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ABSTRACT
CARLSON, LAUREN Preparation of C; Symmetric Transition Metal Complexes as
Potential Chiral Catalysts. Department of Chemistry, June 2007.

Catalytic asymmetric synthesis is of great importance to the industrial production
of biologically active substances such as pharmaceuticals, flavoring and sweetening
agents, and insecticides. AspecialclassotC;symmetrictransitionchiralmetal
complexes has proven very useful in catalytic asymmetric synthesis. Jacobsen's catalyst
is a well- known C; symmetric transition metal chiral catalyst; however, the essential
features of this catalyst are not clearly understood. In an attempt to determine more
precisely the mechanism of catalysis, we have been synthesizing transition metal
complexes with a chiral ligand of our own design. This ligand design employs a “bulky"
spio-hckbom,lsix»nmi)uedrhgbetweenthechelming nitrogens, and is expected to
have an extreme tik of the aromatic rings of the ligand. The first part of the synthesis is
the preparation of the spiro{4,4]nonane-1,6-dione. A three-step synthesis has been used
to prepare ~40 g of this intermediate in an overall 48% yield. The spirodiketone has been
converted o (1S,5R,6S)-spirof4.4]nonane-1,6-diol in 31% yield, and this diol was
converted to the diazide via the corresponding dimesylate. Hydrogenation of the diazide
has provided the desired (1R,5R,6R)-spiro[4.4]nonane-1,6-diamine which was reacted
with 2-hydroxybenzaldchyde in a condensation reaction to form the tetradentate ligand.
Foture plans include chelation of the ligand to manganese (I1I), cobalt (I1), and chromium

(III). These corresponding complexes will be fully characterized and studied for catalytic

reactivity in the asymmetric synthesis of substrates similar to that of Jacobsen's catalyst.




INTRODUCTION

The ability to synthesize chiral molecules from non-chiral substrates i of grest
importance to synthetic organic chemistry. Catalytic asymmetric synthesis is a maethod
that has recently experienced great success in synthesizing large enantiomeric cxocsses of
chiral molecules. C, symmetric transition metal complexes have proven to he unusually
good catalysts for this. Despite the success of the current catalysts in this class, there is a
desire to synthesize new catalysts with higher selectivities and that will work ona ‘wider
range of substrates. The principles behind chirality, in addition to studics carmied out on
previous chiral catalysts, offer insight into the requirements for a catelyst o be

successful.

Chirality and Chiral Molecules

Chirality is a stereochemical property in which an object, such as a molecule, i
non-superimposable on its mirror image. The term chiral comes from the groek word
“cheir” meaning hand. Like right and left hands, chiral molecules come in mirrer image
pairs. These pairs are known as enantiomers. One distinct propesty of each ensmtiomer
is its ability to rotate plane polarized light. The different enantiomers of the same
molecule rotate light in opposite directions, which gives rise to no net rotation if they are
present in equimolar amounts. *Vhen both enantiomers are found in equimolar zmonnts,
the mixture is referred to as racemic. A racemic mixture can have different physical
properties from that of each individual enantiomer, such as melting point, while each
enantiomer has equivalent chemical and physical properties when in symmerric

environments.




Clialiky is preseat throughout nature and can be seen in natural objects such as

e oumvam body, Teclical seashells, sugars, DNA, and amino acids. Many biological
moocgeees e slse cliral. When the enantiomers of a chiral molecule interact with a chiral
sexegwo. e molecale czn be thought of as a hand and the receptor as a glove. Each
o 30 Pepresents & different kand, and only one hand fits in the glove. This sort of
seinciie meraction between 2 particular enantiomer and a chiral environment results in
e dilfeweny chemicall amd physical properties between enantiomers. When the wrong
comstimwerr faseracts with 2 chiral molecule receptor, the interaction can have any number
of eescwees, souse witlout mcident and others with destructive results.

Liwsese s 2n cxample of a chiral
el Wit satexacts with chiral nasal receptors
oewuibiy 5 &Effrent resporses.  The (S)-limonene \
fiomm gives mise to the scent of lemons while the
(- Enesme snclls of ormges. As can be seen in
Frpree [, docse two compounds are mirror images A
of et ailer amd ave differentinted in naming by

Figure 1. Structures of each

e (B and (S)- designation.  The (R)- and (S)- limonene enantiomer.
desigastions e voade based on assigning priority to substituents at the chiral center
wsiing Cziie Ingoli Prefog priority rules. Enantiomers can also be distinguished by a (+)-
and () mmsineg systemz. The (+)- and (-)- designations are made based on the direction in
which e emmtiaer rotates plane polarized light. These two naming systems are
anmmenfy used bux there is mo relation between the two systems. For example, a

mawlincaile that is giver: the (S)- designation could have either the (+)- or (-)- designation.



While the differences between cnantiomers of linomene s imcestimg. d
differences between the enantiomers of thalidomide are dengerons. Tisililomiile was 2
racemicdrugthatwassoldinthel%O’snﬂl%O’smmﬂﬁmigﬁnh
pregnant women. However, many of the children of thesc prcgnast wonen ik
thalidomide were born with malformities. It was later discoverad fhes (5)-tiiliilonsic
wasrwponsibleﬁ)rallcviaﬁngmnﬁngsi&mwhikmw‘q'h
birth defects. A possible solution to this problem would be adminiscring sl swe
enantiomer;howcver,withﬂnlﬂonﬁdeithshmdimnvudﬁtmm

are intercoverted in vivo.

Becauseofprobbmsdlwmmm:ﬁvi_rhmu
similar to those seen with thalidomide, it is generally desirshie for dengs 30 e 2 singlle
enantiomer. There are several ways that molecules can be synthosizad 0 crmr The
desired enantiomeric excess (e¢). Ensntiomeric excess is 3 pemestagye 2eistd 10 S
percent excess of one enantiomer. For exampie, a sample with 2 50% 2= 0 § 5 %
enantiomer S and 25% enantiomer R. In other words, 50% of the ssmpie & maocme andl
50% is of the excess pure enantiomer S. This valee can be cakenimed cifieer Snom g

speciﬁcrotationofasampleorﬁ'omwhmﬁnmkscfndxm-zm

The first method for obtaining a high ec is to start from chiral starting Toscrsil

From there, specific synthetic routes can be used that allow for the resention of chacilo: .

Whenaproductcanbesynﬂ)esimdﬁomatdﬂiwdymw—ig
matetialsuchassugmsoramimacidsﬂxisisavuymwm

However, this method is often undesirable because appropristc chiral starting Tasteiiils




are not always available and can be expensive. The limited choice of starting materials

limits the reaction pathways as well.

A second option is selective separation. Here normal synthetic pathways are
followed and the racemic product that results is separated into the corresponding
enantiomers by using methods such as chromatography and recrystalization. These
methods arve often very difficult, but even when they are effective, at least half of the

product is lost increasing the expense and creating large amounts of waste.

A final option is to use catalytic asymmetric synthesis. This method uses a chiral

catalyst that leads to the preferential formation of one enantiomer.
Chirsl Catalysts

The principle behind catalytic asymmetric synthesis is that a small amount of
catalyst with enzyme-like selectivity can be used to generate a large amount of chiral
product. In most catalysts, the metal center is responsible for transferring chirality to the
desired molecule. For example, during chiral hydrogenation the H, and substrate bind to
the metal center simultaneously. The reaction proceeds by H, addition to the double bond
and then the chiral product is released from the catalyst so that another substrate can bind
and react. It is during the hydrogenation step that it is possible for the H, to add in two
different ways to form the different enantiomers. The reason that enantiomeric excess
can be achieved with this method is based on the energy differences between the two
different pathways. The transitions states for each of these pathways are not mirror
images and therefore have different energies resulting in an excess of the product formed

with the lower energy transition state.' Utilizing knowledge of this energy difference




b&m&do’.}t’

T 20 Sar: resites it £y conk tiere de refense of the chiral product.

noakes &t pomilile wr muee te diftoocs o coegy between the transition states in

G Symmmatiic Tcasilivan Yol Camglirees

n fiee e off i ammwic synthesis, C>; symmetric transition metal
compilexes T e e e guise sucrsethl caraiysts. In fact, three scientists were
evwemniies fine "V Wil iz i Chemisry fir their use of C; symmetric transition metal
comgilears W aoyEmwix i, These scientists were Wilkam S. Knowles, Ryoji
Noyori, sail ¥ Bere Siepies. Thea work ir asymmetric syntheses has proven very

In W Wakms $ Kowsds of te Monsamo
Compay i Bt Lo, WD dicvelpef the first catalytic

asynmmetric hyilograrion. Koswies desigred & catalyst based

o0t ity ez dismrvezies a the tme. The first was (/R‘ =
faat of Qs el Wilkasnr wie sathesized 2 soluble -bb\o
Thodann comyiles. fgwed w e wipheyiphosphine
Dabocriies: aeil e il . T sbsbiliry of this compiex mﬁ"’m";@,ﬂ

wens deoy 10 15 s canivimg: & fvdiogenstion in soltion.! This complex however




was not chiral, so Knowles looked to the work of Horner and Mislow who had
successfully synthesized chiral phosphines.’” Knowles envisioned fhat perbaps
employing a chiral phosphine ligana oound to a transition metal such as rhodim, it zasy
be possible to catalyze an asymmetric hydrogenation. The phosphine Knowies first triod
was not enantiomerically pure but still showed catalytic ability in asymmseenic

hydrogenations.’

Knowles’s goal was to develop an industrial synthesis of L-DOPA, an anviso acid
that had recently become known for its use in the treatment of Parkinson’s discase. infihe
initial attempts at developing a good chiral catalyst, the Monsanto group syntheained 2
number of chiral phosphine ligands. Several of the ligands (such as CAMP (88% o) anil
PAMP (58% ee)) showed enzyme like selectivity. The ultimate catalyst conisted of 2
chelating biphosphine ligand that contained two PAMP groups known as DIPANP. With
slightly higher ee (95%) and easier synthesis than CAMP, the Monsanto group chose to

use the air stable crystalline DiPAMP solid for the industrial synthesis of L-DOPA >
BINAP

Ryoji Noyori furthered the research of Knowles and others and developed Jacteer
and more general catalysts for chiral hydrogenations. It was in 1980 fhat Nowari
published the synthesis of both enantiomers of the diphosphine ligand BINAP. This
particular ligand, when complexed with rthodium, could be used in the synthesis of
certain amino acids with an ee close to 100%. Takasago International mees BINAP
rhodium complex in the industrial synthesis of menthol, a chiral aroma substance. in fise

end, Noyori created a more general catalyst than that of Knowles. He did this by




substitating the shodiom (I) with ruthenium (II). This

Ph
camsge reswited i the BINAP complex being able to CO /
Ipdsogemate fimctional groups other than alkenes such as “—en

\
Tcvowes i high ee’s. This ruthenium complex was used OO Ph

imdestzinl scale for the synthesis of levofloxacin,
omam the otleve an Figure 4. Noyori's BINAP

antibackexial rhodium complex.
PEY

Barry Skarpless made further advances in the area of asymmetric synthesis by
developing a catalytic method for the chiral synthesis of epoxides employing asymmetric
oxidations of allylic alcobols. The catalyst he used forms in solution between titanium
whasopopoxale and diethyl tartrate.  The titanium simultaneously binds the
Byperpooxide, chiral ligand, and substrate to form the catalyst and chiral epoxides.
Chisal epoxides are very useful as intermediates in the syntheses of other chiral products
smch daloobols, aminoalcobols, and ethers. Sharpless’ chiral epoxidation is used to
symbesize (R)-glycidol and is also used in the synthesis of beta-blockers by

& scal .4

Jucebsen’s Catalysts

Another well-known C, symmetric transition metal chiral catalyst is Jacobsen’s
caralyst. This catalyst uses Mn(III) complexes of chiral Schiff bases for enantioselective
epoxidation of alkyl- and aryl-substituted olefins. Jacobsen’s catalyst was originally
symiisesized i an attempt to make a more versatile catalyst by lifting restrictions on

sabstrates wo bave specific functional groups (for example, allylic alcohols as required for




a Sharpless cpoxidatinn) by having
stereoselectivity rely solcly =
nonbonded interactions” Tp somee
degree, Jacobsen's first camsiyst
was succeasfisl st achicving this by
recording some of fhe highest
selectivities on 2 ‘amisty of

HigueS. Ty Tomi socee of o s form

A lnter version of Jxcoheer’s mauiiest way el mx e cven mmre sclective thes
the first. The change in reactivity wes » il 27 2 oebivesy the: bradwine dasoe
backbone and b) sdiing sty grups 0 e fie sisidlicy.  Akiwegh. the acwer
version of Jacobsen’s catsitvat woiesi] well . skt 1 awe on oy oicies yicided
poor resuts®

In onder 1o design nere sdlective RvnEwETT SN T S OECCNETY &) EXTCRSE
the energy difference Inctween the tommien st syl s fer g cmmtomeric
excesses can be achicverl. In an sttt scaveerfisresctive: tossinien compleses and
determine more preciscty fhe meecheniam o i Hie Ixxbeea’s. Frisop er ol
recently studied fhe Toactivity/asiectivin: of e Sl Kawshi cpexiduion " The
results of their Tescarch sigerat thet fiexe wee oy yfwes berwess two different
approaches of the alkeue 1o The cettivet xull fhr fie e i o patih over the ather
is affected by the inherent selectivity 17 zach pafn.
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Reactivity (rel. to styrene;
Figure 6. Selectivity (measured as % ee) plotted against the relative reactivity (measured in
competition with styrene). Positive ee values denote Jormation of the (R)~configuration at the
benzylic position as the major product and negative ee values, the (S)-configuration.

Current Research

Based on the knowledge of previous chiral catalysts and their selectivities, we
have designed a chiral catalyst of our own. The catalyst consists of a tetradentate ligand
with a spiro group backbone which contains two imine nitrogen donors and two
phenolate oxygen atoms. Future work will include the synthesis of the corresponding
Mn(II), Co(Il), and Cr(IIT) complexes with this ligand. It is our expectation that these
complexes will have reactivity similar to that of Jacobsen’s catalyst. Simple energy
minimization using Spartan suggests that the complexes will be similar to Jacobsen’s but

that the aromatic rings will be tilted at an even more extreme angle. This tilting is

thought to be partly responsible for the chiral selectivity seen with Jacobsen’s catalyst.®




In amsiogy with b

repancd casshysts. wer cxect That

theae complexes  shosii e

capaide of cmabzme e

cposidation of yrachinl sllcnes: &

2 well a5 some Typical 1ows

ackl cmalyred maction Sy HpeeT. Hop 4 Ca ([ complex with dard
czample cpoxide npenEmgs O

Dicls-Aliber reactions). Ower- wee faver cstulifiskin dint we: huve: an active catalyst, we will

_-uﬁmwmwmmmeﬁwmwmw

catalyst have on its FEactio sk dhrod] sdborivag.

l‘-ﬁ’m':M(Mbmmubm'mionavaemmi
200 NMR (“H 280 Wiz, ST S8 Wi spesmmeter.  Sample spectra were taken in
solvent demosed. Claensicail shifis: (npm) axee regmyrest- inr refienee w TMS (0.000 ppm) for
' NMR amd rospective o] by fir ' “C SME.  [nffared (IR) spectra were
Ghtained from 2 Thcrmoskeson. S T30 FT- Tt spectophotoneter equipped with a
Semart Orsit refiecumcr inaer fhmonh winthw. M specta (MS) were recorded on a
Hewiett Packan] SK90A GUME. %ray ayenuls smetures were determined by Dr.
Joecph M. Tanski of Vassar Crilkgge o 2 Binlier APEX Z €CD platform diffractometer
(o Ko (2. = 071073 4)) equipyeii with an Geidnt Ggpif gitrogen cryostream. Crystals

were momsted 0 2 Toon onp with Pamone X ccyoporectat oil.  All reagents and
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solvents were purchased from Sigma-Aldrich. Anhydrous solvents were obtained from

Sigma-Aldrich.

Ethyl 1-(4-ethoxy-4-oxobntyl)-2—oxoeydopentaneurbnxym

A batch of 5.7 g 60% dispersion (143 mmol) sodium hydride was added to a2 dry.
3-neck, 250 mL round bottom flask. The flask was placed in an ice bath followed by the
addition of 70 mL of anhydrous DMF. To the stirring mixture, 22.0 g (134 mmol) of
ethyl 2-cyclopentanonecarboxvi.ite were added dropwise. Following this addition, the
mixture was left to stir for 5 min before adding 28.5 g (139 mmol) of cthyl 4
bromobutyrate dropwise. The round bottom flask was then removed from the ice bath
and placed in a ~50° C water bath to stir for 2 h. The reaction was cooled to room
temperature. Next, 300 mL of water and ~4 mL of acetic acid were added and the
mixture was extracted with 150 mL of methyl zerr-butyl ether (MTBE). The aqueous
phase was extracted again with 100 mL of MTBE. The MTBE portions were combined
and washed with 100 mL of brine,. MTBE was removed via rotary evaporation, and the
cmdepmduotwasobtainedintheoreﬁealyield,hﬁalsocoﬁninedemqhyl#
bromobutyrate and solvent. Yield 37.5 g (>100%). 'H NMR (CDCk) 4.136 (m, 4H).
2.508 (m, 2H), 2.294 (m, 3H), 1.955 (m, 4H), 1.597 (m, 3H), 1.240 (¢, 6H); IR 1725.21

cm’'; Mass spectrum 270, 242, 224, 156.

4-(2-OxocyclopentyDbutanoic Acid
A combination of 150 mL of concentrated hydrochloric acid and 150 mi. of water

were added to 40 g (134 mmol) of crude 4-(1-cthoxycarbonyl-2-




ewayxiopentybutanoate in a 500 mL round bottom flask equipped with a reflux
condienser. The mixture was refluxed for 20 b, and then a Dean-Stark trap was added and
~50 mil of solvent were distilled off to remove the by-product ethanol. The mixture was
thew alfowed 1 cool to room temperature, and 100 mL of brine were added. The mixture
nas then extracted with 100 mL of MTBE three times. The MTBE phases were
combrived and extracted with 150 mL of 1 M aqueous sodium hydroxide followed by a
second exteaction with 100 mL of 1 M sodium hydroxide. The two aqueous extracts
weze combined in a 1000 mL Erlenmeyer flask and cooled in an ice bath. Next, 100 mL
of ¥ M hydrochivne acid and 150 mL of MTBE were added to the flask. The cold
selation was transferred to a separatory funnel and the aqueous phase was extracted two

mwve times with 100 mL of MTBE. The MTBE phases were combined, and the solvent

nreamwed Yiekt: 18.346 g (77 %). IR 1705.13 cm™; Mass spectrum 170, 152, 97, 84.

Spivejs 4)-nenan-1,6-dione

Te a 500 mi round bottom flask, 2.36 g (43 mmol) of crude 4-(2-oxocyclopentyl)
Batamoric- acid and 300 mL of toluene were added. The volume was reduced until ~20 mL
off sofvent was removed. Then 4.11 g of para-toluenesulfonic acid monohydrate were
adifed to the mixture. The round bottom was equipped with a Dean-Stark trap, and the
mixture was refluxed for 24 h. The mixture was cooled to room temperature and solid
sodinm bicarbonate was added. After stirring for 10 min, 50 mL of saturated sodium
bicachonate and 50 mL of water were added. The phases were separated, and the
aguevus phase extracted with 200 mL of MTBE. The combined organic phases were

washed with brine, and the solvent was removed via rotary evaporation. The crude




mixture was then distilled using 2 short path distillation apparstus under vacoum to
isolate the pore white solid (~1 mm Hg, bp. 65-75 'C). Yick: 42 g (64 %). 'H NMR
(CDCh) 2341 (m, 6H), 2220 (m. 2H). 1.878 (m. 4H): ¢ NMR (CDCls) 216.824,
64346, 38.428_ 34274, 19.531; IR 171261 cm’*: Mass spectram 152, 97.

B-»-butyl exarsborclidine

A 25 mi ronnd bosom flask was crged with 0.500 g (1.97 mob) of (S)(-)-a,a-
diphenyl-2-pyrrobidincecthancl and 0241 g (237 wol) of butylboronic acid. These
reagents were dissolved in 15 mi of wiscuc and 2 Dean-Stark trap-like apparstus with
refluxed condeaser was asached. The trap of the apparatus was filled with ~12mL of
toloene 30 the solvent level was mesr the joi. The mixture was refluxed for 8 b and then
the solvent was removed ix vacmo. Yickk 0.134 g (26 %). "H NMR (CDCl;) 7.562 (m,
SH), 7:285 (m, SH), 4273 (t, 1H), 2954 (q. 2H). 1.693 (m, 4H), 1275 (m, 6H), 0.830 (m,
3H).

(1S,SR.65)-Spire}4 4}-nenmn-1 6-dinl

First, 1.92 g (6 mumol) of B-z-butyl oxazaborobidine were dissolved in 66.0 mL
(66 mmol) of 1 M borane-THF complex i 2 250 ml_ round bottom flask.  The mixture
was cooled 0 0° C in am ice bath. Scparasely, 10.00 g (65.8 mmol) of spiro{4.4]-nonan-
1,6-dione were dissolved in 40 mi_ of ashgdrows THF. The spiro[4.4}-nonan-1,6-dione
mixtore was added to the B-n-butyl oxazaborolidine mixtore over 15 min using an
addition funncl. The resulting mixtare was thea stirred for 15 min, and then, very slowly,

~30 mL of anhydrous mcthanol were added o the mixtare. The mixture was rotovapped

14




until ~30 mL of solvent had been removed. An additional 100 mL of auhydrows
methanol were added followed by complete removal of the solvent, first with the rotovap
and then in vacuo. Next, the product was dissolved in 100 mL of ethyl acetate, and 3 mL
of 3 M hydrochloric acid were added to the solution. The flask was then placed i am ice
bath for 15 min after which a white precipitate formed. The solid was filtered off and
washed with cold ethyl acetate. The receiving flask was changed, and the crystals were
washed with 15 mL of hexane. These crystals were the hydrcchloride salt of (S}(-)}-ee-
diphenyl-2-pyrrolidinemethanol. They were saved, and can be used to regenerste the B-
n-butyl oxazaborolidine. From the first receiving flask, the ethyl acetate mixture was
washed with brine. The solvent was removed via rotary evaporation, and the resultast
product was dissolved in 25 mL of methylene chloride and left in the refrigersior for 24
h. The white (15,5R,6S)-spiro[4.4]-nonan-1,6-diol crystals that formed were filiered and
dried. The solid was then recrystalized in methylene chloride. The 'H NMR suggestod

the isolation of a single product. Yield: 3.18 g (31 %). 'H NMR (CDCl) 3.812 (q, 2H).

2.026 (m, 2H), 1.621 (m, 12H); IR 3210.9 cm™; Mass spectrum 138, 120, 94.

(15,5R,6S)-Spiro[4.4]-nonan-1,6-dimesylate

A 25 mL round bottom flask was charged with 1.05 g (6.73 mmol) of (15,3R 65)-
spiro[4.4)-nonan-1,6-diol. The spirodiol was dissolved in 15 mL of anhrydrous THF. The
flask was then placed in a 0° C ice bath and purged with N gas. Next, 3.75 ml. (26.92
mmol) of tricthylamine were added. After stirring for 5 min, 1.15 mL (14.81 mamol) of
methanesulfonyl chloride were added very slowly over 20 min. The mixture was thea

left to stir air free in the ice bath. After 2 H, 50 mL of water were added tc the mixture




and then it was extracted twice with 25 mL portions of MTBE. The organic phase was
then washed with brine, and the soivent removed. Upon sitting a white solid formed, and
the dimesylate was isolated in quantitative yield. 'H NMR (CDCly) 4.776 (t, 2H), 3.059

(s, 6H), 1.743 (m, 12H).

(LR,5R,6R)-Spiro[4.4)-nonan-1,6-diazide

First, 0.399 g (1.28 mmol) of (1S,5R,6S)-spiro[4.4]-nonan-1,6-dimesylate were
added to a 25 mL round bottom flask, and 5 mL of anhydrous DMSO were added to it.
Then, 0.25 g (3.84 mmol) of sodium azide were added to the flask, and the mixture was
left to stir in an ~80° C oil bath. After 24 h, the flask was removed from the oil bath and
cooled to room temperature, and 35 mL of water were added to it. The mixture was then
extracted twice with 15 mL portions of MTBE. The organic phase was then washed with
brine, and the solvent removed. The product was then extracted into 7 mL of hexane, and
concentrated on the rotovap again. The desired diazide was separated from a
monoalkene/monoazide side product through column chromatography, eluting with
hexane. The fractions containing the diazide were concentrated using the rotovap, and
the remaining solvent was removed in vacuo. Yield: 0.075 g (29%). 'H NMR (CDCl;)
3.793 (s, 2H), 1.863 (m, 8H), 1.434 (m, 4H); *C NMR (CDCls) 70.325, 69.658, 32.904,

30.127, 20.901; Mass spectrum 206, 178, 122, 96, 67.

(1R,5R,6R)-Spiro[4.4]-nonan-1,6-diamine
A 10 mL round bottom flask was charged with 0.557 g (2.70 mmol) of

(1R,5R,6R)-spiro[4.4}-nonan-1,6-diazide. The diazide was then dissolved in 8 mL of




methanol, and then two spatules full of paliadium, 5 w1 % Gir Semisi wr atYvesni
carbon, wet, Degussa type E101 was added 1o the Hesk. The Bk wonts S meiie
hydrogen gas for 3 h. 'I‘hepallndiummuﬂ:muﬁsstwwzﬁm
of the solvent was removed. Yicld: 0.530 g (>100 %). ‘H'NMR (CDCh S S0 @&
1.801 (m, 8H), 1.440 (m, 4H); B NMR (CDCh) T9-888. 3086 SR TS

21.042; IR 2944.01 e, 2867.50 cm™, 144583 oo™ Mises sypectvmmn 19¢ 557 T S

2,2'-(1E,1'E)<(1S,55,65)-spiro{4 Ajnenume 1 %-divihinguens-1-w-3 3lilnsiil
(methan-1-yi-1-ylidene)diphensl (SNIP)

First, 0.042 g (270 mmol) of (1R SRR} -Spiro]-4}smmme-1 x-Jamwns e
added to 2 25 mL round bottom fiask. The dimmine wues ot in £ o5Semiyio
ethanol, and 0.890 mL (849 mmol) of salicyladciweic wree wiied o0 e simex The
yellow mixture was stirred for 435 min. Tie spimdty yeliow Creses S Semm’ e
filtered, and the remaining mother Tiquor was doopt 3t 5°C ovemmggis. “Thee vommay-wobik
that formed was filtered. Then the two batches of olset] Crestals wesr el
dried. Yield: 0.550 g (52 %). 'H NMR (CDCh) 13567 . 2H). 78D & . "t

2H), 6.931 (d, 2H), 6.719 (m, 4H), 3.511 (4, 2H), 1864 tso. THH).

RESULTS AND DISCUSSION
Ethyl 1-(4-ethoxy-4-oxobutyl)-2-oxecyiupemtanecarbeushsie:
Synthesis and Ideatification

The first molecule synthesized was oyl <SSl

oxocyclopentanecarboxylate. As seen in Reaction 1, dhis wdooic o yupiiatae T




combining ethyl 2-cyclopentanonecarboxylate and ethyl 4-bromobutyrate in the presence

of sodium hydride in DMF a procedure similar to that utilized by Nieman and Keay.’

T -—x%vu

Reaction 1. Synthesis of ethyl 1-(4-ethoxy-4 yelop
Mechanistically, the first step of the reaction involves the base-catalyzed

enolization of the ethyl 2-cyclopentanonecarboxylate. The enolate ion is in resonance
with a carbon anion on either carbon adjacent to the ketone; however, in this case, the
more substituted carbon stabilizes the charge through resonance with the ester group and
is therefore more reactive. This nucleophilic carbon displaces the bromide of the ethyl 4-
‘bromobutyrate forming the desired product.

For the synthesis of ethyl 1-(4-ethoxy-4-oxobutyl)-2-oxocyclopentanecarboxylate,
it was fmportant to use dry glassware and anhydrous solvents because sodium hydride
can ignite when in contact with water.  Upon the addition of ethyl 2-
cyclopentanonecarboxylate to the sodium hydride shury, it was important to vent the
flask due to the production of hydrogen gas. Also, following the addition of ethyl 4-
bromobutyrate, it was not uncommon for the mixture to become cloudy and viscous.
Additional DMF could be added to regain th more homogenous and fluid light orange
solution. The calculated yicld was always greater than the theoretical yield for this
reaction because excess ethyl 4-bromobutyrate remained even after the workup.
Completion of the reaction could be followed by GC-MS through the disappearance of

the ethyl 2-cyclopentanonecarboxylate and the appearance of the product.
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Figure 9. Mass spectrum of ethyl 1-(4-ethoxy-4-oxobutyl)-2 P

An 'H NMR spectrum of ethyl  1-(4-ethoxy-4-oxobutyl)-2-
oxocyclopentanecarboxylate was also obtained, but because of the presence of the cthyl
4-bromobutyrate, the spectrum is difficult to obtain clear data from. The IR spectrum for
the product showed a strong peak at 1725 cm’! that confirmed the presence of the

carbonyl.

4-(2-OxocyclopentyDbutanoic Acid: Synthesis and Identification
Reaction 2 involved refluxing the crude 4-(1-cthoxycarbonyl-2-
oxoxyxlopentyl)butanoate from Reaction 1 in aqueous hydrochloric acid to form the 4-

(2-oxocyclopentyl)butanoic acid.”




Reaction 2. Synthesis of 4-(2 yclopentyl)b ic acid.
The first mechanistic step of this reaction is the acid hydrolysis of both the ester

groups to carboxylic acids. Following this conversion, the carboxylic acid beta to the
ketone undergoes decarbo~ ation resulting in the loss of carbon dioxide and the
formation of the desired 4-(.-oxocyclopentyl)butanoic acid.

The setup for this reaction was relatively simply, and like the previous reaction,
this reaction can be monitored for completion using GC-MS. In most cases, the gas
chromatogram for this reaction was showing one more peak than was expected. This
additional peak was the ethyl ester of the desired product. We discovered that this

coptaminant could be removed by distilling off a portion of the solvent following the

reaction. This allowed for the selective conversion of the impurity to the desired product

because of the selective removal of ethanol from the reaction mixture.

The chromatogram shown in Figure 10 was taken after distillation and much of
the impurity had been removed. The very small peak at ~5.85 min corresponds to the
impurity sometimes present. Figure 11 shows the mass spectrum consistent with the
formation of 4-(2-oxocyclopentyl)butanoic acid based on the molecular ion peak at 170

and fragments at 152 and 84.
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Figure 10. Gas chromatogram of Reaction 2 a1 completion.

11. Mass spectrum of 4-(-oxocyclopesyl)intancic acid.




Spiro[4.4]-nonan-1,6-dione: Synthesis and Identification
The third reaction involved the cyclization of the 4-(2-0xocyclopentyl)butanoic
acid to the spiro[4.4]-nonan-1,6-dione in the presence of para-toluenesulfonic acid

monohydrate in toluene.’

o :_—_:
—_—

oH Toluens, refkx, 1,0

Reaction 3. Synthesis of spiro[4.4]-nonan-1,6-dione.
This reaction proceeds through an intremolecular cyclization. Similar to Reaction

1, the mechanism involves reaction a to the ketone. Unlike Reaction 1, the a-carbon

react as an enol instead of as an enolate. The enol formation is

‘oH -~ 22
L / acid-catalyzed by the para-toluenesulfonic acid. This carbon can

attack the carbony! carbon of the acid (Figure 12). However, it is

Figure 12, Attack on . . .
carbonyl carbon to likely an oxonium ion forms at that carbon through the loss of

form spirodiksione. H,0 prior to the attack.

The first step in this synthesis involves dissolving the 4-(2-
oxocyclopentyl)butanoic acid in toluene and then using the rotovap to remove some of
the solvent. This step was particularly important because traces of ethanol (present from
the previous step) will lead to the formation of the ethyl ester of the starting acid. The
formation of pure diketone was much easier when this third reaction was done with the
purest possible starting material. Reaction 3 could be monitored for completion by either

GC-MS or by theoretical loss of water. The latter was done by determining the amount

of water that would be lost had all of the starting material reacted and then measuring this




s wing the Desa-smk wap. Following the workep of this reaction, crude brown

ol was digsel To chenim the white solid that the diketone was reported to be, the
e ol was distillod wsisg 2 short peth distiliation apparatus.” On the twenty gram
scalie thes Rescsinns 1-3 weve doar on, 2 respectable overall yield of 48% was obtained.
As mestionnd GC-MS was wsed t0 monitor the completion of the reaction. The
spindirmer came 2 2bout ~4.9 min in the chromatogram  When checking the distilled
solid i poak was de anly omr presemt.  The mass spectrom resulted in a relatively

Targe masloosir tem poak 2t 152 2nd 2 fiageaent peak 2t 97. Although this GC-MS was

wdl o e iniiind analysis of i prodict, “H NMR was also very useful.
The 'H NMR spectrum of the
spodiketone is the first time we got to sec the
‘ wphickd mmitiplet from the spiro[4.4]nonane
growp. This distinctive grouping of multiplets
seen in Figare 13 is present in all of the 'H
NMR spectra of the molecules we synthesized
3 comtaiming the spiro[4.4lnonane group. As
i aapected with the spirodiketone which has no
aromatic, amine, or methine hydrogens, there
are oo peaks farther downfield than ~2.5 ppm.

This '"H NMR was perticularly important

becamse i served as a reference for the 'H
Fpwe . Gefisid vegion "HNMR of NMR spectra taken all of the compounds
synthesized after the spirodiketone.
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B-n-butyl oxazaborolidine: Synthesis
The synthesis of B-n-butyl oxazaborolidine was carriod eatt 2s .

published by Corey ef al.'®  For this synthesis, we ardered 2 gpocis]

Dean-stark trap-like piece of glausware. Because of the small soale of /
\n..
these syntheses, the trap of this piece of glassware wes fillsd wifh
Figwe 1. Bn-lud

solvent to the bend. This allowed for proper recondensing of the oy o pifn,
solvent while still allowing for the removal of wmer. Uslike #he
published procedure once we isolated the catalyst, we dill not proge ssboows of & el

it was needed for Reaction 4.

(1S,5R,6S)-Spiro[4.4]-nonan-1,6-dick: Symthesis and Idenicoion
The synthesis of the (15,5R,65)-spiro[4-4}-noman-1 5-in] sise vesfrmod wp e e
trans, trans-spirodiol was done by using a Corey, Bakshi, und Shihets OIS sedicnn

procedure usirg the n-butyl substituted oxazsborlidine catslyst we synfesiand

é&d}‘o S 35 X Op

racemic
Reaction 4. Synthesis of (1S,5R,65)-Spiro[4.4]-nonan-1,6-diol.
The use of a chiral catalyst in the CBS roduction peomime sflewed e the
formation of only one stereoisomer from cach enantiomer of fhe spindiseer Whes the

racemic chiral spirodiketone is reduced with borene-THF in fhe yrescme of s catales




the cis,trans-spirodiol is the major product; however, when we employed the chiral
catalyst, we found the major product to be the desired trans,trans-spirodiol. As rc orted
by Lin et al., we sometimes found the monoketone-monodiol product would 1orm in
minimal yield, but this side product was easily separated from the zrans, trans-spirodiol.

We determined that it was important to add the spirodiketone dissolved in THF to
the catalyst and borane-THF solution slowly in the synthesis of the spirodiol. When this
procedure was done quickly or the reagents added in different orders, there were
problems with the reaction. One problem that was sometimes encountered was the
incomplete reduction of the spirodiketone. Another problem was that a product was still
bound to the B-n-butyl group would form. Both of these problems were identified using
GC-MS. Also, although it was reported that lowering the temperature significantly
decreased the amount of the cis,trans-spirodiol formed, we found the difficulty’ of
maintaining the extrume temperatures was not worth the minimal, if even noticeabls.,
decrease in cis, trans-spirodiol.

Initial procedures used to isolate the trans,trans-spirodiol involved column
chromatography.  Following the methanol quench, the crude product would be
concentrated and using a 9:1 methylene chloride to methanol eluent. The yields obtained
for the trans,trans-spirodiol using chromatography were discouraging. It is also
somewhat difficult to see the trans, trans-spirodiol on TLC plates as it chars very slowly.
Although, when the trans,trans-spirodiol is successfully separated it is quite obvious.
The trans,trans-spirodiol forms a fluffy white crystalline solid upon removal of solvent,

and the cis, trans-spirodiol forms a clear oil. If the trans, trans-spirodiol is contaminated

with any cis, trans-spirodiol the white solid that forms is more chalk-like. A 'H NMR of




the pure trans, trans-sprodiol can be seen in Figure 15. Another problem that occurred
when using this procedure to isolate the spirodiol was that the spirodiol would complex
and elute with the catalyst especially when a higher preparation of catalyst were used.
Because of low yiclds and difficalty in purification, we tried alternative methods to get

from the spirodiketone %o the spirodiamine.
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Figure 15. "H NMR of (IS.5R.65)-Spirof 4.4]-nonan-1,6-diol.

A synthetic route was also attempted to convert the ketones to oximes and then to
reduce the oximes to amines. The mitial studies for this rowte were done using 4-t-
butylcyclohexanone becanse i was readily available. The conversion of the ketone to the
oxime was done by dissolving the methanol and adding hydroxylamine hydrochloride

The first attempt 0 reduce the oxime was done using nickel boride (Ni;B). We
attemnpted eight different workops and found no amine product on muitiple reaction
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attempts. The next reduction attempted was with LiAlH,. The GC-MS of this reaction
showed mostly starting material with very little amine formation. A final reduction with
TiCly and NaBH, was attempted on the oxime and once again only a very small amount
of amine was formed. Although the oxime-route formation initially seemed promising,
this route was given up due to the difficulty in reducing the oximes once they were
formed. After these attempts, we returned to our initial procedure involving the synthesis
of the trans, trans-spirodiol.

It was when we returned to the synthesis of the trans,trans-spirodiol that we
desided to remove the catalyst immediately after the methanol quench. We did this by
dissolving the crude product in ethyl acetate and adding 3 M hydrochloric acid that
precipitates the hydrochloride salt of the amino alcohol form of the oxazaborolidine
catalyst. Following the removal of the catalyst and concentration of the crude product,
we dissolved the product in methylene chloride. We knew from previous work with the
trans, trans-spirodiol that it is relatively insoluble in methylene chioride, and as we
suspected the trans, trans-spirodiol crystallized out of solution. It should be noted though
that recrystallization is sometimes needed to obtain highly pure trans,trans-spirodiol.

Figure 16 shows the X-ray
crystal structure of the trans,trans-
spirodiol crystals. The hydrogen
bonding between two spirodiol

molecules is depicted as a green

dotted line in the Figure. The Figure 16. X-ray crystal structure of (15,5R.6S)-
spirof4.4]-nonan-1,6-diol.
structure along with the distinct
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mclisnr: siggei ey is diiffed downiield around ~3.8 ppm  due to the adjacent alcobol

e awi the topiical. msitipier: gronping upfield in the 'H NMR spectrum (Figure 14)
ousiicens i e i foet: isufave thee traes, orans-spirodiol.

SNESREE Sgiinfit N venns-§ 6-disrvyinte: Synthesis sud Identification
etz ¥ ixveives the conversion of the ( LS, 5R,6S)-spiro[4.4]-nonan-1,6-diol to

e T8 R o i - o | G- dixmiesylate with mesy chloride and TEA in THF.™

I+

Ml Swwbesiz of ( [55R, 05)-spiro[ 4 4] -wonan-1,6-dimesylate.
This reacine nvelives the deprotomation of the alcohol groups of the trans,trans-

appmiiingi oy tyintfivhnine:  This mukes the oxygens very muclephillic, and they displace
S Sl gowy of the: mewyl chiforide:  The mesylate groups are very good leaving
gemwysank' impercons i the: zzide displacement that follows.

Tt spmbmyin of the spiodimesylate, it is very important to keep the reaction at
W € anicow ikt eyt cliloride very slowly. When both the temperature and addition

e demr carectiy, & white siid is obmined following the workup. When these
Zoiisiones e wr sinezined, 2 yellow oil is obtained. In some cases, the yellow oil,
wiincy chwaiiek e TLE, was will pure enough to carry on for the azide displacement
i fax chtsseng 5 white selid was an excellent sign that pure spirodimesylate was

soynlivioeek.
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Figure 17. 'HNMR of (15,5R.65/)-spirof4.4]-sonas-1.6-dimesylase.

The spirodimesylate was identified using 'H NMR. Thor wor fece
distinguishing areas for the spirodimesylate 1) the mefhine wiphet (43 ppm), 2) the
spiro[4.4]nonane multiplets (3.1 ppm), and 3) the mesyiate syl maltiples (1.7 pyam)
The 'H NMR in Figure 17 also shows peaks for the residual mesyl chiwride (3.7 pyan)
and TEA (2.3 and 1.4 ppm).

(1R,SR,6R)-Spiro[4.4]-nonsn-1.6-diszide: Synthesis and kirntication
For the sixth step of the synthesis, (15,5R/65)-spiro{4.4} soman-1 6 damcoylatc in
DMSO is reacted with sodizm azide to yicld the products seen in Reaction 6.°

&F =Cp de

Reaction 6. Synthesis of (1R, 5R,6R)-spiro[4.4]-nouan-1,6-diazide.




The (1R,5R,6R)-spiro[4.4]-nonan-1,6-diazide product is the result of a double
bimolecular nucleophillic substitution (Sn2) reaction. The Sx2 nature of this reaction is
responsible for inverting but not interconverting the stereochemistry of the compound.
The characteristics of the azide group, small and nuclephillic, and the great mesylate
leaving group are necessary to carry out the displacement on the hindered neopentyl-like
carbon. The side product monoaizde-monoalkene product forms froma single
elimination that is in competition with the substitution.

This reaction was originally carried out in DMF; however, it was determined that
the reaction in DMSO went to completion faster and resulted in fewer side products.
Unlike many of the previous reactions that were monitored for completion using GC-MS,
this reaction is best monitored by either using TLC or running the reaction in d;-DMSO
and checking with '"H NMR. The extraction for this reaction is relatively difficult
because of the brown gelatinous substance that hangs at the interface of the organic and
aqueous phases. It was determined that this substance did not contain the desired
spirodiazide product, but it makes cleanly separating the phases more difficult. Itis
thought that the spirodiazide is somewhat temperature sensitive, and it is therefore

important to use caution when removing the solvent.
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Reaction 7. Synthesis of (1R,5R,6R)-spiro[4.4]-nonan-1,6-diamine.
This reaction was done originally only on a very small scale. Vidlds s

relatively low, but no side products have been present, so as expectedl the scuiled ap
reaction yield improved significantly. Also, the spirodiamine is thought to have a dow
enough boiling point to cause concern when removing solvent, 0 secaner of fivs

complete solvent removal has not been possible.

SNIP Ligand: Synthesis and Identification
The reaction of the (1R,5R,6R)-spiro[4.4}-nonan-1,6-diamine with 2-
hydroxybenzaldehyde results in the standard tetradentate ligand frame as saen in

Reaction 8.

+ 2 ——-
R cH u—c%

Reaction 8. Synthesis of SNIP ligand.

As with the previous synthesis, the yields for this step were lower than cxpactadl.
This is probably due to the inaccuracies in the number of moles of starting materisl The
reaction has been carried out twice on small scales and once on a larger scile. In a8




cases, 'H NMR

showed an excess of
unreacted 2-

hydroxybenzaldhyde

suggesting there was

less spirodiamine

present than measured

most likely because of

incomplete  solvent

removal as mentioned

Figwre 19. X-ray crystal structure of SNIP ligand.

previously. This

reaction is simple and works well. The product is very symmetric and forms spindly

yellow crystals that are easily isolated. These crystals were used to determine the x-ray

crystal structure of the SNIP ligand seen in Figure 19.

Future Work

Initial work will include the synthesis of the metal complexes including those of
manganese (IIT), cobalt (11), and chromium (III). Then these complexes will need to be
characterized ard tested for their reactivity and selectivity in reactions such as chiral
epoxidations and selective epoxides ring openings.

In the future, we plan the following alteration to the chiral metal complexes:

a) varying the donor group of the benzaldehyde, starting with phenol and then

replacing the hydroxyl with a thiol, a phosphorous, or an amine




b) Adding bulk to the aromstic rings by adiing iyl gm0 dhe 3 anll 5-
positions
£) Modifying the spiro backkome of fhe ligand
C; symmetry is cleady an smpostant pant in fhe coutive dovge anil wiill Ge
conserved as we make changes to our compleses. Selurquent systmatic g s die
ligand should offer insight into fhe promesrical reguiscmmcats & fhe st anweer. wilih
to identify the contributions of fac groups hring syscamatically chasyll %0 gain 2 Gusthor
understanding of the reactivity and selectivity of chinil C~ symenttric Tamiitinn auedl
compicxes as catalysts.
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Figure A-1. '"H NMR of Ethyl 1-(4-cthoxy-4-oxobutyl)-2-oxocyclopentanecarboxylate.
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Figure A-2. IR of Ethyl 1-{4-ethoxy-4-oxobutyl)-2-oxocyclopentanecarboxylate.
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Figure A-3. GC of Ethyl 1-(4-cthoxy-4-oxobatyl)-2-oxocyciopoatenccarbsawine
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Figure A-4. MS of Ethyl 1-(4-ethoxy-4-oxsbutyl)-2-oxocyciopestasncaimaler.
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Figaee A-5. IR of 4-(2-Oxocyclopentyl)butanoic acid.
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Figmwe A-&. GC of 4-(2-Oxocyclopentyl)butanoic acid.
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Figmre A-1. MS of 4-(2-OxocyclopentyDbutanoic acid.

Figere A-8. "H NMR of Spiro[4.4}-nonan-1,6-dione.
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Figure A-9. '*C NMR of Spiro[4.4]-nonan-1,6-dione.
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Figure A-10. IR of Spiro[4.4}-nonan-1,6-dione.
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Figare A-13. 1H NMR of B-n-butyl oxazaborolidine.
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Figure A-15. IR of (15,5R,65)-Spiro{4.4]-nonan-1,6-diol.
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Figure A-16. GC of (15,5R,65)-Spiro[4.4]-nonan-1,6-diol.




]

"
TEERRRRRAR

)

- 403 W

Figme A XL




s
| . Y]

T T T T b T
] ? L] L] a 2 z

Figure A-19. '"H NMR of (1R,5R,6R)-Spiro[4.4} nonan-1,6-dinzide.
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Figure A-20. *C NMR of (1R,5R,6R)-Spiro[4.4}-nonan-1,6-diazide.
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A-21. GC of (1R,5R,6R)-Spiro[4.4]-nonan-1,6-diazide.
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Figure A-22. MS of (1R,5R,6R)-Spiro[4.4]-nonan-1,6-diazide.




Figure A-24. “C'NMR of (1R 5B ) Spise4 4] namum 1 §-dimsvine:
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Figure A-26. MS of (1R,5R,6R)-Spiro[4.4]-nonan-1,6-diamine.
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