the reaction turned bright
yellow in colour as 3,5-diert-butyl-2-hydroxybenzaldehyde was formed situ The
aldehyde could be used directly in the next stdgene synthesis without any isolation or
purification. To the reaction mixture, potassiunbeoaate (3.21 g, 27.3 mmol) ang,R-
1,2-diaminocyclohexane tartrate sd&fl4 (3.77 g, 12.1 mmol) were added at room
temperature. The reaction was heated to caC8@nd allowed to reflux for another two
hours. The remaining magnesium chloride was fittexed water added to the solution. The
product was taken up into dichloromethane (100 anijl the organic layer washed with
water (3x100ml) and brine (250 ml). The organic layer was collected, dried over
magnesium sulphate and the solvent removed undaruwa to yield compoun@®0 as a
yellow solid (6.97 g, 53%).

mp = 180-185°C [lit.’= 200-203°C]; [0o]o= -292 (c=1, CHQ) [lit.” [o]p= -314.4 (c=1,
CHCl)]; vmax1630, 2976, 3019 ch &y (CDCh, 300 MHz): 1.25 (s, 18H, C{ds)3), 1.43 (s,
18H, C(MHa3)s), 1.3-2.0 (m, 8H, Cy), 3.3-3.4 (m, 2H, EN), 6.91 (d, 2H,)= 2.4 Hz, AH),
7.24 (d, 2HJ= 2.4 Hz, AH), 8.23 (s, 2H, EN), 13.64 (br, 2H, ®); 5c (CDCk, 75 MHz):
24.8, 29.9, 31.8, 33.6, 34.4, 35.4, 72.8, 118.4.4,2127.1, 136.9, 140.3, 158.4, 166.3;
Found (ESI) 547.4269 $HssN,0,[MH*] requires 547.4264.
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(R,R)-V(IV)O(salen) 109°’

Compound30 (1.0 g, 1.8 mmol) in pyridine (4 ml) and vanadylghate (0.55 g, 2.02 mmol)
in warm ethanol (40 ml) were mixed under argon eaftlixed for three minutes to form a
crystalline solid. The reaction was cooled to ra@mperature and after ca. three hours, the
light green crystals were collected by filtratiamdavashed thoroughly with ethanol (20 ml).
The crystals were dried under high vacuum to yoelchplex109as a light green solid (0.98
g, 88 %).

[a]p -440 (c= 0.01, CHG) [lit. **" [0]p -442 (c= 0.01, CHG)].
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(R,R)-V(V)O(salenkgthylsulphonate 116%

Vanadyl sulphate (4.0 mmol, 650 mg) was addedharetl (60 ml), and the solution heated
to dissolve the vanadyl sulphate. The resultingitsmh was added to a solution of salen
ligand 30 (3.7 mmol, 2.0 g) in ethanol (40 ml). The reactiwas allowed to reflux for ca.
three hours. The ethanol was removed using redpiessure and the residue was taken up
in dichloromethane (40 ml) and passed throughshf@romatography column, eluting with
dichloromethane and methanol. Unreacted salendig#as removed first as a yellow band
with dichloromethane. Further elution with dichlorethane removed vanadium(lV)salen
complex which travelled down the column as a greamd. Methanol was flushed through
the column to remove compouridlO which moved as a dark green/black band. The
methanol was removed under reduced pressure @ goehpoundL10 as a dark green solid
(2.60 g, 2.17 mmol, 59%).

mp = >320°C [Iit.}%® = >320°C]; [o]p= -707 (c=0.01, CHG) [lit.**® [o]p= -915 (c=0.01,
CHCL)]; vmax1630, 2976, 3019, chéy (CDCl, 300 MHz): 0.80 (t, 3H, B3CH,S0s), 1.25

(s, 18H, C(®3)s), 1.43 (s, 18H, C(B3)3), 1.3-2.0 (m, 8H, Cy), 3.4 (g, 2H, CHCH,SOy),
3.8-3.9 (m, 1H, EIN), 4.1-4.2 (m, 1H, CHN), 7.51 (d, 185 2.4 Hz, AH), 7.55 (d, 1H,J=

2.4 Hz, AH), 7.71 (d, 1HJ= 2.4 Hz, AH), 7.77 (d, 1HJ= 2.4 Hz, AH), 8.55 (s, 1H,
CH=N), 8.76 (s, 1H, E=N); 5¢c (CDCk, 75 MHz): 24.9, 29.2, 29.3, 29.5, 30.2, 30.4, 30.9
31.7, 31.8, 34.8, 34.9, 35.9, 36.1, 50.2, 70.10,7121.3, 122.4, 128.7, 129.8, 131.9, 132.4,
135.7, 136.4, 144.5, 160.5, 161.8, 165.2.
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(R,R)-V(V)O(salen)Cl 118

3 2
N

O/N

—N\\”/® —
V.

t / \ t
Bu 0] o 0] Bu
Cl
By Bu

VO(salen)EtOS® 110 (0.20 g, 0.27 mmol) was dissolved in acetonitrid® (ml) and a
solution of ceric ammonium nitrate (0.18 g, 0.33 @hnin acetonitrile (25 ml) was added in
one portion. The resulting solution was stirred fise minutes at room temperature. The
solution was then concentrated to ca. 1/3 the velusing reduced pressure. Water (150 ml)
was added to the mixture. The resulting solutios weated with aqueous hydrochloric acid
(1.5 M) and the green product was taken up intbldromethane (3< 150 ml). The organic
layer was washed with water (100 ml) and brine (f@Pand dried with sodium sulphate.
Upon removal of the sodium sulphate the solvent wemsoved under vacuum to give

compoundL18as a dark green solid (0.15 g, 84%).

mp = >320°C [lit.'%® = >320°C]; [o]p= +889 (c=0.01, CHG) [lit. **° [o]p= -1304 (c= 0.01,
CHCL)]; vmax 1630, 2976, 3019, ¢ sy (CDCh, 300 MHz); 1.33 (s, 18H, C()3), 1.49

(s, 18H, C(®ls)3), 1.7-2.8 (m, 8H, Cy), 3.7-3.8 (m, 1H, EN), 4.2-4.3 (m, 1H, EN),
7.49 (d, 1HJ= 2.4 Hz, AH), 7.52 (d, 1HJ= 2.4 Hz, AH), 7.71 (d, 1HJ= 2.4 Hz, AH),
7.77 (d, 1H,J= 2.4 Hz, AH), 8.55 (s, 1H, N=6), 8.76 (s, 1H, N=@); 5c (CDCk, 75
MHz): 20.0, 21.7, 25.5, 25.8, 30.5, 31.0, 52.78586.4, 58.0, 62.5, 63.1, 63.8, 68.2, 127.5,
129.8, 129.9, 130.0, 137.4, 138.0, 138.1, 143.3,814.44.1, 170.3, 170.4
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(S,S)-(Al(salen)O 239.138

‘Bu By
| ‘Bu  Bu |
N O O O N
\ A|// \\AIII
/, \ / \\ \\\‘
l\f 0] O N
‘Bu  !Bu |
‘Bu Bu

Jacobsen’s ligan80 (1.0 g, 1.8 mmol) was dissolved into toluene (20 amd refluxed for
15 minutes under N Al(OEt); (0.60 g, 3.7 mmol) was added in one portion. Tdection
was refluxed for a further five hours. After thime, the reaction mixture was allowed to
cool and the solvent removed under reduced pressuield a yellow oil. The residue was
taken up into ChLCl, and washed with brine (10 x 30 ml), dried over l@g&nd the solvent

removed to leave compou@89as a yellow solid. (0.77 g, 36%).

m.p= >350°C; [a]p = -581 (c=1, CHG) [lit.**® [o]p = -548 (c=0.11, CHG)]; vmax 1623,
2951 cn; 84 (CDCls, 300 MHz): 1.30 (s, 36H, 4 x {€3)3), 1.45 (s, 36H, 4 x (83)3), 1.8-
2.6 (m, 16H, CHl), 3.0-3.1 (m, 4H, EN), 7.00 (d, 4HJ = 2.4 Hz, AH), 7.42 (d, 4H,J =
2.4 Hz, AH) 8.20 (s, 2H, N=@), 8.30 (s, 2H, N=€); Found (ESI) 1231.7716
CrgH104N405A1,[M ] requires 1231.7716.
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2-Adamantan-2-yl-4-tert-butylphenol 218

OH

‘Bu
4-tert-Butylphenol (3.0 g, 20 mmol) was dissolved in dicbmethane (20 ml). 1-
Adamantanol (3.4 g, 22 mmol) was added and the umaxstirred to ensure complete
dissolution of the reactants. Concentrated sulghacid (2.0 ml) was added to the stirring
mixture over 20 minutes. Once the addition was deteghe mixture was allowed to stir for
a further 20 minutes. Water (30 ml) was added ¢oréfaction vessel at which point a cloudy
precipitate was observed. sodium hydroxide (2 M$ wdded dropwise to achieve pH = 7.0,
and the crude product was extracted using ethyhec€3X 30 ml). The combined organic
phases were washed with brine (30 ml) and dried magnesium sulphate. Removal of the
solvent yielded a thick clear oil. To this crudegwuct, methanol (30 ml) was added and the
mixture was heated to reflux, then allowed to doaloom temperature. The cooled mixture
was kept at ca. 4T overnight. The mother liquor was concentratedite compoun®18
as a white powder (3.7 g, 65%).

M.p= 202-206C; Vmax 3054 cni; 8y (CDCls, 300 MHz): 1.8-1.9 (m, 6H, Ad), 1.32 (s, 9H,
(CHa)3), 2.11 (m, 3H, A#i), 2.1-2.2 (m, 6H, AHI), 4.62 (s, 1H, ®), 6.62 (d, 1H,J = 2.4
Hz, ArH), 7.07 (dd, 1H,J = 2.4 = 8.0 Hz, A), 7.27 (d, 1H,J = 2.4 Hz, AH), 5c (CDCl,

75 MHz):29.7, 31.9, 34.7, 37.4, 37.6, 41.3, 116.7, 1228,3, 136.0, 143.7, 152.4.

148



3-(1-Adamantyl)-5-tert-butylsalicylaldehyde 238"

0O OH

'Bu

2-Adamantan-2-yl-4ert-butyl-phenol218 (1.0 g, 3.5 mmol), magnesium chloride (0.69 g,
7.0 mmol), and paraformaldehyde (0.23 g, 7.7 mnvebe added to tetrahydrofuran (90 ml).
Triethylamine (0.93 ml, 7.0 mmol) was added drogwisthe stirring mixture at which point

a change in colour from white to yellow was obsdrvehe solution was refluxed for ca. six
hours. The tetrahydrofuran was remowedacuoto leave a yellow residue. Acidified water
(30 ml) was added and the product extracted irtgl etcetate (3 x 30 ml). The combined
organic layers were collected, washed with brin@ (8l) and dried using magnesium
sulphate. The solvent was removed to give comp@2@das a pale yellow powder (0.50 g,

46%).

mp = 110-117C; vmax 1646 cnil; 84 (CDCh, 300 MHz): 1.35 (s, 9H, (83)3), 1.8-2.1 (m,
6H, AdH), 2.1-2.2 (m, 9H, AHI), 7.35 (d, 1HJ = 2.4 Hz, AH,), 7.54 (d, 1H,] = 2.4 Hz,
ArH,), 9.88 (s, 1H, 60), 11.7 (s, 1H, @), 8¢ (CDCk, 75 MHz): 29.5, 31.6, 31.9, 34.6,
37.5, 37.79, 120.6, 128.0, 132.2, 138.2, 142.2,8,597.5
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[N,N’-Bis-(3-tert-butyl-5-adamantyl-salicylidene)|R,R)-1,2-diaminocyclohexane 214

3-(1-Adamantyl)-5Stert-butylsalicylaldehyde 220 (0.70 g, 0.30 mmol), R,R-1,2-
diaminocyclohexane tartrate s&it4 (0.30 g, 1.1 mmol) and potassium carbonate (0,31 g
2.2 mmol) were refluxed in tetrahydrofuran (15 fiok) ca. six hours. In this time the reacting
mixture turned a bright yellow colour. The solvevds removed to leave a yellow residue
and water (15 ml) added. The product was extrasted ethyl acetate (3 x 15 ml), the
organic layers combined, washed with brine (15 amyl dried using magnesium sulphate.
Concentration of the solvent left compowitb as a yellow solid.

mp = 240-246C [lit.*% = 247-248C]; [0o]p = +224.9 (c=1, CHG) [lit.***[a]p = +325 (c=1,

CHCL)]; vmax 1265, 1421, 3054 cm; 84 (CDCl 300 MHz): 1.23 (s, 18H, (85)3), 1.3-2.0

(m, 8H, C\H), 1.7-1.8 (m, 12H, AH), 2.0-2.1 (m, 6H, AHi), 2.1-2.2 (m, 12H, Ad), 3.1-

3.2 (M, 2H, GIN), 6.97 (d, 2H,J=2.4 Hz, AH,), 7.24 (d, 2HJ=2.4 Hz, AH,), 8.29 (s, 2H,
C=NH); 8¢ (CDCk, 75 MHz): 24.7, 29.7, 31.8, 33.6, 34.4, 37.7, 40238, 118.4, 126.3,
127.1, 137.1, 140.4, 158.7, 166.5; Found (ESI) 5B/ GgHesNoO, [M*] requires

703.5203.
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4-tert-Butyl-2-trityl-phenol 219.
OH Ph
Ph

Ph

'Bu

4-Tertbutylphenol (3.0 g, 20 mmol) was dissolved in dicbimethane (30 ml) to which
triphenylmethanol (7.8 g, 30 mmol) was added. Theture was allowed to stir to ensure
complete dissolution of the reactants. The mixtwees treated with conc. sulphuric acid
(2.07 ml, 20 mmol). This resulted in an immediadéoar change from colourless to a deep
red/brown. The mixture was refluxed overnight. W80 ml) was added and the mixture
neutralised to pH = 7.0 (2.0 M NaOH). The solvemiswemoved to leave a thick clear oil.
The crude material was passed through a silicanmolieluting with dichloromethane, to
remove unreacted trt-butylphenol. The appropriate fractions were comdirmad the
solvent removed to leave a white solid. Recrysation from methanol removed traces of

triphenylmethanol and concentration of the motiordr gave compoun@l19 (4.8 g, 60%).

mp= 105-110°C; vmax 1266, 2305, 2987 ¢ 5,4 (CDCl, 300 MHz): 1.98 (s, 9H(CH3)3),
6.67 (d, 1HJ = 2.4 Hz, AH,), 7.08 (dd, 1HJ = 2.4 = 8.0 Hz, A,), 7.2-7.4 (m, 17H, Ad
+ OH); 8¢ (CDCl;, 75 MHz): 31.8, 34.6, 63.5, 117.8, 125.7, 128.28.3, 129.1, 131.4,
132.8, 143.1, 145.0, 152.6.
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3-(1-Trityl)-5-tert-butylsalicylaldehyde 221.
0O OH Ph
Ph

H Ph

‘Bu
2-Trityl-4-tert-butylphenol219 (4.5 g, 15 mmol), magnesium chloride (3.0 g, 32ahrand
paraformaldehyde (1.0 g, 33 mmol) were combined tetrahydrofuran (120 ml).
Triethylamine (4.2 ml, 32 mmol) was added dropwvase the solution heated to reflux. On
heating the solution turned yellow. The reactionswaft stirring at reflux overnight.
Removal of the reaction solvent left a yellow sokaidified water (50 ml) was added and
the compound extracted into ethyl acetate (3 x B0 washed with brine (50 ml), dried

using magnesium sulphate and concentrated to giv@ound221as a pale yellow solid.

mp = 120-12FC; vmax 1438 cmt; 84 (CDCh, 300 MHz): 1.31 (s, 9H, (B3)s), 7.0-7.3 (m,
15H, AH), 7.36 (d, 1H,J = 2.4 Hz, AH,), 7.53 (d, 1H,J = 2.4Hz, AH), 9.76 (s, 1H,
CHO), 11.11 (s, 1H, 8); 8¢ (CDCl, 75 MHz): 31.44, 34.56, 63.76, 126.13, 127.20, 127.5
127.56, 128.01, 128.21, 128.32, 129.06, 129.18,2831196.82; Found (ESI) 421.2162
CsoH290, [MH] requires 421.2168
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[N,N’—Bis-(3-tert-butyl-5-trity|-sa|icyIidene)]-(RR)-l,Z-diaminocyclohexane 217.

N\
4< gOH HOi —Bu

Ph Ph Ph Ph
3-Trityl-5-tert-butylsalicylaldehyde221 (1.5 g, 3.5 mmol), §,R-1,2-diaminocyclohexane
tartrate salt214 (0.47 g, 1.8 mmol) and potassium carbonate (0.43.¢ mmol) were
combined in tetrahydrofuran (30 ml) and refluxe@mnght. On heating the reacting solution
turned bright yellow. After the reaction was comeleéhe solvent was removed to leave the
yellow crude material. Water (30 ml) was addedhtriesidue and the product extracted into
ethyl acetate (3 x 30 ml). The combined organietayere washed with brine (30 ml) and
dried over magnesium sulphate. The solvent was vethdo leave a yellow solid.

Recrystallisation from methanol yielded compo@id as a yellow solid (682 mg, 21%).

mp = >350°C; [o]p= -148.4 (c=1, CHG); vmax 1655, 3035 cif; &y (CDCh, 300 MHz):
1.10 (s, 18 H, (El3)s), 1.0-1.7 (m, 8H, Cyl), 2.98 (m, 2H, EIN), 6.97 (d, 2H,J = 2.4 Hz,
ArH), 7.0-7.3 (m, 30H, C(PK) 7.38 (d, 2H,J = 2.4 Hz, AH), 7.97 (s, 2H, C=N); &c
(CDCls, 75 MHz): 24.6, 30.8, 31.7, 33.3, 34.3, 72.9, T28.27.1, 127.5, 128.0, 128.3,
128.6, 129.2, 131.4, 132.2, 134.4, 165.5; Found)(&8.5238 GeHe7N,0, [MH*] requires
919.5203.
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2,4-Bis-(1,1-dimethylpropyl)-phenol 22%7.

OH

Phenol (1.00 g, 11.2 mmol), 2-chloro-2-methylbutéh&3 ml, 14.1 mmol) and aluminium
chloride (71 mg, 0.532 mmol) were combined int@and bottomed flask and held between
20-30°C for ca. five hours. After this time further pantis of 2-chloro-2-methylbutane (1.73
ml, 14.1 mmol) and aluminium chloride (71 mg, 0.58&0l) were added to the reaction
mixture and the temperature was increased to 60c7/0The reaction was held at this
temperature for a further 24 hours. On complettbe, cooled reaction mixture was poured
over cracked ice and the product extracted intthgieether (20 ml). The organic layer was
washed with water (3¢ 20 ml) and brine (30 ml). The diethyl ether layes dried over
magnesium sulphate and the solvent removed to l#everude material as a dark oil (1.8
g). This crude mixture was purified via column ahatography eluting with
dichloromethane. Compour2R7 was collected and concentrated to a straw colooiked
(0.57 g, 22%).

Umax 2253, 2965, 3589 ¢ 54 (CDCh, 300 MHz): 0.7-0.8 (t, 6HJ= 7.5 Hz, 2 x CHCHS3),

1.32 (s, 6H, 2 x @3), 1.44 (s, 6H, 2 x B3), 1.66 (g, 2H,)= 7.5 Hz, G1,CHs), 1.92 (q, 2H,
J=7.5, H,CHs ), 6.63 (d, 1HJ= 2.4 Hz, AH), 7.6 (dd, 1HJ= 2.4 = 8.1 Hz, AH), 7.23
(d, 1H,J= 2.1 Hz, AH); 5c (CDCk, 75 MHz): 9.7, 28.1, 29.0, 30.2, 34.0, 37.5, 3387,
116 .4, 124.5, 126.4, 134.0, 141.7, 152.2.
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3,5-Bis-(1,1-dimethylpropyl)-2-hydroxybenzaldehy28*°

0 OH

2,4-Bis-(1,1-dimethylpropyl)-phend27 (1.0 g, 6.1 mmol), magnesium chloride (1.2 g, 12
mmol) and paraformaldehyde (0.40 g, 14 mmol) wemalined in tetrahydrofuran (30 ml).
Triethylamine (1.6 ml, 12 mmol) was added dropvase the reaction heated to reflux and
kept at reflux for 12 hours. On cooling the magueschloride was filtered and the reaction
solvent removedh vacuo The crude material was taken up into diethyl e¢Bé ml). Water
was added to the organic layer and the diethylrdetyer collected. The aqueous layer was
further washed with diethyl ether (20 ml). The camelol organic layers were washed with
brine and dried over magnesium sulphate. Remové#hefsolvent gave an off white solid
which was identified as compou@8(0.85 g, 73%).

Umax 1650, 2964 cif; 3 (CDCls, 300 MHz): 0.5-0.6 (m, 6H, 2 x GIBH3); 1.20 (s, 6H, 2 x
CHa); 1.20 (s, 6H, 2 x By); 1.5-1.6 (M, 2H, €,CHs); 1.8-2.0 (m, 2H, E,CHs); 7.20 (d,
1H, J= 2.4 Hz, AH); 7.38 (d, 1HJ= 2.4 Hz, AH); 9.78 (s, 1H, €10); 11.6 (s, 1H, @); 5¢
(CDCls, 75 MHz): 15.5, 27.7, 28.7, 33.2, 37.1, 37.8, 38®0, 120.5, 129.0, 134.1, 136.4,
140.2, 159.5, 197.5.
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[N,N’-Bis-(3,5-tert-pentyl-salicylidene)]-(R,R)-1;8iaminocyclohexane 63°

3,5-Bis-(1,1-dimethylpropyl)-2-hydroxybenzaldehyd®?8 (0.75 g, 3.92 mmol), R,R-
1,2,diaminocyclohexane tartrate s2it4 (1.1 g, 4.31 mmol) and potassium carbonate (0.27
g, 1.96 mmol) were combined in ethanol (20 ml) aedted at reflux for ca. 12 hours. On
heating the reaction mixture turned a bright yellowolour. Diethyl ether (20 ml) and water
(20 ml) were added to the cooled reaction mixturd the product was extracted into the
organic layer. The aqueous layer was washed withdu portions of diethyl ether 3 20

ml). The combined organic fractions were washec witine and dried over magnesium
sulphate. Removal of the solvent yielded compaoafd bright yellow solid (0.62 g, 53%).

m.p = 209-217C; [o]p = -254.6 (c= 1, CHG); vmax 1632 cnit; 814 (CDCls, 300 MHz); 0.5-
0.6 (M, 12H, 4 x CbCH3), 1.17 (s, 12H, 4 x B3), 1.34 (s, 12H, 4 x B3), 1.5-1.56 (m, 8H,

4 x CH,CHg), 1.7-1.8 (m, 6H, Oy), 1.8-2.0 (m, 2H, Oy), 3.2-3.3 (m, 2HHCN), 6.88 (d,
2H, J= 2.4 Hz, AH)), 7.1-7.2 (d, 2HJ = 2.4 Hz, AH,), 8.26 (s, 2H, B1=N); 5c (CDCk, 75
MHz): 27.7, 27.8, 28.6, 28.7, 29.9, 31.7, 33.25337.2, 37.5, 38.9, 118.2, 127.1, 129.0,
135.1, 138.4, 158.4, 166.4.
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2,4-Bis-(1-ethyl-1-methylpropyl)-phenol 229.
OH

Phenol (1.00 g, 10.6 mmol), 3-chloro-3-methylpert&83 ml, 28.1 mmol) and aluminium
chloride (141 mg, 1.06 mmol) were combined in anbbottomed flask and held between
20-30°C for ca. five hours. After this time further paomis of 3-chloro-3-methylpentane
(3.83 ml, 28.1 mmol) and aluminium chloride (141,ri@6 ml) were added to the reaction
mixture and the temperature was increased to 60c7/0The reaction was held at this
temperature for a further 24 hours. Then the coeksttion mixture was poured over
cracked ice and the product extracted into dietitiler (20 ml). The organic layer was
washed with water (3 20 ml) and brine (30 ml). The diethyl ether layes dried over
magnesium sulphate and the solvent removed to theldrude material as a dark oil (1.8 g).
This crude mixture was purified via column chrongagphy eluting with dichloromethane.
Compound229was collected and concentrated to give the tdlmound as a pale coloured
oil (0.60 g, 35%).

Umax 2253, 2876, 2966 cm &y (CDCh, 300 MHz): 0.5-0.6 (m, 12H, 4 x GBH3), 1.21 (s,
3H, CH3), 1.22 (s, 3H, E3), 1.4-2.1 (m, 8H, 4 x B,CHz), 4.63 (s, br, 1H, &), 6.60 (d,
1H,J = 2.4 Hz, AH), 6.99 (dd, 1HJ = 2.4, 8.0 Hz, AH), 7.07 (d, 1HJ = 2.4 Hz, AH);

dc (CDCL, 75 MHz): 8.8, 9.2, 9.3, 23.5, 24.0, 29.0, 3389335.6, 36.7, 41.1, 42.5, 116.2,
125.2, 128.4, 131.8, 139.4, 152.0; Found (ESI) 2824 GgH3,0 [M?] requires 262.2291.
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3,5-Bis-(1-ethyl-1-methylpropyl)-2-hydroxybenzaldete 230.

0 OH

Compound 229 (1.50 g, 5.80 mmol), magnesium chloride (1.10 ¢,61mmol) and
paraformaldehyde (0.38 g, 12.8 mmol) were combimedtetrahydrofuran (50 ml).
Triethylamine (1.50 ml, 11.6 mmol) was added dreganatio the reaction mixture which was
left to reflux over a 48 hours hour period. Theledaeaction mixture was filtered to remove
magnesium sulphate and the solvent removed undeced pressure. The residue was taken
up into diethyl ether (30 ml) and water (50 ml) eddo the organic layer. The organic layer
was removed and the aqueous layer washed furttar diethyl ether (3X 20 ml). The
combined organic layers were washed with brine dndd over magnesium sulphate.
Removal of the solvent afforded a dirty white solthich was shown to contain some
unreacted starting material. The solid was purifiedher using column chromatography
eluting with methanol:hexane (1:99). Compo@&0 was obtained as a white solid (1.20 g,
71%).

Umax 1646, 3019 ci; 8 (CDCl, 300 MHz): 0.5-0.6 (m, 12H, 4 x GBH3), 1.15 (s, 3H,
CH3), 1.20 (s, 3H, E3), 1.4-1.5 (m, 4H, 2 x B,CHs3), 1.59-1.6 (m, 2H, 8,CHj3), 2.1-2.2
(m, 2H, H,CHg), 7.15 (d, 1HJ= 2.4 Hz, AH), 7.25 (d, 1HJ= 2.4 Hz, AH), 9.76 (s, 1H
CHO), 11.58 (s, 1H, 8); 8¢ (CDCls, 75 MHz): 8.8, 9.2, 23.3, 23.9, 28.3, 32.2, 3882,
42.9, 120.4, 130.0, 134.5, 136.0, 138.1, 159.5,atFound (ESI) 291.231716H3002 [M ]

requires 291.2319
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[N,N’-Bis-(3,5-di-tert-hexyl-salicylidene)]-(R,R)-2-diaminocyclohexane 226

3,5-Bis-(1-ethyl-1-methylpropyl)-2-hydroxybenzalgele 228 (0.25 g, 0.86 mmol), tartrate
salt214(0.11 g, 0.43 mmol) and potassium carbonate (§,18395 mmol) were combined in
tetrahydrofuran (5.0 ml) and refluxed overnight.eTsolvent was evaporated to leave a
yellow residue. The product was extracted intolhgieether (3% 20 ml) and the combined
organic layers washed with water (20 ml) and b(2@ ml). The ethereal layers were dried
over magnesium sulphate and the solvent remavedicuoto gave compoun@28 as a
bright yellow solid (0.26 g, 46%).

m.p. = 221-223C; [o]p -272.6 (c=1, CHG); vmax 1265, 1420, 3056 cf 5y (CDCls, 300
MHz): 0.5-0.6 (m, 24H, 8 x C}CH3), 1.04 (s, 6H, 2 x By), 1.18 (s, 6H, 2 x B3), 1.3-1.6
(m, 16H, 8 x ®1,CHy), 1.6-1.7 (m, 2H, dyl), 1.7-1.8 (m, 2H, o)), 1.8-1.9 (m, 2H, dy),
2.0-2.1 (M, 2H, cM), 3.2-3.2 (m, 2H, EN), 6.74 (d, 2HJ=2.4, AH), 7.02 (d, 2H]J=2.4,
ArH) 8.23 (s, 2H, €=N), 13.7 (s, br, 2H, B); 8¢ (CDCl, 75 MHz): 8.8, 9.3, 15.1, 18.6,
23.4, 24.7, 28.3, 32.1, 32.2, 33.4, 35.1, 35.27,380.8, 42.6, 72.7, 118.2, 127.9, 129.4,
131.0, 133.1, 136.3, 158.4; found (ESI) 659.5518] [GhsH-oN,0; requires 659.5510.

159



(R,R)-TiCly(salen) 224.

Titanium tetrachloride (0.1 M in Gi&l,, 0.3 ml, 0.3 mmol) was diluted in dichloromethane
(4.0 ml) and added dropwise to a solution of conmgo@16 (0.2 g, 0.3 mmol) in
dichloromethane (4.0 ml) at room temperature. Qdlitewh the solution turned a red/brown
colour. After ca. one hour the solvent was remoiedive a red/brown residue which was
washed with diethyl ether (4.0 ml). The supernataas decanted and the residue washed
again with diethyl ether:hexane (1:1, 8.0 ml). Real®f the solvent gave compouB#é4 as

a red powder (0.15 g, 70%).

mp >350°C; vmax 1644 cn'; 8y (CDCh, 300 MHz): 1.31 (s, 18H, 2 x {)3), 1.7-1.8 (m,
12H, AH), 1.7-2.8 (m, 8H, Cyl), 2.0-2.1 (m, 6H, AH), 2.1-2.2 (m, 12H, Ad), 3.8-3.9
(m, 2H, 2 x @IN), 7.2 (d, 2HJ = 2.4 Hz, 2 x AH), 7.5 (d, 2H,J = 2.4 Hz x ArH,), 8.28
(s, 2H, 2 x ®=N): Found (ESI) 779.3639 s81540.N>TiOCHs [(M-Cl>+OMe)'] requires
779.3637.
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(R,R)-V(V)O(salen) 222.

Vanadium oxychlorid€0.78 mmol, 0.07 ml) was added to a solution of poomd216 (0.5

g, 0.7 mmol). The solution was allowed to stir owght at room temperature. After this
time, the reaction mixture was loaded onto a siticlumn and eluted with dichloromethane
followed by methanol. CompourzR2 eluted as a green band which was collected and the
solvent removed to give compouB#2 a green powder (0.45 g, 79%).

mp >350°C; [0]p= -1765 (c= 0.01, CHG); vmax 1645 cni; 8 (CDCls, 300 MHz): 1.26 (s,
9H, (CH3)3), 1.31 (s, 9H, (€l3)s), 1.6-1.7 (M, 8H, Oy), 1.7-1.8 (m, 10H, AH), 1.9-2.4 (m,
6H, AdH), 2.6-2.8 (m, 6H, AH), 2.9-3.1 (m, 1H, €N), 3.5-3.6 (m, 1H, EN), 7.52 (d,
1H, J= 2.4 Hz, AH), 7.55 (d, 1H,)= 2.4 Hz, AH), 7.74 (d, 1H,)= 2.4 Hz, AH), 7.79 (d,
1H,J= 2.4 Hz, AH), 8.52 (s, 1H, N=@)), 8.75 (s, 1H, N=6)).

161



(R,R)-V(V)O(salen) 225.

—nN. ¢ N=

, AN
Bu O Cl O ‘Bu

Ph Ph
Ph Ph Ph Ph

Titanium tetrachloride (0.1 M in Gi&l,, 0.2 ml, 0.2 mmol) was diluted in dichloromethane
(4.0 ml) and added dropwise to ligaB#l7 (0.2 g, 2.2 ml) in dichloromethane (4.0 ml). On
addition, the solution turned a red/brown coloune Bolution was then left stirring at room
temperature for ca. one hour. The solvent was reshander reduced pressure to give a
red/brown residue which was washed with diethyleetfx30 ml). The solvent was
decanted and the remaining residue washed witthydiether:hexane (1:1, 60 ml). The
solvent was decanted and the solid dried under yaglium. Compoun@25 was obtained
as an orange/red solid (0.18 g, 79%).

mp >350°C; vmax 1634 cn; 84 (CDCh 300 MHz): 1.11 (s, 18H, 2 x {)3), 0.9-2.0 (m,
8H, CyH), 4.9-5.1 (m, 2H, @N), 7.0-7.1 (m, 30H, 2 x C(PY)) 7.5 (d, 2H,J = 2.4, AH)),
85 (d, 2H,J = 2.4, AH,)), 9.14 (s, 2H, 2 x B=N): Found (ESI) 995.4637
CeeHeaN20,TIOCH3 [(M-Cl+OMe)] requires 995.4639.

162



(R,R)-V(V)O(salen) 223.

//

< % |@O ; >
Ph Ph Ph Ph
Vanadium oxychloride (0.02 ml, 0.2 mmol) was adtted solution of compoun®l7 (0.20
g, 2.2 mmol) in dichloromethane (20 ml). The reawtwas stirred overnight at room
temperature at which point the reaction mixture Wpasled straight onto a silica column and
eluted with dichloromethane followed by methanabnipound223 eluted as a dark green
band with methanol and was collected. Concentratiothe solvent left a dark green solid

which was washed with dichloromethane. The solwead decanted and evaporated to leave

compound223as a green powder (51 mg, 23%).

mp >350 °C; [a]p -1335 (c= 0.01, CHG); vmax 1625 cm; Found (ESI) 983.4341
CseHe403N2V (M-CI)* requires 983.4357.
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(R,R)-V(V)O(salen) 231a.

-

_ *('\iéN_
7\
o) o)
NCs®@

Ligand 65 (0.50 g, 0.83 mmol) and vanadyl sulphate (0.16.¢1 mmol) were dissolved in
ethanol (60 ml) and refluxed overnight. The solweat removed to leave a dark green solid
which was purified via column chromatography elgtinith dichloromethane followed by
methanol. The ethyl sulphonate complex moved asark thand which was collected.
Removal of the solvent gave the ethyl sulphonatepiex as a dark green solid (0.40 g,
61%). Vanadium(V) ethyl sulphonate complex (0.40.64 mmol) was dissolved in ethanol
(50 ml) and potassium thiocyanate (1.4 g, 15 mmadted. This reaction mixture was stirred
at room temperature for ca. two hours. After thmset the solvent was removed and the
residue taken up into diethyl ether (30 ml). Thgamic layer was filtered though a cotton
plug to remove any inorganic salts and the ethdegar washed with water (5 x 40 ml),
followed by brine (40 ml). The ethereal layer wadlected and dried over magnesium
sulphate. Removal of the solvent gave pro@3dtaas a green solid (0.32 g, 80%).

m.p = >350°C; [o]p = -1580 (c=0.01, CCl,); vmax 1635 cnt; 8y (CDCl3, 300 MHz): 0.7-
0.8 (M, 12H, 4 x CbCH3), 1.3-1.4 (m, 12H, 4 x B3), 1.4-1.5 (m, 12H, 4 x B), 1.6-1.7
(M, 8H, 4 x G1,CHy), 1.8-1.9 (M, 4H, dyl), 2.0-2.2 (m, 4H, o), 2.5-2.6 (m, 1H, N&),
2.7-2.8 (m, 1H, N@€), 7.39 (d, 1HJ= 2.4 Hz, AH), 7.49 (d, 1H,J = 2.4 Hz, AH), 7.58 (d,
1H, J = 2.4 Hz, AH), 7.62 (d, 1H,J = 2.4 Hz, AH) 8.46 (s, 1H, N=@), 8.71 (s, 1H,
N=CH); éc (CDCk, 75 MHz): 24.6, 24.8, 28.0, 28.1, 28.2, 28.6, 28R/, 30.8, 31.7, 33.8,
33.8, 37.2, 37.3, 37.3, 38.0, 38.0, 38.1, 39.67,3829.4, 129.4, 130.3, 133.8, 133.9, 134.1,
134.2,134.4, 134.5, 135.0, 142.4, 142.5, 162.%,66Found (ESI) 667.4028 4Hs0N20O3V
[M*] requires 667.4044.
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(R,R)-V(V)O(salen) 231b.

Ligand 226 (0.32 g, 0.44 mmol) and vanadyl sulphate (0.08.48 mmol) were dissolved in
ethanol (30 ml) and refluxed overnight. The solweats removed to yield a dark green solid.
The solid was purified via column chromatographytiab with dichloromethane followed
by methanol. The ethyl sulphonate complex moved dark band on addition of methanol.
The fraction was collected and the solvent remdwegive the vanadium(V) ethylsulphonate
complex (0.30 g, 74%). Vanadium(V) ethylsulphonatenplex (0.30 g, 0.32 mmol) was
dissolved into ethanol (50 ml) and potassium théoate (0.84 g, 8.64 mmol) added. The
reaction mixture was stirred at room temperatureci. two hours. After this time the
solvent was removed and the residue taken up ietbyd ether (30 ml). The organic layer
was filtered though a cotton plug to remove anygaaic salts and the ethereal layer washed
with water (5 x 40 ml), followed by brine (40 ml)he ethereal layer was collected and dried
over magnesium sulphate. Removal of the solvent gawduct231bas a green solid (0.23
g, 88%).

mp; >350°C; [o]p = -1535 (c=0.01, CHG); vmax 1647 cnit; 5y (CDCl, 300 MHz): 0.6-0.7
(M, 12H, 4 x CHCH3), 1.2-1.3 (m, 12H, 4 x Bs), 1.4-1.6 (m, 8H, 4 x B,CHy), 1.4-1.5
(M, 12H, 4 x CHCH3), 1.5-1.6 (m, 8H, 4 x B,CHs ), 2.1-2.2 (m, 4H, O§), 2.2-2.3 (m,
2H, CyH), 2.7-2.8 (m, 2H, Cy), 3.66 (m, 1H, E€N), 3.72 (m, 1H, €IN), 7.36 (d, 1H,J =

2.4 Hz, AH), 7.44 (d, 1H,) = 2.4 Hz, AH), 7.48 (d, 1H,) = 2.4 Hz, AH), 7.51 (d, 1H,) =

2.4 Hz), 8.48 (s, 1H, N=@), 8.68 (s, 1H, N=€); 5c (CDCk, 75 MHz): 7.7, 7.9, 8.0, 8.1,
8.2, 16.5, 21.7, 22.1, 22.2, 22.3, 22.7, 22.7, 2336, 23.6, 28.5, 28.5, 28.5, 28.6, 28.7,
31.0, 31.7, 31.8, 34.0, 34.1, 34.2, 34.3, 40.1,7,2120.8, 120.9, 123.7, 129.1, 129.9, 130.0,
131.9, 134.3, 134.4, 135.1, 139.1, 159.2; Found)(E%3.4616 GaHesN,0sV [M ] requires
723.4670.
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General Procedure for Imine Synthesis

The appropriate amine (1.2 eq) and benzaldehyd® @q) were combined in
dichloromethane along with magnesium sulphate #od/ed to stir at room temperature for
ca. 24 hours, then the solvent was removed undrruva to leave the crude material which

was purified as specified for each product.

Synthesis of N-Benzylidine benzylamine 234

The crude material was taken up into dichloromethemd washed with acidified water (pH=
5-6, 3100 ml) and brine (100 ml). The organic layer waklkected and dried using sodium

sulphate and the solvent removed to leave comp@@4ds a yellow oil (20 g, 98%).

Umax 1644, 2986, 3053 ¢ 8 (CDCh, 300 MHz); 4.92 (2H, s, N&,Ph), 7.3-7.6 (8H, m,
ArH), 7.8-7.9 (2H, m, A1), 8.48 (1H, s, N=8)).
Synthesis of N- Benzylidine benzhydrylamine 28532133
Ph

N
)|\
Ph H
The crude material was recrystallised from ethandéave compouné35 as white crystals

(1.3 g, 51%).

Ph

mp = 96-103C [lit.**? = 101-102°C]; vmax 1654, 2986, 3053 cm &y (CDCL, 300 MHz);
5.53 (s, 1H, NEI(Ph)), 7.3-7.7 (m, 13H, Ad), 7.8-7.8 (m, 2H, Afl), 8.36 (1H, s, N=6))
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Synthesis of N-Benzylidine-2,6-dimethylaniline 238
Me

N
Ph H
The crude material was taken up in dichloromethare washed with acidified water (pH=

5-6, 3X100ml) and brine (100 ml). The organic layer walkected and dried using sodium
sulphate and the solvent removed to compd8tias a yellow oil (1.5 g, 67%).

Vmax 1640, 2919, 3063 ¢M 8y (CDCh, 300 MHz); 2.23 (s, 3H, i), 2.24 (s, 3HCH3),
7.03 (t, 1H,J= 8.0 Hz, AH), 7.15 (d, 2HJ= 7.5 Hz, AH) 7.5-7.6 (m, 3H, Ai), 7.9-8.0

(m, 2H, AH), 8.29 (s, 1H, N=6)).

Synthesis of N-Benzylidine-tritylamine 237°

The crude material was recrystallised from hexangite compoun®37 as awhite solid
(88 mg, 27%).

mp = 143-150C [lit.*** = 153-159C]; vmax 1635, 2919, 3054, ch &y (CDCh, 300 MHz);

7.1-7.2 (m, 15H, A#), 7.3-7.4 (m, 3H, Ad), 7.75 (s, 1H, N=@), 7.7-7.8 (m, 2H, A); dc
(CDCls, 75 MHz); 58.7, 128.2, 128.4, 128.5, 129.3, 12831,.1, 144.5, 161.2.
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General Procedure for Aminonitrile Synthesis

-R R

]
)\ - Ph)\”/H
Ph H PhMe, -400C, 3h CN

118 TMSCN, additive ~ HN~

Compound118 (0.10 eq, 10 mol%) was dissolved in toluene (2.9 anid transferred to a
round bottomed flask. Methanol or 4-nitrophenoR(&q) was added to the reaction vessel
which was flushed with argon for ca. five minutésmethylsilylcyanide (1.2 eq) was then
added to the reaction mixture in one portion ardréaction cooled to -4C. The required
imine was added to the reaction mixture after o loour and the reaction left to stir at -40
°C for three hours. The reaction was worked up acipd for each product. The
conversion was obtained usifgi NMR spectroscopy. To the sample was addej (
camphor sulphonic acid (15 eq) and the enantiomex@ess determined by integrating the

peaks specified in each product.

Synthesis of N-Benzyl-(R)-2-amino-2-phenylacetoi@r2321*°
PN
HN Ph

qr
Ph CN

Compound232 was purified using column chromatography elutinghwdichloromethane.
Upon removal of the solvent, a yellow oil was iseth (46 mg, 80%, 75% e®)). The
enantiomeric excess was determined by proton NM&Rtspscopy using the peaks at 5.36

and 5.24 ppm.
[a]o= +80.0 (c= 1, CHG) [lit.**° [o]p= +64.0 (c= 1, CHG)]; &n (CDCL, 300 MHz); 1.79

(s, 1H, NH), 3.85 (d, 1H,J= 13 Hz, NGH4,Ph), 3.96 (d, 1HJ= 13 Hz, NG4,Ph), 4.65 (s, 1H,
NCH), 7.2-7.9 (m, 10H, At).
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Synthesis of N-Benzhydryl-(R)-2-amino-2-phenylaceitoile 2381°°
Ph

HN Ph

qr
Ph CN

The reaction mixture was purified via column chréeogaaphy eluting with dichloromethane
to give compoun@38 as a yellow oil (17 mg, 31%, 46% d®). The enantiomeric excess
was determined by proton NMR spectroscopy using#aks at 5.13 and 5.16 ppm.

[a]p= -10.4 (c= 1, CHG) [lit.**° [o]p= -1.2 (c= 1, CHQ)]; 84 (CDCL, 300 MHz) 2.00 (s,
1H, NH), 4.44 (s, 1H, NEIPhy), 5.07 (s, 1H, N&), 7.2-7.6 (m, 15H, A#).

General Procedure for Cyanide Addition to Aldehydes

o o SiMes
N catalyst, TMSCN
> ”
| U chcl, -40°C, 18 h | SR CN
R/ / R/ F

Catalyst 239 (2.0 mol%) and triphenylphosphine oxide (10 mol%gre dissolved in
dichloromethane (1.0 ml). Aldehyde (1.0 eq) was eaddto the solution, then
trimethylsilylcyanide (1.6 eq) was added in onetipor The reaction mixture was stirred at
room temperature for 16 hours. After this time $sloéution was passed through a silica plug
eluting with dichloromethan@&he solvent was removed under reduced pressusawe lthe
crude material which was analysed i/ NMR spectroscopy to obtain the conversibhe
crude material was then purified using column chatmgraphy eluting with ethyl
acetate/hexane to obtain the pure silyl protecy@th@hydrin product.

Procedures for the Determination of Enantiomeric Egss;

General Procedure for acetylation of cyanohydrinrtrethylsilyl ether.

The appropriate cyanohydrin trimethylsilyl etherQ(q) was dissolved in acetonitrile (2.0
ml) and scandium(lll) trifluoromethanesulphonate0(0eq) was added along with acetic
anhydride (2.0 eq). The reaction was allowed toatroom temperature for ca. 20 minutes
and then filtered through a silica plug to remowy golid residues. The sample was then
analysed by chiral gas chromatography to deterthi@enantiomeric excess. GC conditions:

initial temperature 95C, final temperature 188C, ramp rate 5.6C/min, flow rate 2.0
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ml/min, except for theo-Me substrate. GC conditions: initial temperatuf® °€, final

temperature 188C, ramp rate 2.6C/min, flow rate 2.0 ml/min.

General Procedure for the deprotection of the cyaydrin trimethylsilyl ether to the free
cyanohydrin

Cyanohydrin trimethylsilyl ether (1.0 eq) was dissal in dichloromethane (2.0 ml) and
several drops of hydrochloric acid (1.0 M) addetie Tsolution was left to stir at room
temperature for ca. four hours. The solution wasdferred to a separating funnel and the
organic layer separated. The aqueous layer wasedasith dichloromethane (2 x 5 ml) and
dried over magnesium sulphate. Removal of the sblledt the free cyanohydrin to which
dimethylaminopyridine (1.0 eq) andR)fmandelic acid (1.0 eq) were added. The

enantiomeric excess was determinedlBYNMR spectroscopy.

(S)-Phenyl-trimethylsilyloxy-acetonitrile 233°
_Si(CH
o (CH3)3

Ph/k”CN

H
After conversion to the acetate, the enantiomeximess was determined using chiral GC

using the peaks atrT18.30 minutes (minoR) and 18.50 minutes (majd®); (77 mg, 80%,
89% ee, H).

34 (CDCl 300 MHz): 0.26 (s, 9H, (83)s), 5.53 (s, 1H, €ICN), 7.4-7.5 (m, 5H, At).

(S)-m-Tolyl-trimethylsilyloxy-acetonitrile.
o SiCHa)s

/0N
H

Me
After conversion to the acetate, the enantiomeximegs was determined using chiral GC

using the peaks atgrT16.96 minutes (minoiRR) and 17.06 minutes (majdp); (50 mg, 55%,
61% ee, H)).

84 (CDCl3 300 MHz): 0.21 (s, 9H, (83)s), 2.38 (s, 3H, Ar€ls), 5.44 (s, 1H, ECN), 7.2-
7.4(m, 4H, ArH).
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(S)-o-Tolyl-trimethylsilyloxy-acetonitrile.

/CN
H

Me
After conversion to the acetate, the enantiomexmess was determined using chiral GC
using the peaks atg128.72 minutes (minoiRR) and 28.93 minutes (majdp); (73 mg, 79%,

93% ee ).

34 (CDCl3 300 MHz,): 0.20 (s, 9H, (83)3), 2.42 (s, 3H, Ar€l3), 5.55 (s, 1H, BCN), 7.2-
7.3 (M, 3H, AH), 7.4-7.5 (m, 1H, AH).

(S)-p-Tolyl-trimethylsilyloxy-acetonitrile.
O/Si(CHg,)3

:bN
Me
After conversion to the acetate, the enantiomexmess was determined using chiral GC
using the peaks atgT17.38 minutes (minoiRR) and 17.57 minutes (majdp); (52 mg, 56%,
81% ee §)

34 (CDCl, 300 MHz): 0.14 (s, 9H, (83)3), 2.29 (s, 3H, Ar€ls), 5.38 (s, 1H, BCN), 7.1-
7.2 (M, 4H AH).

(S)-(4-Methoxyphenyl)-trimethylsilyloxy-acetonitel
O/Si(CH3)3

/0N
H

MeO
After deprotection to the free cyanohydrthe enantiomeric excess was determined using
proton NMR spectroscopy using the peaks at 5.41 @pajor,S) and 5.47 ppm (MinoR);
(36%, 75% eeg)).

54 (CDCl, 300 MHz): 0.34 (s, 9H, (83)s), 3.75 (s, 3H, O83), 5.23 (s, 1H, EICN), 7.1-
7.5 (m, 4H, AH).
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(S)-(3-Methoxyphenyl)-trimethylsilyloxy-acetonita.
O,Si(CH 3)3

I//
CN
H

OMe
After deprotection to the free cyanohydrthe enantiomeric excess was determined using

proton NMR spectroscopy using the peaks at 5.53 @pajor,S) and 5.59 ppm (minoR);
(45 mg, 49%, 75% e&)).

8n (CDCh, 300 MHz); 0.25 (s, 9H, (83)3), 3.72 (s, 3H, O83), 5.59 (s, 1H, EICN), 7.2-
7.3 (M, 3H, AH), 7.4-7.5 (m, 1H, AH).

(S)-(3-Chlorophenyl)-trimethylsilyloxy-acetonitrile
o/Si( CH,),

N
H

Cl
After conversion to the acetate, the enantiomeximess was determined using chiral GC
using the peaks atgT18.97 minutes (minoiRR) and 19.14 minutes (majdd); (71 mg, 78%,
84% ee §))

34 (CDCl 300 MHz): 0.16 (s, 9H, (83)s), 5.37 (s, 1H, €ICN), 7.2-7.3 (m, 3H, At), 7.37
(s, 1H, AH).

(S)-(4-Fluorophenyl)-trimethylsilyloxy-acetonitrile.
O/Si(C Hy)s

/©/kl //C N
H
F

After conversion to the acetate, the enantiomexmess was determined using chiral GC
using the peaks atgT14.75 minutes (minoRR) and 14.97 minutes (majds); (71 mg, 74%,
90% ee ).
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34 (CDCl; 300MHz): 0.39 (s, 9H, (83)s), 5.63 (s, 1H, BCN), 7.2-7.3 (m, 2H, Ad), 7.5-
7.6 (M, 2H, AH)

(S)-(4-Chlorophenyl)-trimethylsilyloxy-acetonitrile
o SiCHa)s

F'i’/CN
Cl
After conversion to the acetate, the enantiomexmess was determined using chiral GC
using the peaks atr119.44 minutes (minoR) and 19.63 minutes (majd®); (67 mg, 74%,
87% ee H)).

84 (CDCl;, 300 MHzZ): 0.24 (s, 9H, (B3)s), 5.47 (s, 1H, BCN), 7.3-7.4 (m, 4H, At).

(S)-(4-Trifluoromethylphenyl)-trimethylsilyloxy-adenitrile.
O/SKCHgg

/CN
H

F3C
After conversion to the acetate, the enantiomexmess was determined using chiral GC
using the peaks atgT14.01 minutes (minoR) and 14.33 minutes (majds); (73 mg, 93%,
87% ee H)).

84 (CDCl;, 300 MHz,): 0.11 (s, 9H, (8)s), 5.22 (s, 1H, BCN), 7.1-7.2 (m, 4H AH).

(S)-Cyclohexyl-trimethylsilyloxy-acetonitrile.
_Si(CH
. i(CH3)3

K/CN
H

After conversion to the acetate, the enantiomexmess was determined using chiral GC
using the peaks atgrT13.97 minutes (minoiRR) and 14.13 minutes (majdp); (85 mg, 90%,
53% ee §)).

34 (CDCl 300 MHz): 0.12 (s, 9H, (83)s), 1.0-1.3 (m, 5H, Ci), 1.6-1.7 (m, 6H, Cyl),
4.15 (s, 1H, EGICN).
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(S)-3,3-Dimethyl-2-trimethylsilyloxy-butyronitrile.
~Si(CH
o i(CHz)3

%/k//CN
H

After conversion to the acetate, the enantiometess was determined using chiral GC
using the peaks atr¥4.95 minutes (minoiRR) and 5.08 minutes (majd®); (89 mg, 83%,
63% ee ).

84 (CDCl, 300 MHz); 0.17 (s, 9H, (83)3), 1.84 (9H, s, El3), 5.06 (s, 1H, EICN)

(S)-Z- Trimetf |yIsiIyloxy-decanenitrile.
0 I( I |3)3

V\AM//CN

H
After conversion to the acetate, the enantiometess was determined using chiral GC

using the peaks atrT16.17 minutes (minoR) and 16.29 minutes (majdd); (80 mg, 94%,
68% ee H)).

oy (CDCls, 300 MHz); 0.25 (s, 9H, (&3)3), 0.5-1.9 (m, 17H, 1 xE@3 + 7 x (H>), 5.13 (s,
1H, CHCN).

General procedure for cyanide addition to ketones;

o o SiCHs);
“ 239, TMSCN
> 17
| Me “ch,cl, 18 h, RT | RN
A AP
R R

Triphenylphosphine oxide (10.0 mol%) and catal80 (2.0 mol%) were dissolved in
dichloromethane (1.0 ml) and ketone (50 mg, 1.0 e@s added in one portion.
Trimethylsilylcyanide (1.6 eq) was then added ahe tesulting solution stirred at room
temperature for 48 hours. After this time, the tescmixture was passed through a silica
plug eluting with dichloromethane. The solvent wamoved under reduced pressure and the
residue purified via column chromatography elutivith diethyl ether/petrol to give the pure

silyl protected cyanohydrin product.
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(S)-2-Trimethylsilyloxy-2-phenylpropanenitrile 24F°
o Si(CH,)5

Ph/k”CN

Me
The enantiomeric excess was determined u$thbIMR spectroscopy integrating the peaks
at 1.73 (majord) and 1.77 (minork) ppm; (78 mg, 80%, 56% e&)].

[a]p=-7.9 (c=1, CHCl,, 56% ee ) [lit.**°[o]p = +16.9 (c=2.58, ChCl,, 94% eeR))]; o
(CDCls, 300 MHz); 0.25 (s, 9H, OSi(ds)s), 1.68 (s, 3H, €l3), 7.2-7.4 (m, 5H, Arl)

(S)-2-Trimethylsilyloxy-2-(4-fluorophenyl)propanetrile.**°
O,Si(CH3)3
= Me
CN

F
The enantiomeric excess was determined using pMItdR spectroscopy integrating the

peaks at 1.56 (majof) and 1.59 (minomR) ppm; (68 mg, 79%, 64% eB).

[o]p = -16.9 (c=1, CKCl,, 90% ee @) [lit. **°[a]p = +17.6 (c= 2.7, CbCly, 92% eeR)]; o1
(CDCls, 300 MHz): 0.18 (s, 9H, OSi(ds)s), 1.84 (s, 3H, €3), 7.0-7.1 (m, 2H, At), 7.5-
7.6 (M, 2H, AH).

(S)-2-Trimethylsilyloxy-2-(4-bromophenyl)propanenie.
O,Si(CH?))S
= Me
CN

Br
The enantiomeric excess was determined by protoRNpkectroscopy integrating the peaks

at 1.65 (majorg) and 1.69 (minorR) ppm; (50 mg, 67%, 62% e8B)].

84 (CDCh, 300 MHz): 0.19 (s, 9H, OSifd)s), 1.83 (s, 3H, E3), 7.3-7.4 (m, 2H, AH),
7.5-7.6 (m, 2H, AH).

175



(S)-2-Trimethylsilyloxy-2-(4-chlorophenyl)propanérile **°

Cl
The enantiomeric excess was determined by protoiR Mpkectroscopy integrating the peaks
at 1.53 (majorg) and 1.56 (minorR) ppm; (68 mg, 82%, 68% e&)}

[a]o = -8.6 (c=1, CHCl,, 68% ee 9)) [lit.**° [o]p = +18.2 (c=2.06, ChCl,, 90% ee R)]; &4
(CDCls, 300 MHz); 0.19 (s, 9H, OSi(ds)s), 1.83 (s, 3H, €3), 7.3-7.4 (m, 2H, Af), 7.4-
7.5 (m, 2H, AH).

(S)-2-Trimethylsilyloxy-2-(3-chlorophenyl)propanemile. *>°
o SiCHy);

="Me
CN

Cl
The enantiomeric excess was determined using pitdR spectroscopy integrating the

peaks at 1.79 (majo§) and 1.82 (minomR) ppm; (68 mg, 83%, 65% eB).

[e]p = -10.5 (c=1, CKCl,, 65% ee ) [lit. **° [o]p = +19.6 (c=2.88, CbkCl,, 90% ee R)]; on
(CDCl;, 300 MHz): 0.21 (s, 9H, OSi(ds)s), 1.84 (s, 3H, €3), 7.3-7.5 (m, 4H, Ad).

(S)-2-Trimethylsilyloxy-2-(4-methylphenyl)propanerile.**°

The enantiomeric excess was determined using pitdR spectroscopy integrating the
peaks at 1.49 (majo§ and 1.52 (minoiR) ppm; (300 mg, 86%, 64% e§)).
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[a]p = -15.8 (c=1, CKCl,, 64% ee ®) [lit.**° [a]p = +22.1 (c=2.44, ChCl,, 92% eeR)]; o
(CDCls, 300 MHz); 0.15 (s, 9H, OSif:)s), 1.83 (s, 3H, €3), 2.38 (s, 3H, Ar€ls), 7.2-7.3
(m, 2H, AH), 7.4-7.5 (m, 2H, AH).

(S)-2-Trimethylsilyloxy-2-(4-methoxyphenyl)propanigrle.
O,Si(CH3)3

MeO
The enantiomeric excess was determined using pmtdR spectroscopy integrating the

peaks at 1.76 (majo® and 1.79 (minomR) ppm; (278 mg, 82%, 59% e§)).

811 (CDCl, 300 MH2); 0.16 (s, 9H, OSi(s)s), 1.84 (3, 3H, El3), 3.82 (s, 3H, OH3), 6.8-
7.0 (m, 4H, AH)
(S)-2-Trimethylsilyloxy-2-methyl-3-methylpentanerile.**
O/Si(CHs)s

A~

CN
The enantiomeric excess was determined by protoR$pectroscopy integrating the peaks

at 1.45 (minorR) and 1.56 (major$ ppm; (84 mg, 78%, 40% eB)].

[a]p= -5.9 (c=1, CHCl, 40% ee 9) [lit.*° [a]p = -0.9 (c=1.6, ChCl,) 80% ee R)]; vmax
1253, 2159, 2963 ch &, (CDCl, 300 MHz); 0.23 (s, 9H, OSi(ds)s), 0.97 (t, 3HJ = 6.0
Hz, CHCHs), 1.56 (s, 3H, €l3), 1.6-1.7 (m, 4H, CbCH,CHs + CHoCH,CHz); 8¢ (CDCl,
75 MHz): 12.5, 16.4, 26.6, 27.7, 44.4, 68.5, 120.9
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