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MODELING THE MECHANISM OF ESTER-SUBSTITUTED ALKYNES IN
ACYLOXY MIGRATION FOLLOWED BY VARIOUS CYCLOADDITION
REACTIONS

SUMMARY

In the present thesis quantum chemical methods have been used to model the
mechanism of Rh-catalyzed acyloxy migrations followed by cycloaddition reactions
of propargyl esters. The necessary background information and the literature are
introduced in Chapter 1. The theoretical framework of quantum chemistry is presented
in Chapter 2. The results of the thesis are discussed in Chapter 3 and Chapter 4. Finally,
the main conclusions are summarized in Chapter 5.

One of the main targets of synthetic chemistry is an effective production of desired
compounds. In this respect, metal catalyzed reactions have contributed to this area by
enabling many synthetic utilities including regioselective or stereoselective synthesis.
However, in most of these cases, the mechanism of the metal catalyzed reactions are
recondite. At this point, mechanistic studies, especially quantum mechanical
modelling of reactions are very valuable as they exhibit wide range of information on
the dynamics of a reaction, including the structural factors that affect product
distribution, transition state structures, ligand effect, metal’s contibution to
mechanism. The main aim of this study is to investigate the reaction mechanisms for
the formation of functionalized cyclohexenone and cyclopentenone derivatives via
tandem acyloxy migration and cycloaddition via Rh catalyst. This thesis consists of
two parts of work. In the first part, the two competitive 1,2- and 1,3-acyloxy migrations
have been discussed and the effect of the nature of alkynes, terminal vs internal, in
regioselectivity has been investigated by considering [4+1] and [5+1] cycloadditions
of 3-acyloxy 1,4-enynes (ACEs) with terminal and internal alkynes. In the second part,
the mechanism of a tandem 1,3-acyloxy migration [5+1] cycloaddition of cyclopropyl
substituted propargyl esters has been investigated. The effect of the substituent in the
cyclopropane has been studied to elucidate the mechanism of cyclopropyl ring opening
which leads to product distribution.

In the first part of the thesis, the mechanisms of the [RhCI(CO);].-catalyzed
intramolecular cycloadditions of ACEs with a cyclohexene moiety by CO with
concominant acyloxy (OAc) migrations have been extensively investigated using
density functional theory (DFT) calculations. All geometries were optimized at the
B3LYP/6-31+G(d) level (LANL2DZ for Rh). The effect of the nature of alkynes has
been rationalized by modelling possible intermediates and transition states for
competitive 1,2- vs 1,3-migrations of acyloxy group and for further possible
transformations with terminal and methyl substituted starting enynes. Experimental
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and mechanistic studies indicate that the formation of cyclohexadienones proceeded
by a [5+1] type cycloaddition of ACEs with terminal alkynes involving a
Rautenstrauch 1,2-OAc migration by carbonylation while the formation reaction of
functionalized cyclopentenones involved a Saucy-Marbet 1,3-OAc migration of ACEs
of substituted alkynes and subsequent [4 + 1] cycloaddition with CO.

The reaction initiates with two isomers of ACE-RhCI(CO) n-complex by switching
the positions of CO and Cl ligands. The isomer in which CO is trans to the alkyl group
has been found to be more stable because Rh metal coordinates to both alkyne and
alkene fragments strongly. The acyloxy migration is found to be the rate determining
step from the DFT study and the predicted regioselectivity is in harmony with the
experimental result. The ~5 kcal/mol of Gibbs free energy difference between 1,2 and
1,3-acyloxy migration transition states favor 1,2-acyloxy migration for terminal or H-
substituted alkynes which is consistent with the experimental and theoretical findings.

The Rh-allyl complex, can undergo CO insertion with two possible reaction pathways.
In the first path, CO addition to rhodium in Rh-allyl complex and then CO insertion to
the cycle take place. In the second path, isomerization takes place before CO addition
which leads to a more stable isomer. The following CO insertion steps prove that the
isomerized intermediate is energetically favored through the reaction mechanism. On
the other hand, the insertion of carbonyl group from cyclohexane side is found to be
favored compared to the alkene side which leads to the ketene formation when Rh is
expelled from the system by complexing to another ACE. The
rhodacycloheptadienone which is obtained through CO insertion from cyclohexane
side undergoes reductive elimination. The cyclohexadienone product is obtained when
the catalyst leaves the system by coordinating with another ACE molecule and the
starting Rh-ACE complex is regenerated.

In internal alkynes, the preference of 1,3- is not strong as compared to 1,2-acyloxy
migration, therefore, both mechanisms were modeled. The barrier heights for the
following steps of 1,2-migration are found to be higher than that of 1,3-acyloxy
migration. Furthermore, a probable equilibrium between Rh-allyl complex and Rh-
ACE complex indicates that 1,2-acyloxy migration is a less facile path for internal
alkynes. Additionally, 1,3-acyloxy migration intermediate called Rh-allenyl complex
is also experimentally proposed. As it is discussed in the terminal part, calculations
have shown that the isomerization step is energetically preferable compared to a direct
CO addition and CO insertion from the cyclohexane side is energetically favored. The
resulting rhodacyclohexenone undergoes reductive elimination and the catalyst leaves
the system by coordinating with another ACE.

The calculations presented herein have contributed to understanding and thus will lead
to controlling this effective Rh () catalyzed transformation reactions of 1,2 and 1,3-
acyloxy migration followed by cycloaddition for further cyclohexadienone and
cyclopentenone derivatives in obtaining custom made products.

In the second part of the thesis, the carbonylation mechanism of cyclopropyl
substituted propargyl esters has been modeled with DFT at WB97XD/6-31+G(d) level
(LANL2DZ for Rh). Although B3LYP functional was used in the fist part of the thesis,
it was not succesful enough to investigate 1,3-acyloxy migration of cyclopropyl
substituted propargyl esters in solution. On the other hand, a long range WB97XD
functional is found to be good at highlighting the acyloxy migration. The cleavage of
different cyclopropane C-C c-bonds led to different isomers for the unsymmetrically
substituted cyclopropanes. The regioselectivity for the cleavage of C-C o-bonds is
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found to be dependent on the stereochemistry of the cyclopropyl group, the metal
catalysts and the electronic properties of the substituents.

In this thesis, cis and trans conformers of 3-(2-Hydroxymethyl-cyclopropyl)-1,1-
dimethyl-prop-2-ynyl ester and trans conformer of 3-(2-Phenyl-cyclopropyl)-1,1-
dimethyl-prop-2-ynyl ester have been modeled to highlight the reaction mechanism
and explain the product distribution. Although both trans- and cis-disubstituted
cyclopropanes with hydroxymethyl moiety prefer the cleavage of the less hindered C-
C o-bond of cyclopropane, a higher regioselectivity is observed in cis-
substituted cyclopropane than the corresponding trans-counterpart. Moreover, trans
conformers with hydroxymethyl and phenyl substituted cyclopropanes have opposite
regioselectivities.

1,3-acyloxy migration of cyclopropyl substituted propargyl esters is a step-wise
process which takes place in the first two transition states. The formed Rh-allenyl
complex undergoes isomerization, CO addition and then ring opening. The resulting
metallacycle undergoes CO insertion followed by reductive elimination. In the last
step, alkylidene cyclohexenone product forms when the catalyst leaves the system by
coordinating with another ACE. The energies of the intermediates formed by direct
CO addition or isomerization followed by CO addition have been compared. As in the
first part of the thesis, the resulting isomer is exothermically preferred. Isomerization
leads to a lower energy transition state and an intermediate for the following CO
insertion.

Furthermore, CO insertion has been investigated in terms of the positions of carbonyl
group to the cleavaged C-C o-bond of cyclopropane. The calculations herein show that
the initial reactant energies and the barrier heights for CO insertion have a large effect
on product distribution for trans and cis conformers. The 4.9 kcal/mol of energy
difference in CO insertions of trans-disubstituted cyclopropanes favors the cleavage
of the least substituted C-C o-bond, leading to the major product. While the high
selectivity of the least substituted C-C o-bond in cis conformers have been explained
by 3 kcal/mol of energy difference in the initial complexes and 4.9 kcal/mol of energy
difference in CO insertions.

The opposite selectivity of trans-disubstituted cyclopropanes with phenyl group in
which the most substituted C-C o-bond is cleaved for ring expansion is due to the
electronic effect of the adjacent m-system. Finally, the results in this study are
consistent with the experimental findings.

As a part of this thesis, a poster has been presented in an international symposium and
a paper has been published in a SCI indexed peer-reviewed journal
(10.1016/j.jorganchem.2017.09.017).
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ESTER SUBSTITUYE ALKINLERIN ASILOKSI GOCU VE ARDINDAN
CESIiTLIi HALKA KATILMA REAKSiYON MEKANiIiZMALARININ
MODELLENMESI

OZET

Metal katalizorlii sentezler organik kimyacilarin sik¢a kullandig1 metodlardandir. Elde
edilen iriin ya da driinler katalizoriin kimligine, ligandlara, tepkenlere ve deney
sartlarina ¢ogu zaman baglilik gostermekte fakat hangi asamalardan gegerek {iriin elde
edildigi bilinememektedir. Mekanizmanin bilinmesi, {iriin dagilimma etki eden
faktorlerin anlasilmasi, o tepkimenin kontroliine ve istege 6zel iiriin elde edilmesine
olanak saglayacaktir.

Bu tez kapsaminda bir seri propargil esterlerin Rh katalizor varliginda gergeklesen
asiloksi go¢ ve ardindan siklokatilma tepkimelerinin hangi mekanizma Uzerinden
ilerledigi ve hangi iiriinii verdigi kuantum mekanik yontemlerle incelenmistir. Ilk
bélimde konuya iligkin literatiir bilgisi verilmektedir. ikinci béliimde, kuantum
kimyas1 teorik cercevede sunulmustur. Uclincii ve dordiincii boliimlerde bu tez
kapsaminda yapilan caligmalarin sonuglar1 tartisilmistir. Son bolimde ise tezin
sonuglart 6zetlenmistir.

Bu caligmanin amac1 asiloksi gocii ve halka katilmasi ile olusan fonksiyonellestirilmis
siklohekzenon ve siklopentenon reaksiyon mekanizmalarini kuantum mekaniksel
yontemlerle detayli olarak aydinlatilmasidir. Elde edilen yapilar bir ¢ok kullanim
alanina sahip olduklarindan organik sentez agisindan kiymetli Grlinlerdir. Bu tez iki
calismadan olusmaktadir. Ilk ¢alismada, birbiriyle yarisan 1,2- ve 1,3-asiloksi gocleri
tartisilmistir. Alkinlerin yapisinin regio secilige etkisini incelemek i¢in ug ve i¢ alkinli
3-asiloksi 1,4-enin esterlerin (ACE) [4+1] ve [5+1] siklokatilmalari arastirilmistir.
Ikinci calismada ise, siklopropil siibstitiiye propargil esterlerin ardarda gergeklesen
1,3-asiloksi gocii ve [5+1] siklokatilma mekanizmalari arastirilmistir. Uriin dagilimina
neden olan siklopropil halka agilma mekanizmasini agiklayabilmek icin siklopropile
bagl gruplarin etkisi tizerinde ¢aligilmistir.

Bu tezin ilk asamasinda, siklohekzen sibstitliye ACElerin [RhCI(CO)2].-katalizorli
molekiil i¢i asilosi go¢ esliginde halka katilma mekanizmalar1 Yogunluk Fonksiyoneli
Teorisi (YFT) ile B3LYP/6-31+G(d) baz seti kullanilarak detayli bir sekilde
incelenmistir. Rh atomu igin LANL2DZ kullanilmustir. Birbiriyle yarisan 1,2- ve 1,3-
asiloksi gogleri ile u¢ ve metil siibstitiiye baslangi¢ eninlerinin geg¢is ve ara {riinleri
modellenerek alkinlerin yapisinin etkisi agiklanmaya calisilmistir. Deneysel ve
mekaniksel ¢alismalar gostermektedir Ki ug alkinli ACEler Rautenstrauch 1,2-asiloksi
gocu ve [5+1] katilmasi ile siklohekzadienon olusumunu saglarken, i¢ alkinli
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ACE’lerle Saucy-Marbet 1,3-asiloksi goc¢l ve [4+1] katilmasi ile siklopentenon elde
edilmektedir.

Reaksiyon ACE-RhCI(CO)-r bilesiginin CO ve Cl ligandlarin pozisyonuna gore iki
izomer ile baglamaktadir. Hem u¢ hem i¢ alkinlerde karbonilin alkin grubuna trans
oldugu izomer enerjik olarak daha kararlidir ¢iinkii Rh metali hem alkin hem de alken
yapisina koordine olmustur. Diger izomerde ise rodyum alkin yapisiyla gii¢lii bir bag
kurarken alken yapisindan uzakta olmay tercih etmistir. YFT calismasi ile asiloksi
gbclinlin hem u¢ hem de i¢ alkinlerin halkalagma reaksiyonlarinda tepkimenin hizini
belirleyen basamak oldugu ve regio segiciligin deneysel sonuglarla uyum iginde
oldugu gozlemlenmistir. 1,2- ve 1,3-asiloksi gocii arasindaki ~5 kcal/mol Gibbs
serbest enerji farki, u¢ alkinler icin 1,2-asiloksi gogiiniin tercih edildigini
gostermektedir. Bu durum deneysel ve teorik bulgular ile de tutarlidir.

1,2-asiloksi go¢ drini olan Rh-allil bilesigine karbonil katilmasi i¢in iki yol
Onerilmistir: rodyum katalizoriine CO eklenmesi ve ardindan CO grubunun halkaya
katilmast ya da CO eklenmesinden 6nce daha diisiik enerjili izomer olusumu. CO
katilmast ve ardindan gelen reaksiyon basamaklar izomer iriiniinii takip eden
mekanizmanin enerji bakiminda tercih edildigi gostermektedir. Diger yandan, karbonil
grubunun keten olusumuna neden olan alken tarafi yerine siklohekzan tarafindan
katildig1 gosterilmistir. Olusan rodyum-sikloheptadienon indirgeyici eliminasyona
ugramis ve katalizoriin farkli bir ACE ile koordine olup ayrilmasiyla siklohekzadienon
elde edilmistir.

I¢ alkinlerin 1,3-asiloksi gocu tercihi 1,2-asiloksi gocline goére yeterince kuvvetli
olmadig1 i¢in her iki mekanizma da modellenmistir. 1,2-asiloksi gocuni takip eden
basamaklarin bariyerlerinin 1,3-asiloksi goglni takip eden basamaklara gore daha
yiiksek oldugu bulunmustur. Ayni zamanda 1,2- g6¢ Urlni olan Rh-allil bilesigi ile
tepkenin enerjisi hemen hemen ayni oldugu igin bir denge durumundan bahsedilebilir.
Diger yandan, 1,3-asiloksi gogii sonrasi olusan Rh-allenil bilesigi daha diisiik enerjiye
sahip ve daha kararlidir. Ayn1 zamanda deneysel olarak da gozlemlenmistir. Ug
alkinlerde oldugu gibi, direk CO eklenmesi yerine Once izomerlegsmenin
gerceklesmesinin ve karbonil grubunun siklohekzana yakin kisimdan katilmasinin
enerjik olarak tercih edildigi goriilmiistiir. Olusan rhodasiklohekzenon indirgeyici
eliminasyona ugramis ve katalizor baska bir ACE molekiilii ile koordinasyona girerek
sistemi terk etmistir.

Olefinik karbonlarin yiiklerinin asiloksi gocii etkiledigi literatiirde bahsedilmektedir.
Bunu incelemek icin u¢ ve i¢ alkinlerin tepkenlerinin olefinik karbon yikleri
karsilastirilmistir. Buna gore asiloksi grubunun negatif yklu karbonil oksijeni olefinik
karbonlardan daha pozitif yiiklii olana saldirmaktadir. Ug alkinlerde 1,2-asiloksi
gbclinlin gerceklesmesine neden olan karbonun daha pozitif oldugu goriiliirken, i¢
alkinlerde ise 1,3-asiloksi gocine sebep olan karbon atomunun daha pozitif oldugu
goriilmiistiir. Bu bulgular ile literatlirde altin analogu ile yapilan ¢alismanin uyum
sagladig1 goriilmektedir.

Bunun disinda, i¢ alkinler iizerinde siibstitiientin etkisini arastirmak i¢in metil grubu
fenil, para-metoksifenil ve vinil gruplariyla degistirilmis fakat baskin bir 1,3-asiloksi
gocii tercihi goriilmemistir. Diger yandan bu yapilarin 1,3-asiloksi gogii ile olusan Rh-
allenil bilesiklerinin 1,2-asiloksi gocii ile olusan Rh-allil bilesiklerine gore daha kararl
oldugu enerji degerlerinden anlasilmaktadir. Bu da i¢ alkinlerin 1,3- gO¢ tercihinin
olusan allen yapisinin daha kararli olmasiyla agiklanabilir. 1,3-gé¢ verimliligini
artirmak icin, deneysel ¢alisma yapanlarin rezonans kararligini kolaylastiran uygun
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sibstituyeli gruplar ile daha kararli allen elde etmeye odaklanabilirler. Ayrica,
¢oziiciiniin mekanizma tlizerinde etkisi gozlemlenmemistir.

Birinci kisimda sunulan sonuglar Rh-katalizorli 1,2- ve 1,3-asiloksi gé¢ ve ardindan
gerceklesen halka katilmalari ile istenen bisiklik siklohekzadienon ve siklopentenon
tiirevlerinin elde edilmesine olanak saglamaya ve olusan {iriinii kontrol etmeye katki
saglamaktadir.

Tez ¢alismasmin ikinci kisminda, siklopropil slbstitiye propargil esterlerin
siklokarbonlagsma mekanizmast YFT ile WB97XD/6-31+G(d) baz seti kullanilarak
detayli bir sekilde incelenmistir. Rh atomu icin LANL2DZ kullanilmistir. ilk
calismada kullanilan B3LYP fonksiyonunun bu mekanizmanin aydinlatilmasinda
yeterince basarili  olmadigi, WB97XD fonksiyonunun asiloksi  gocinin
aydinlatilmasinda etkili oldugu goriilmistiir. Asimetrik siibstitiiye siklopropanlarin
farkli C-C o-baglarinin koparilmasi ile farkli isomerler elde edilmektedir. Koparilan
C-C o-baglarin regio seciciliginin siklopropil grubun stereokimyasina, metal
katalizoriin yapisina ve siibstitiiyentlerin elektronik 6zelliklerine bagli oldugu
bulunmustur.

Bu calismada, 3-(2-Hidroksimetil-siklopropil)-1,1-dimetil-prop-2-ynil esterin cis ve
trans konformerleri ile 3-(2-Fenil-siklopropil)-1,1-dimetil-prop-2-ynil esterin trans
konformeri i¢in reaksiyon mekanizmasi aydinlatilmis ve tiriin dagilimi incelenmistir.
Daha az veya daha fazla sibstitiye C-C o-baginin kopmasini tercih eden ikiser
konformer bulunmaktadir. Reaksiyon mekanizmasini aydinlatmak ve seciciligi
gostermek icin her izomer i¢in bu dort konformerin reaksiyon mekanizmasi
modellenmigtir. Cis-siibstitiiye siklopropanin halka a¢ilimi trans benzeri gibi
sibstitiiyente sahip olmayan ya da daha az substitliyente sahip olan C-C c-baginin
kopmasiyla meydana gelmektedir. Diger yandan, cis yapisi trans yapisina gore daha
yiiksek regio segicilie sahip oldugu deneysel olarak gozlemlemistir. Ayrica,
hidroksimetil ve fenil siibsitiiye siklopropanlarin trans konformerlerinin karsit regio
secicilige sahip oldugu goriilmiistiir.

Siklopropil substitiilye propargil esterlerin 1,3-asiloksi gocu iki asamada gerceklesen
bir islemdir. Olusan Rh-allenil bilesigi sirasiyla izomerizasyona, CO eklenmesine ve
en son olarak halka acilmasina ugrar. Yeni olusan metal igeren halka 6nce CO
katilmas1 sonra indirgeyici eliminasyon geg¢irir. Son basamakta, katalizor baska bir
ACE molekilu ile koordine olarak sistemi terk eder ve alkilidin siklohekzenon Gruni
olusur. Ana mekanizmaya alternatif olup siklohekzenon uriini verebilecek mekanizmalar
da dikkate alimp incelenmistir. Ilk olarak halka acilmasinin CO eklenmesinden dnce
geldigi mekanizma modellenmistir. Ikinci olarak ise dnce CO eklenmesi ardindan halka
acilmasi incelenmistir. Ilk alternatif basarisiz oldugu icin ikinci mekanizma ile
reaksiyonun aydinlatilmasina devam edilmistir.

[k galismada oldugu gibi allen bilegisinin izomerizasyona ugrayarak daha kararl bir
yapiya doniistiigii izomere karbonil katilmasinin, direk karbonil katilmasina gore daha
diisiik bariyer ile gerceklestigi goriilmiistiir. Ayrica, CO katilmast hem siklopropan
tarafindan hem de alken tarafindan modellenmistir. Siklopropan tarafindan katilma
daha diisiik enerjiyle gerceklesirken, alken tarafindan katilma rodyumun n-baglarimni
kaybederek daha yuksek enerjili rodasiklohexene doniismesi ile ger¢eklesmektedir. Bu
yuzden, karbonilin siklopropan tarafindan katildig: kabul edilmektedir.

Ayrica, karbonil katilmasmin siklopropilin C-C o-baglar1 aras1 seciciligi de
incelenmistir. Hesaplamalar baglangic tepkeni enerjilerinin ve karbonil katilmast igin
gerekli enerji bariyerinin cis ve trans konformerlerin tiriin dagiliminda biiyiik bir etkisi
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oldugunu gostermektedir. Trans-hidroksimetillerin daha az substitiye C-C o-bagi
tercihi CO katilmasi geg¢is durumdaki 4.9 kcal/mol enerji farki ile agiklanirken, cis
benzerinin daha az sibstitiye C-C o-bagi tercihinin hem tepkenler aras1 3 kcal/mol
enerji farki hem de CO katilmasi durumdaki 4.8 kcal/mol enerji farkindan
kaynaklandig1 goriilmektedir. Bu da cis izomerin trans benzerine gore neden daha
yiiksek secicilige sahip oldugunu agiklamaktadir.

Trans- fenil siklopropil propargil esterlerin daha fazla stbstitiye C-C o-bagini tercih
ederek halka genislemesi gergeklestirmesinin nedeni C-C bagimna bitisik fenil
grubunun m-elektron sisteminin elektronik etkisiyle agiklanmaktadir. Her iki {iriine
neden olan konformerlerin enerjileri birbirine yakin olmakla birlikte daha fazla
stibstitiye C-C o-bagini tercih eden konformerin tepken ve allen bilesikleri biraz daha
kararlidir. Bu da trans- fenil siklopropil propargil esterlerin diger yapilara gore aksi
secicilige neden olmasina karsin segiciligin ¢ok da baskin olmadigini enerji degerleri
de gOstermektedir.

Bu c¢alismada, Rh-katalizorlii ard arda gergeklesen 1,3-asiloksi gocu ve [5+1]
siklokatilma reaksiyonu siklopropil propargil esterlerin mekanizmasi aydinlatilmig ve
siklopropana bagli gruplarin trans ve cis izomerlerinin regio se¢icilige etkisi
incelenmistir.

Bu tez kapsaminda uluslararasi kongrede bir poster bildiri sunumu ile , SCI indeksli
hakemli dergide bir yayin (10.1016/j.jorganchem.2017.09.017) gergeklestirilmistir.
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1. INTRODUCTION

The development of new, efficient methods in synthetic chemistry represents an
important ongoing challenge for organic and inorganic chemists. Among a variety of
synthetic transformations, reactions catalyzed by transition metals are some of the
most efficient tools to access several types of cyclic or acyclic structures. Many natural
or synthetic compounds used as drug substances for their biological activities are
carbo- or heterocycles. Therefore, transition metal catalyzed cycloaddition has
recently attracted considerable attention for producing highly functionalized

carbocyclic and heterocyclic compounds [1-5].

One of the most recently studied methods involve transition metal catalyzed
cycloaddition of 1,n-enynes to access a wide range of cyclic structures [6-8]. The
electrophilic activation of alkynes or alkyne derivatives (such as enynes, yne-
benzenes) by transition metal complexes and the formation of metallacycle or metal
vinylidene complexes have been proposed as the key steps in most of the
cycloisomerization reactions [9]. Therefore, the understanding of the reaction
mechanisms of intra and intermolecular cycloadditions of alkynes with alkenes using
n-acidic metals can provide important insights in the construction of various cyclic

products including natural or non-natural compounds in this regard.

Rhodium is one of the most notable platinum group metals which are chemically stable
at high temperatures and resistant to corrosion. Rh catalysts are mainly used for
emission-control in vehichles which reduce smog and acid rains [10]. Over the past
decade, many Rh-catalyzed methods have been developed for the synthetically useful
reactions employing C-H bond activation and applied to natural products and drug
synthesis [11]. Inaddition, Rh catalyst has been used to the direct catalytic conversion
of methane to acetic acid in aqueous solution which provides a great improvement to

reach industrially useful organic compunds [12].

Murai et. al. reported the skeletal reorganization of enynes to 1-vinylcycloalkenes
catalyzed by different transition metals, such as [Ru(Cl)2COzs]2, PtCly, [IrCI(CO)2]n,



GaCls [13-16]. On the other hand, acyloxy substituted enynes or propargy! esters have
gained much interest over the last decade thanks to their ability to form a great diversity

of substituted rings via acyloxy migration [17-21].

1,3-acyloxy migration of propargyl esters was first discovered in 1959 by Saucy and
Marbet in the presence of a silver catalyst [22]. Allene followed by alkene products
were obtained from acyloxy substituted alkyne via acyloxy migration. The first 1,2-
acyloxy migration and then cyclization where palladium complexes catalyzed the
formation of cyclopentenones from propargyl esters (Figure 1.1) were reported in 1984
by Rautenstrauch [23] .

Saucy-Marbet (1959)
AcO

AcO
MeQ Ag,CO; Me OAc Me
p— > )::/ —_— e
/ HOAc, 90-110°C

Me Me Me

OAc

Rautenstrauch (1981)
AcO OAc 0
R1 R1 R'l
PdC1,(MeCN)
R2 2 2 - >
HOAc, MeCN, 60-80°C )
R R

Figure 1.1 : Saucy and Marbet 1,3-acyloxy migration and Rautenstrauch 1,2-acyloxy
migration.




These rearrangement reactions have been broadened significantly by the use of
different substrates and transition metals, such as gold, [24-28] platinum, [29-32]
ruthenium, [33-35] copper [36-38] and more recently rhodium [17,20-21,39-41]. The
regioselectivity in these transformations is observed to be governed mostly by the
nature of the catalyst and the substituents. Experimental and computational
investigations on elucidating their effects are involved in the literature. Toste et al.
reported the gold(l)-catalyzed Rautenstrauch rearrangement of enantioenriched
propargyl pivaloates for the synthesis of 2-cyclopentenones with high
enantioselectivites. In their recent study, a ketal is used in place of the acetoxy group
to control the cyclization by ligand and form extensive enantioselective
cyclopentenones [24-26]. In a detailed examination of 1,2- vs 1,3-acyloxy migration
of secondary vs tertiary cyclopropyl substituted propargyl acetates by Nevado et al.,
the cyclopentannulation products were obtained in the presence of gold catalyst
through cyclopropyl ring opening [19]. In another study, Soriano et.al. have suggested
cyclopropanation and then 1,2-migration instead of 1,2-acyl migration followed by a
cyclization step in order to obtain bicyclic adducts with PtCl, catalyst [42]. Indene
synthesis via Pt-catalyzed cyclization of propargyl esters via 1,2-acyloxy migration
were reported by Sarpong et al. [43]. On the other hand, Nolan and coworkers used

gold catalyst to synthesize indene via 1,3-acyloxy migration in propargyl esters [17].

Au-catalyzed rearrangement of propargyl esters (I) proposed that the two competitive
1,2 and 1,3 acyloxy migrations are mechanistically related (Figure 1.2). 1,2-migration
goes through metal carbene (I11) while [3,3]-sigmatropic rearrangement proceeds via
allenyl acetate (V) in a single process or stepwise by a second 1,2-migration from |11
[19].
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Figure 1.2 : The proposed mechanism for 1,2- vs 1,3-acyloxy migration.

Although numerous reports on acyloxy migrations of propargyl esters have been
published with gold catalyst, rhodium metal is still well known for traditional
organometallic reactivities such as oxidative addition, migratory insertion, reductive
elimination, carbonylation and it has been successfully used in the literature for many

types of transformations [21].

Rh-catalyzed various cycloadditions of propargyl esters via 1,3 acyloxy migrations
have been reported in the literature. [4+1] cycloaddition of vinylallene and CO
addition was first studied by Murakami et al. and a mixture of alkylidene
cyclopentenone isomers was observed [44]. Malacria and Tang groups independently
reported 1,3-acyloxy migration followed by [4+1] cycloaddition by Rh(COD)CI;
catalyst [39-40]. Aromatic benzene derivatives were obtained via intermolecular [4+2]
cycloaddition of vinylallene and alkyne by Murakami et al. [45]. On the other hand,
Tang studied an intramolecular [4+2] cycloaddition of propargyl esters via acyloxy
migration by [Rh(CO)Cl] catalyst. In their studies the three important roles of acyloxy
group in the propargyl ester were explained as follows: (1) the preparation for allene
moiety is not needed; (2) the inhibition of aromatization process and the isolation of
isotoluenes may be achieved by acyloxy group; (3) it differentiated the olefins for
further functionalization [46]. Additionally, [5+1] cycloaddition of cyclopropyl
substituted propargyl ester by CO was reported with regioselective ring expansion of



cyclopropanes by Tang’s group [41]. Yu et al. synthesized cylohexenone from
vinylcyclopropanes in a CO atmosphere with Rh(dppp)SbFs catalyst [47].

The synthesis of cyclooctadienones was achieved via Rh-catalyzed [7+1]
cycloaddition of buta-1,3-dienycyclopropanes with CO by Yu et al. [48]. A mixture of
seven- and eight-membered carbocycles was obtained from allenylvinylcyclopropane
via Rh-catalyzed 1,3-acyloxy migration ring expansion and [7+1] cycloaddition by
Tang et al. [49].

Rh-catalyzed 1,2-acyloxy migration of propargyl esters followed by [3+2]
cycloaddition was first reported by Tanaka et al. [50]. Functionalized
cyclohexadienone and resorcinol derivatives from 3-acyloxy 1,4-enynes (ACEs) were
developed by Malacria et al. via a tandem 1,2-acyloxy migration [5+1] cycloaddition
of ACEs with CO [20,28]. Tang et al. reported Rh-promoted [5+2] cycloaddition of
propargylic esters with alkynes accompanied by 1,2-acyloxy migration [51-52].

Among a variety of rhodium catalysts, the intra and intermolecular cycloaddition
reactions have been reported to be efficiently catalyzed by the rhodium dimer,
[RhCI(CO)2]2[18,19,20]. In this thesis work, [RhCI(CO).]. catalyzed tandem acyloxy
migration and intramolecular cycloadditions of propargyl esters with CO have been

carried out.

1.1 Rh-Catalyzed Competitive 1,2- versus 1,3-Acyloxy Migration Followed by
[5+1] and [4+1] Cycloadditions of 3-Acyloxy-1,4-Enynes with CO

Transition-metal catalyst has promoted the transformations of propargylic esters to a
variety of valuable substances effectively. 1,3 and 1,2-acyloxy migration of 3-acyloxy-
1,4-enynes (ACEs) by transition metals allow the formation of a wide range of
molecular constituents and natural products from simple and readily available starting
structures. Resorcinols, cyclopentenone, cyclohexanone and cycloheptenone
derivatives are some essential products of cycloaddition reactions [20,39]. Especially,
resorcinols as natural compounds which have been isolated from plant sources [53]
display important biological activities [53-54], such as, efficiently meditating DNA

cleavage under oxidative conditions, as well as antibacterial activities [55].

Over the last decade, transition metal catalyzed 1,3- and 1,2-acyloxy migration of

propargylic esters have become popular when their synthetic potential was realized.



However, the reaction mechanism of 1,3- and 1,2-migration of acyloxy group in
propargy! esters is still controversial [21]. Soriano and Marco-Contelles reported that
1,2-acyloxy migration was considerably Kinetically favored for terminal alkynes while
alkyl substituted internal alkyne enhances the electrophilicity of that acetylenic atom,
and allows a faster 1,3-acyloxy migration [11]. Fensterbank, Malacria and, Nolan et al
reported that Au-catalyzed 1,3-acyloxy migration might be preferred to take place via a
double 1,2-shift comparing to a direct 1,3-shift [56]. On the other hand, Toste et al. showed
that the formation of allene intermediate was obtained from a direct 1,3-acyloxy migration
by gold catalysis [57]. You and Pu have found that Rh-promoted a tandem 1,3-acyloxy
migration [4+1] cycloaddition of vinyl allene intermediates with CO generated
cyclopentenone products by providing good diastereoselectivity for the enyne
substrates bearing an aromatic ring at the propargylic carbon with electron-

withdrawing or o-substituents [58].

In the first part of the thesis work, Rh catalyzed [5+1] and [4+1] cycloadditions of 3-
acyloxy-1,4-enyne esters (ACEs) to obtain functionalized resorcinols and
cyclopentenones, reported by Malacria M. et. al., have been studied [39]. The
investigation of the reaction mechanism and the selectivity of acyloxy migration have
been evaluated for both terminal and internal alkynes. According to the literature, 1,3-
vs 1,2-acyloxy migration selectivity depends on the substitution pattern of the
propargyl moiety (the type of alkynes) and the metal catalyst. The selectivity of 1,3-
or 1,2-acyloxy migration by Rh(I)-catalysis has shown similar trend with Au- and Pt-

catalyzed reactions [21].

The ACEs with terminal alkynes or electronically demanding alkynes favor 1,2-
acyloxy migration whereas ACEs with other internal alkynes prefer 1,3- acyloxy
migration by the catalysis of various metals [20,27-28,39,59-60]. In particular, Rh(l)-
catalyzed cycloaddition of 3-acyloxy 1,4-enyne ester (a) with CO leads to
functionalized cyclohexadienones (b), resorcinols (¢) via 1,2-acyloxy shift and

alkylidene cyclopentenones (d, e) via 1,3-acyloxy shift (Figure 1.3) [20-21,39-41].
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Figure 1.3 : Rh(l)-catalyzed carbonylation of 3-acyloxy-1,4-enyne in the synthesis
of cylohexadienone and cyclopentenone derivatives.

In the first part of the study, the cycloaddition reaction mechanisms have been
investigated by quantum mechanical calculations for the formation of bicyclic [5+1]
and [4+1] type cycloaddition products. The competing 1,2- vs 1,3-acyloxy migrations
of ACEs with terminal alkynes and internal (methyl substituted) alkynes have been

modeled in the presence of [RhCI(CO).]. catalyst.

1.2 Rh-Catalyzed Tandem 1,3-Acyloxy Migration [5+1] Cycloaddition of
Cyclopropyl Substituted Propargyl Esters

Cycloaddition reactions have been essential tools in organic synthesis since the
development of Diels—Alder reaction (specifically, a [4+2] cycloaddition) which are
useful and reliable methods for forming six-membered rings [61-66]. In the past
decades, transition metal cycloadditions have opened many new cycloaddition
manifolds to provide efficient syntheses of six membered carbo or heterocycles, such
[3+3], [3+2+1], [2+2+2], and [5+1] [67]. Recently, the use of various transition metals
to catalyze new cycloaddition reactions between unactivated alkenes, alkynes, and
other unsaturated molecules has attracted more attention [68-71]. Comparing to the
more classical approaches, the carbocylization reactions have at least one
carbometalation step. The formation of multiple carbon—carbon or carbon—heteroatom
bonds in a single operation makes carbocyclization strategies a highly attractive
approach, specially for the reduction of chemical waste in synthetic applications.
Furthermore, cyclic structures containing a wide variety of ring sizes, degrees of

unsaturation, and substitution patterns can be obtained from acyclic substrates under



relatively mild conditions for a target-directed synthesis [72]. The carbocyclization
reaction is still an efficient way to synthesize cyclohexenones which is widely found
in many natural products and pharmaceuticals as a structural skeleton like saudin [73],
antroguinonol [74], gabosines [75], etc., displaying important biological activities such
as anticancer agents [76] and pheromones [77-79]. In the first part of the thesis, we
have investigated Rh-catalyzed [4+1] and [5+1] carbocyclization of 3-acyloxy 1,4-
eneynes for the synthesis of alkylidene cyclopentenone and cyclohexadienone
derivatives. In the second part, Rh-catalyzed [5+1] carbocyclization of cyclopropyl-
substituted propargyl esters for the synthesis of alkylidene cyclohexenones via

cyclopropyl ring opening has been discussed.

The transition metal-mediated [5+1] cyclocarbonylations of vinylcyclopropanes
(VCPs) and allenylcyclopropanes (ACPs) with CO have emerged as attractive and
effective ways for the construction of cyclohexenones in Figure 1.4 [67]. In early
studies, the synthesis of cyclohexenones from VCP has been studied with Fe(CO)s
catalyst by Sarel et al. [80-82] and Aumann [83]. In 1987, the first rhodium-catalyzed
[5+1] reaction of cyclopropenyl esters and ketones has been reported by Liebeskind
[84]. [5+1] cocyclizations of VCPs with carbon monoxide mediated by
octacarbonyldicobalt, Co2(CO)s, and [Rh(CO)2Cl]. have been examined with different
substituents on vinyl and cyclopropyl by Meijere in Figure 1.4(a) [85]. Recently, a
cheap and safe Fex(CO)gcatalyst was used by Yu et al [86]. Yu’s group has also
reported Rh-catalyzed [5+1] reactions of VCPs and CO for the synthesis of a, $-and
B, vy-cyclohexenones [87-88]. Although [5+1] cycloadditions have mainly

concentrated on VCPs, there are few examples involving allenylcylopropanes (ACPs).

Functionalized alkylidene cyclohexenones have been obtained from ACP via Iridium
[89] and Rhodium [88,90]-catalyzed [5+1] cycloaddition as in Figure 1.4(b). The
release of cyclopropane ring strain with -coordination to allenyl group facilitates the
oxidative addition of cyclopropane moiety to the metal. Carbonyl insertion to the
formed metallocyclohexene and then reductive elimination provides the product,

alkylidene cyclohexenone.

Recently, acyloxy migration have been suggested as a prominent mechanism to obtain
allenylcylopropane (ACP) and then cyclohexenone product from cyclopropyl

substituted propargyl esters as in Figure 1.4(c) [41,66]. The formation of allene from



propargyl ester via acyloxy migration was first discovered in 1959 by Saucy and

Marbet in the presence of a silver catalyst [22].

Although Au-catalyzed rearrangement of propargyl esters have gained much interest
due to the accessibility of the starting materials, the mild reaction conditions required
for conversion and the very rich chemistry, Rh-catalysts have been proven to be
excellent catalysts for cycloaddition and cyclocarbonylation reactions, and they

readily coordinate to a wide variety of substrates and ligands.
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Figure 1.4 : Functionalized cyclohexenones starting with different initial substrates
via [5 + 1] cycloaddition.

In the second part of this thesis work, the mechanism of rhodium catalyzed

carbonylation of cyclopropyl substituted propargyl esters via a tandem 1,3-acyloxy

migration [5+1] cycloaddition has been investigated by using quantum mechanical

calculations. For this purpose, the experimental results of Tang et. al. have been

considered in Figure 1.4(c) [41,66].

The reaction mechanism has been studied for both trans- and cis-disubstituted
cyclopropanes. Trans and cis positions of R* and propargy! ester group with respect to

each other give rise to the different ratio of regioisomers of alkylidene cyclohexenone



due to the cleavage of different cyclopropane C—C o-bonds. The studies showed that
the regioselectivity for the cleavage of C—C c-bonds in cyclopropanes depends on the
stereochemistry of the cyclopropane ring, the electronic and steric properties of the
substituents, and the metal catalysts [41]. In this respect, C-C bond activation was

investigated for both trans- and cis-disubstituted cyclopropanes.

According to the experimental studies of Tang et al., the opposite regioselectivity was
found for trans-disubtituted cyclopropanes with a phenyl vs an alkyl substitutent on
the cyclopropane ring. Furthermore, high regioselectivity was observed for substrates
with an alkyl substituent cis to the propargyl ester group than its corresponding trans-
substituent [41].

In the second part of the thesis, the reaction mechanism of tandem 1,3-acyloxy
migration [5+1] cycloaddition reaction will be modeled and the regioselectivity of
trans- and cis-disubstituted of cyclopropanes will be discussed for phenyl and
hydroxymethyl substituents in cyclopropane.
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2. THEORY

In the present thesis electronic structure methods have been used to model
cycloaddition reactions with CO accompanied by acyloxy migration. In this chapter

the theory that quantum chemistry is based on will be briefly presented.

2.1 Calculation Methods

The goal of quantum chemical approaches is to find the approximate solution of the

time-independent, non-relativistic Schrodinger equation.
HY=EY (2.1)

where, H is the Hamiltonian operator, E is the total energy of the system, ¥ is the
wavefunction which describes the X, y, and z Cartesian coordinates specific to each
particle. By solving equation (2.1) for the wavefunction W, information on structure,

properties and energies of the molecular system can be obtained.

The Hamiltonian operator, H, contains all the terms that contribute to the energy of the
system: the kinetic energies of the electrons and nuclei, the attractions of the electrons

to the nuclei, and the electron-electron and nuclear-nuclear repulsions.
H=Te+Th+ Vne + Vee + Vin

- Zme ' Tik TL]

i i<j

N Z eszZl
Tki

k

(2.2)

The Born-Oppenheimer approximation states that the electronic and nuclear
wavefunctions can be solved separately since nuclei are much heavier than electrons
and therefore travel much more slowly. It is assumed that electrons can react
instantaneously to any motion of the nuclei. This assumption allows computing

electronic energies for fixed nuclear positions. The nuclear kinetic energy term is taken
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to be independent of the electrons and the nuclear-nuclear potential energy term is a

constant for the given geometry.

The electronic Schrodinger equation does not have an analytical solution for systems
consisting of more than two sub-atomic particles. In order to solve the electronic

Schrodinger equation, some approximations must be used:
e Semi-empirical methods; use parameters derived from the experimental data.

e Ab-initio methods; are wavefunction methods with no experimental

parameters.

¢ Density functional methods; are an alternative to wave-function based methods
and the total energy of the system depends on the electron density not the
wavefunction [91].

2.1.1 Wavefunction methods

Hartree-Fock (HF) Theory is the simplest wavefunction-based method. The electronic
wave function is expressed as a Slater determinant of one-electron orbitals. Each
molecular orbital contains a spatial orbital and a spin part. For each spatial orbital,
there are two spin orbitals. The one-electron molecular orbitals can be written as a
linear combination of atomic orbitals. There are predefined sets of atomic orbitals, or
basis sets. The accuracy of basis sets depends on the number of functions used. The
larger basis set brings about more accurate results in general, but less efficient and

more expensive calculations.

According to variational theorem, the energy obtained from any approximate
wavefunction will always be greater than the energy determined from the exact
wavefunction. The HF energy will be minimized until the-self consistent solution is
obtained. In HF theory, each electron sees all of the others as an average field which
is called the mean-field theory. Neglect of electron correlation is the major problem in
this approximation. On the other hand, there exists wavefunction methods for

computing the correlation energy [91].
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2.1.2 Density functional theory

In Density Functional Theory, the electron density, p, is computed instead of the
wavefunction. It is based on the Hohenberg-Kohn theorems [92-93] which state that
the electron density function determines the ground states properties of an atom or
molecule. The first Hohenberg-Kohn [92] theorem says that any ground state of a
molecule is a function of the ground state electron density function but it does not tell
how to find that functional. The second Hohenberg-Kohn [93] theorem says that any
trial electron density function will give an energy higher than or equal to the ground
state energy. That means, any value of molecular energy calculated from Kohn-Sham
equations (obtained by minimizing energy with respect to electron density) will be
greater or equal to the true energy. This is true only if the functional used were exact
[94].

The overall energy of the system can be divided into three parts: the electronic kinetic
energy, Et, the nuclei-electron attraction Ev, the electron-electron interaction which

contains Coulomb repulsion E; and the exchange-correlation term Exc.
E=Er+ Ev+E + Exc (2.3)

Kohn-Sham introduced the electronic kinetic energy expression, Ts[p], which is a
determinantal wavefunction of N orbitals, @;, to describe a system of non-interacting
electrons [93].

N

1
T, = Z<¢i|—§v2|¢i> 2.4)

i=1
The difference between the kinetic energy in real system (or interacting system), T,

and the kinetic energy in noninteracting system, Ts, can be absorbed as a correction

term in exchange-correlation term.

The electronic energy for the systems with interacting electrons, E[p], can be written
as a functional of electron density where Ey.[p] is the nuclei-electron interaction, J[p]
is the electron-electron Coulomb interaction and Ey. is the exchange-correlation

energy functional.

E[p] = Enelp] + Ts[p] + J[p] + Exclp] (2.5)
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ff (7”1).0(7’2) dr dr, (2.6)

|7y — 11|
Enelp] = Z | et @)
Exclp]l = (Tlp] — Ts[p]) + (Ecelp] —J[pD) (2.8)

Eyc is the sum of error made in using a noninteracting kinetic energy and the non-
classical part of the electron-electron interaction. The challenge of DFT is to find an
expression for Ey-[p]. The exchange-correlation functional is divided into an

exchange, Ex[p], and a correlation part, E¢[p].

Exclp]l = Ex[p] + Eclp] (2.9)

Most functionals have been developed to improve exchange and correlation terms in
order to increase the accuracy of DFT methods. While local functionals depends only
on electron density, gradient corrected functionals depend on both electron density and
its gradient. The performance of DFT methods was further improved by including
Hartree-Fock exchange functional, EXF. These models are called hybrid functionals

which include exact exchange.

The most update and dominating hybrid functional is B3LYP [95,96] which yields

very good structural and thermochemical properties.
Exé"" = (1 — )Ex®* + ab{" + BVEZ®® + (1 — O ES"N + cEFP (2.10)

where a, b and ¢ were optimized to 0.2, 0.72 and 0.81, respectively. The same values
were in B3PW91 functional but B3LYP was improved by using LYP instead of PW91.
LYP is constructed to improve the full correlation energy, not a correction to LDA.
The local exchange function is referred as Slater exchange, Ex4[97]. Vosko, Wilk
and Nusair developed an interpolation formula to get an approximate correction term,
EY"N[98]. Becke added a correction term VEZ88 to the Slater exchange which
includes gradient correction of energy density [99,100]. Lee, Young and Parr

introduced local and gradient correction in the functional, ELY? [101].

B3LYP do not include long-range electron correlation, such as London dispersion
interactions between unbound chemical species. On the other hand, wB97XD [102]

which is a new class of DFT functional known as range-separated functional, which is
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capable of capturing both short-range and long-range interactions. Also, Minnesota
functionals including many parameters fitted to many sets of properties have been
developed by Truhlar. MO06-L (Minnesota 06 Local functional), a meta-GGA
functional, which does not include HF exchange (thus, it cannot be considered as
hybrid functional) is proposed to be fast, good for transition metals, inorganic and
organometalics [103].

2.1.3 Basis sets

A basis set is the set of mathematical functions to describe molecular orbitals. The
basis functions are divided into two functional forms, Slater Type Orbitals (STO) and
Gaussian Type Orbitals (GTO). The functional form of STO is,

B(x,v, 7 a,i,j, k) = Nxty/zke a(+i+h) (2.11)

N is the normalization constant, i, j and k are nonnegative integers that dictate the
nature of orbital in Cartesian sense and « is an exponent controlling the width of the

STO or GTO. Gaussian type orbitals can be written as,
B(x,v,2; a,i,j, k) = Nxlylzke-a@+*+k*) (2.12)

With the split valence basis set developed by Pople, the more flexibility is gained in
the valence basis functions. In such basis sets, valence orbitals are split into arbitrarily
many functions while core orbitals still continue to be represented by a single
(contracted) basis function. Pople-type basis sets include 3-21G, 6-21G, 4-31G, 6-31G
and 6-311G. The first number symbolizes the number of primitives used for core
orbitals and the numbers after the hyphen indicate the number of primitives used for
the valence orbitals [91].
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2.1.4 Effective core potential

The large number of basis functions have been required to desribe very heavy elements
which have large number of electrons. The extra electrons are mostly core electrons
and the function modelling the core electrons is called Effective Core Potential (ECP)
or Pseudopotential (PP). ECP will replace the core electrons with an effective
potential. The neglect of an explicit treatment of the core electrons reduce the scope of
electronic structure problem for heavy elements and the computational cost. Also,
ECPs can be parametrized to take account of the relativity. The use of ECPs provides
a large gain for the elements in the lower part of the periodic table where relativistic
effects are important. Gaussian functions are used to describe the core potential as well
as the valence orbitals. ECP is determined by the number of electrons to include in the
core potential. Large-core ECP includes everyting but the outermost (valence) shell
while small-core ECP scales back to the next lower shell. With the latter one, better
results can be obtained though leading to an increase in the computational cost. Los
Alamos National Laboratory (or LANL) ECPs are one of the most popular
pseudopotentials in use. [91,104].

2.1.5 Intrinsic reaction coordinate

The minimum energy path (MEP) which is also called intrinsic reaction coordinate
(IRC) [105-106] is defined as the steepest descent in the mass-weighted Cartesian
coordinate [107]. IRC calculations are used to check that the given transition state is

the expected transition state for the reaction of the interest.

The IRC path is defined by the differential equation:

dx(s) _ g

ds _LgT|_

(2.13)

Here x is the mass-weighted coordinates, s is the path length amd t is the tangent to
reaction path, defined by the normalized gradient. Solving equation (2.13) starting
from a TS geometry slightly displaced along the normal coordinate for the imaginary

frequency.

The Euler method is the simplest method for integrating equation (2.13). The reaction
coordinate is calculated in a number of steps that are taken along the tangent direction

at the current geometry Xn:
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Xn+1 = Xn+ ASt(Xn) (214)

This is a simply steepest-descent method with a fixed step size As. The points chosen
by the steepest-descent algorithms tend to oscillate around the reaction coordinate

unless very small steps are taken [104].

2.1.6 Solvation model

There are two methodologies for introducing the effects of solvation: explicit solvation
and implicit (or continuum) solvation. In explicit solvation, solvent molecules place
around the solute molecule. In continuum solvation, the solvent is considered as a

continuum medium with a given dielectric constant.

The solvation energy is decomposed into four terms, electrostatic energy, dispersion

energy, cavity creation energy and repulsion energy [104].
AGsolvation = AGelec + AGdisp + AGcav + AGrep (2-15)

Relevant to solute-solvent interactions, the charge distribution of the solute molecule
polarizes the solvent cavity wall, which in turn changes the charge distribution and so
on. Due to the polarization of the cavity wall, these methods are called polarized
continuum models (PCM). Also, the final iteration must be calculated by iterative
procedure, leading to a self-consistent reaction field (SCRF) calculation. SCRF
calculations have been implemented in ab initio, semiempirical and DFT calculations
[94].

Among the variations on the PCM model, an integral equation formalism for solving
the SCRF equations which facilitates computation of gradients and molecular response
properties is developed by Tomasi et al [91,108]. The integral equation formalism
polarized continuum model (IEFPCM) creates the solute cavity via a set of overlapping

spheres.
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3. THE MECHANISM OF Rh-CATALYZED COMPETITIVE 1,2- VERSUS
1,3-ACYLOXY MIGRATION FOLLOWED BY [5+1] AND [4+1]
CYCLOADDITIONS OF 1,4-ENYNES WITH CO

In this part of the study, the mechanism for the formation of bicyclic [5+1] and [4+1]
type cycloaddition products via competing 1,2- and 1,3-acyloxy migrations of ACEs
in the presence of [RhCI(CO):]. catalyst for both internal and terminal alkynes have
been investigated by using quantum mechanical calculations (Figure 3.1). For this
purpose, the experimental results of Malacria et al. has been considered [39]. The
mechanistic studies in the literature have mainly concentrated on 1,2-acyloxy
migration. To our knowledge, there is no report on Rh-catalyzed 1,3-acyloxy migration

of ACE with internal alkynes.

The whole mechanism has been considered at the molecular level so that the
experimentally observed product distribution could be explained. The design or
discovery of new reactions can be stimulated through the acyloxy migration and the
subsequent reactions; oxidative addition, migratory insertion, and reductive
elimination. In this respect, understanding the mechanistic details will enable

synthesizing custom made products with the desired substituents.
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Figure 3.1 : The mechanism of bicyclic [5+1] and [4+1] type cycloaddition products
via competing 1,2- and 1,3-acyloxy migrations of ACEs with terminal (R=H) and
internal (R=CHj3).

3.1 Computational method

Quantum mechanical calculations were performed with Density Fuctional Theory
(DFT). Geometry optimizations and frequency analyses were performed in gas phase
using the B3LYP functional. B3LYP is one of the most widely utilized functionals
which has been reported to be successful for many transition metal systems as well
[60,109]. For Rh, LANL2DZ effective core basis and for the other atoms 6-31+G(d)
basis set have been used [110-112]. Rhodium metal has an electron configuration of
[Kr]4d®5st. Square planar Rh(l) complex is used in its singlet state. Single-point
solvation energies were calculated in dichloromethane (DCM) solvent (¢=8.93) with
the Polarizable Continuum Model (PCM) [108] on gas-phase optimized geometries
using the B3LYP [95,96,101] and M06-L [103] functionals with the 6-31+G(d) basis
set. Truhlar’s functional M06-L has been developed especially for transition metal
containing systems [103]. All calculations were carried out with Gaussian 09 [113].
Frequency calculations have been performed to verify all stationary points and
transition states. To every stationary point, conformational search was performed
manually to find the lowest energy conformer by considering a number of isomers and
rotamers. Intrinsic reaction coordinate (IRC) calculations are performed on the
transition states in order to confirm the expected reactant and product on both sides

[114,115]. The energies discussed in the manuscript are Gibbs Free energies from gas
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phase calculations unless otherwise stated. In order to have the same number of atoms
in free energy comparisons (Figure 3.3 and Figure 3.8), all the structures’ energies on
the paths are compared relative to the sum of ACE-RhCI(CO)-n complex (1t or 1i), an
ACE (will be used to regenerate the starting Rh-ACE complex) and a CO group that
Is later inserted in the mechanism. Throughout the manuscript, the suffixes t and i refer

to terminal and internal alkynes, respectively.

3.2 Results and Discussion

3.2.1 Tandem 1,2- and 1,3-acyloxy migration and cyclization pathways of ACE

with terminal alkynes

The reaction initiates with the two isomers of ACE-RhCI(CO)-n complex in which the
CO and Cl ligands switch positions as shown in Figure 3.2. The isomer where CO is
trans to the alkyne moiety (1t) is energetically more favorable than 21t by 2.9 kcal/mol.
In these two structures, the strentghs of the n-bonds are different. In 1t, the Rh center
coordinates to both alkyne and alkene fragments strongly whereas, in 21t, Rh favors
to position itself away from the alkene fragment while bonding more strongly with the

alkyne, as seen in the bond distances in Figure 3.2.

1t (0.0 kcal/mol) 21t (2.9 kcal/mol)

Figure 3.2 : 3D representation of ACE-RhCI(CO) n-complexes.

The computed Gibbs free energy profiles of several possible reaction pathways of
[RhCI(CO)2]. catalyzed [5+1] cycloaddition with concomitant 1,2-acyloxy migration

in ACE with terminal alkyne are shown in Figure 3.3.
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The solid black line shows the more favorable pathway
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ACE with terminal alkynes favor to undergo a 1,2-acyloxy migration triggering
subsequent [5+1] cycloaddition by carbonylation in the presence of w-acidic transition
metal catalysts [20,21,24-26,39]. Although 1t is more stable than 21t, the reaction
mechanisms were modeled with both isomers of the Rh-complex to check for the
migration barriers. 1,2-acyloxy migration requires an activation barrier of 18.7
kcal/mol (2t) when initiated from 1t in which the CO is trans to the alkyne moiety
while from the isomer 21t, migration takes place at a higher relative energy of 20.1
kcal/mol (22t) (Figure 3.4).

2t (18.7 kcal/mol)

24t (23.5 kcal/mol) 23t (22.2 kcal/mol)

Figure 3.4 : 3D geometries and the relative Gibbs free energies of possible transition
states for 1,2- and 1,3-acyloxy migration of ACE with terminal alkyne.

The CO ligand addition in 9t leads to the intermediate (10t) at a relative energy of -9.3
kcal/mol. The CO insertion to 10t from the cyclohexane side (11t) requires an
activation energy of 20.6 kcal/mol. After the formation of seven-membered
metallacycle (12t), Rh should be expelled from the ring system. The reductive

elimination step via 13t has an activation energy of 9.7 kcal/mol which leads to 14t in
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a highly exergonic way (-33.1 kcal/mol). Cyclohexadienone product (15t) is obtained
when the catalyst leaves the system by coordinating with another ACE molecule and
the starting Rh-ACE complex is regenerated.

Alternatively, CO can be the catalytically inserted to 10t from the other side of the
rhodium atom (17t) as compared to 11t and ketene formation (19t) takes place (dashed
lines following 10t in Figure 3.3). For ketene formation, Rh should be expelled
essentially before the product formation by complexing to another ACE (18t to 19t).
Afterwards, 6m electrocyclization of the ketene intermediate can take place (20t) and

the cyclohexadienone product (15t) can be obtained exergonically.

Considering the possible paths, the transition states and intermediates on the reaction
path of the CO insertion to 4t and the following reductive elimination (5t—6t—7t—8t,
Figure 3.5) are all higher in energy than the transition states and the intermediates

following isomerization. Thus, this path is unfavorable.

_ H oA —t H OAc % A OAc
C \ \I
7z \ v
X g R+
../ H Rh W
' » Rh ER ¢ Rh
//Cvs \ O co P / cCl
| 0'oc  ©l - ocC
5t 6t 7t 8t
20.4; (7.4) 1.8; (-16.3) 9.1; (-8.3) -29.7; (-48.7)

Figure 3.5 : The structures and the relative energies of the transition states and the
intermediates following carbonyl insertion (5t). The energy values in parentheses are
single point energies in dichloromethane. Energies are in kcal/mol.

Once isomerization takes place (from 3t to 9t), 17t and 11t are transition state
structures for CO insertion. The 4.8 kcal/mol of energy difference between them
renders the catalytic CO addition and the reductive elimination from the
rhodacycloheptadienone (12t) which is a more favorable pathway (the black solid line)
in this study. On the other hand, in their mechanistic study on a similar Rh catalyzed
cycloaddition reaction, Tang et.al. have tried CO insertion from the alkyne side and
suggested that the pathway through ketene formation (the dashed line) is the preferred
mechanism [116]. In this study, we have considered CO insertion from both sides and

ketene formation can take place only from 17t since it is not allowed from 11t.
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In the experimental study of Malacria et al., 3-pivaloxy-1,4-enyne was used as
substrate [20,39]. In this study, the pivaloxy group was replaced by the acyloxy group
to reduce the computational cost since the tandem cyclization process was also
successful when the ester was changed from pivaloate to acetate [20,39,66]. To test
the model employed in this study, 1,2 vs 1,3-acyloxy migration barriers (2t vs 24t) in
3-pivaloxy 1,4-enyne ester with terminal alkyne are compared. The 1,2-shift is 5.4
kcal/mol more favorable than 1,3-shift with pivaloxy substitution. This has implied

that the model considered herein is adequate for our comparative purpose.

In addition, the single point solvent calculations on gas phase optimized geometries
were performed with B3LYP in the solvent (CH2Cl2, e=8.93) used in the experiment.
The solvent energies, as shown in parenthesis in schemes, have not made any
differences in the preferred paths. To test the barriers, M06-L functional which has
been reported to calculate the reaction kinetic parameters successfully was utilized. As
with B3LYP, the calculations have shown a similar trend (Figure 3.6).
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3.2.2 Tandem 1,2- and 1,3-acyloxy migration and cyclization pathways of ACE
with internal alkynes

Internal alkynes of propargyl esters favor to undergo 1,3-acyloxy migration promoting
[4+1] cycloaddition with CO in the presence of m-acidic transition metal catalysts,
contrary to terminal alkynes [17,20,29,39-41]. The transition states for 1,2 vs 1,3-
acyloxy migration reactions are modelled starting with the two isomers of methyl
substituted ACE (Figure 3.8, 1i and 21i) [20,39].

The reactant complex 1i is 4.7 kcal/mol more stable than 21i, thus, the reaction path
will be initially followed via 1i in which the CO is trans to the alkyne moiety. 1,3-
acyloxy migration requires an activation barrier of 22.2 kcal/mol (24i) while the
competing 1,2-acyloxy migration requires a slightly higher activation barrier (2i, 23.2
kcal/mol) (Figure 3.7). The preference of 1,3- is not strong as compared to 1,2-acyloxy
migration, therefore both mechanisms were modeled and will be discussed in Figure
3.8 and Figure 3.11.
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241 (22.2 kcal/mol) 23i (22.6 kcal/mol)

Figure 3.7 : 3D geometries and the relative Gibbs free energies of possible transition
states for 1,2- and 1,3-acyloxy migration of ACE with internal alkyne.
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3.2.2.1 1,3-acyloxy migration for internal alkynes

In 1,3-migration, the allenyl-Rh complex 25i forms exergonically at a relative energy
of -6.1 kcal/mol (Figure 3.8 and Figure 3.9). This allene structure was proposed as an

intermediate in many experimental studies involving m-acidic transition metals

[17,20,29,39-41].

25i (-6.1 kcal/mol) 32i (-12.8 kcal/mol)
Figure 3.9 : 3D figures of two isomers, 32i is the isomer of 25i.

As in 1,2-migration mechanism, the reaction can advance via the CO coordination or
via isomerization followed by the CO coordination as it is discussed in the Part 3.2.1.
If isomerization takes place, a 6.7 kcal/mol more stable isomer, 32i forms. Although
the starting reactant complex 21i is high in energy with respect to 1i, if migration
through transition state 23i takes place, it will lead to the same product (32i). If, on the
other hand, the CO coordination to Rh in 25i takes place, 26i forms at a relatively
higher energy (-3.9 kcal/mol). Additionally, the CO insertion to 26i via transition state
271 has a high activation energy barrier of 29.9 kcal/mol which renders it an
unfavorable reaction as compared to the CO insertion to the isomerization product 33i
via TS-34i (AG'= 22.1 kcal/mol). Therefore, following 1,3-acyloxy migration,
isomerization of 25i is expected to occur in preference to the CO coordination to it, as
in part 1. Additionally, transition states and the intermediates following the CO
coordination are also at relatively higher energies, rending the path
(271—281—29i—30i) unfavorable.

In the more favorable pathway, rhodacyclopentadienone 35i which is formed through
a TS-34i was proposed by Malacria et al. [20,39]. 37i is obtained by the reductive

elimination through transition state 36i at an energy expense of 10.9 kcal/mol. The
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desired cyclopentenone product 31i is obtained when another ACE molecule
coordinates to complete the catalytic cycle. Alternatively, CO can be catalytically
inserted to 33i from the other side of the rhodium atom (transition state 38i) as
compared to 34i at a relatively higher energy of 30.9 kcal/mol (dashed lines following
33i in Figure 3.8). Rh catalyst can be expelled from the cyclic structure (39i) via TS-
401 with an activation energy of 23.5 kcal/mol. Although 41i is more stable compared
to 30i and 37i, the path through 38i is not energetically favorable for Rh-catalyzed

carbonylation mechanism.

3.2.2.2 1,2-acyloxy migration for internal alkynes:

The 1,2-acyloxy migration from 1i will lead to intermediate 3i through a transition
state (2i), at a barrier of 23.2 kcal/mol, which is very close to that of 1,3 (22.2 kcal/mol,
Figure 3.8). The relative energies of 1i and 3i indicate a probable equilibrium between
them (Figure 3.10). Thus, 1,2-migration is a less facile path in terms of the exergonicity

of the reaction (-0.6 vs -6.1 kcal/mol for 3i and 25i, respectively).

1i (0.0 kcal/mol) 3i (-0.6 kcal/mol)

Figure 3.10 : 3D figures of the reactant complex (1i) and the product after 1,2-
migration (3i).
Considering the small barrier differences between 1,2- and 1,3-migrations, the
proceeding steps of 1,2-migration have also been modelled (Figure 3.11). As it is
discussed, 3i can either undergo CO coordination (4i) or isomerization (9i). Although
CO ligation to Rh in 3i is facile, following the CO insertion requires a high barrier (5i,
AG'=30.4 kcal/mol), making it an improbable reaction path. Isomerization from 3i (9i)
and further CO coordination to Rh (10i) decreases the relative energy of the
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rhodacycle. Carbonyl insertion to this rhodacycle takes place via a smaller barrier (11i,
22.2 kcal/mol) as compared to the competing insertion TS-5i.

Although 1,3-migration is only slightly favored by barrier in the internal case, all the
following intermediates via isomerization and the CO addition and the transition states
are at relatively lower energies than their corresponding analogous in 1,2-migration
throughout the path. Thus, the higher exergonicity of the 1,3-migration step and the
relative energies of the intermediates on the preferred path render 1,3-shift a more
facile process as compared to 1,2-shift. The results from our calculations are consistent
with the experimental results where 1,3-acyloxy migration took place in ACE with
internal alkynes [17,20,29,39-41].

Acyloxy migration transition states have been also modeled in dichloromethane to
check the barrier heights for terminal and internal alkynes. For terminal alkynes, 1,2-
acyloxy migration transition states (2t vs 22t) following through lower (1t) and higher
(21t) energy isomers are 5.7 kcal/mol and 4.0 kcal/mol more stable than 1,3-acyloxy
migration transition states (24t vs 23t). On the other hand, for internal alkynes, 1,3-
acyloxy migration transition states (24i vs 23i) following through lower (1i) and higher
(21i1) energy isomers are 0.3 kcal/mol and 2.4 kcal/mol more stable than 1,2-acyloxy
migration transition states (2i vs 22i). 1,3-acyloxy migration in internal alkynes is only

slightly favored in solvent phase optimization as observed in gas phase calculations.

32



A\
A
C'/Rh\m
07 oc
’ * 5i
2~ 1 26.5:(17.6) §one
CHs| |
cw

-2.5:(-13.7)
H oAc

=z
N-cH,
Rh

CH,
S T -465(-12.2)

Pl
o’ co A~ _OAc o & 0
[ ]z |
Cl/éh oo
ocY ©o -22.1;(-33.2)
OAc
: ;\ \"CHj
O\‘\
Rh_
CI/ CcO

Figure 3.11 : The Gibbs free energy profile for 1,2-acyloxy migration reactions of
ACE with internal alkynes in gas phase. The energy values in parentheses are single
point energies in dichloromethane. Energies are in kcal/mol.

The competitive 1,2-vs 1,3-acyloxy migrations in internal alkynes have been modeled
with different R groups to investigate the selectivity because 1,2 and 1,3 acyloxy
migration transition states have close free energy values for methyl substituted ACE.
Changing the substituent on alkyne of ACE to phenyl, p-methoxyphenyl or vinyl has
not shown predominant 1,3-migration in terms of energy barriers as in the methyl case
that is considered in detail (Figure 3.12, Table 3.1). The allene intermediates from the
corresponding 1,3-migration transition states are more stable (7.6 to 2.2 kcal/mol) than
the initial ACE-Rh catalyst complexes. Thus, the selectivity can be governed by the

stability of the corresponding allene structures.
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Figure 3.12 : 1,2- and 1,3-acyloxy migration of 3-acyloxy-1,4-enyne (ACE).

Table 3.1 : Gibbs free energies (in kcal/mol) for 1,2- and 1,3-migration transition
states and their corresponding products relative to their R-substituted ACE-Rh

complexes as calculated by B3LYP in gas phase.

R 1,2-migration | 1,3-migration 1,2- 1,3-
AG* AG* migration migration
product product
H 18.7 23.5 -4.8 -11.4
CHs 23.2 22.2 -0.6 -6.1
CH=CH> 23.0 21.8 -1.4 -7.6
Ph 225 22.3 -0.6 -3.5
p-OMeCeH4 23.9 23.3 0.5 -2.2

As discussed in Part 3.2.1 and Part 3.2.2, the 1,3- vs 1,2-selectivity of the reaction is

determined at the first step where acyloxy migration takes place. Besides the barriers

and the energies of the forming complexes, the calculated charges also indicate the

experimental preference for the migration of acyloxy group. The charges of the

olefinic carbons, C4 and C5 are compared for both reactant complexes 1t and 1i. It is

observed that among the two carbons, the more positively charged one is the

experimentally preferred site of attack of the negatively charged carbonyl oxygen in

the acyloxy group; such that C4 and C5 are the more positive carbons in 1t and 1i,

respectively (Figure 3.13). This kind of observation has also been reported in detail in

the case of Au catalyzed propargylic ester rearrangement in the literature [117].
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Mulliken Charges C4&C5: 0.11;-0.18 Mulliken Charges C4&C5 : 0.25; 0.65
APT Charges C4&C5  :-0.05;-0.12 APT Charges C4&C5  :-0.28;0.15

Figure 3.13 : Mulliken and APT charges of the olefinic carbons, C4&C5.
The single point solvent calculations on gas phase optimized geometries were
performed with B3LYP and MO06-L in the solvent (CH.Cl,, €=8.93) used in the

experiment. The solvent energies have not made any differences in the preferred paths.

In addition, M06-L have shown a similar energy trend with B3LYP (Figure 3.14).
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4, THE MECHANISM OF Rh-CATALYZED [5+1] CYCLOADDITION OF
CYCLOPROPYL SUBSTITUTED PROPARGYL ESTERS WITH CO

In the first part, a competitive study on Rh-catalyzed [5+1] and [4+1] cycloadditions
of 3-acyloxy 1,4-enynes (ACEs) with terminal and internal alkynes with CO was
reported [118]. In the second part of the thesis work, [5+1] cyclocarbonylation of
cyclopropyl substituted propargyl esters has been investigated by using quantum
mechanical calculations. Although a new DFT study was published to highlight the
cycloaddition mechanism of vinylcyclopropane with Rh catalyst [121], there is no
mechanistic study to discuss a tandem acyloxy migration cycloaddition of cyclopropyl
substituted propargyl ester with CO. Also, the ring expansion of an
allenylcyclopropane which is an intermediate formed in tandem acyloxy migration
cycloaddition of cyclopropyl substituted propargyl esters has not been studied
mechanistically to our knowledge. The similarity of the skeletal structures of
vinylcyclopropanes and allenylcyclopropanes will help to highlight the
carbocyclization mechanism. In this study, we have aimed to explain a consecutive

acyloxy migration cycloaddition reaction and the selectivity of bond cleavage.

In the former studies, Taber et al. investigated the selectivity of the cyclopropane ring
cleavage in ring expanding reactions of vinyl cyclopropanes in the presence of
Fe(CO)s in Figure 4.1 [122]. The more stable metallacycle was obtained from an
organometallic cleavage of the least substituted bond “a”. It is shown that the primary
carbon metal bond is preferred rather the secondary carbon-metal bond in the
cyclopropyl ring opening. Yu et. al. also reported in a similar study that the

allenylcyclopropane preferred to undergo a cleavage of bond “a” [88].

llal' L

Mn
7 s
"b" r\l‘,<‘f\r g
- "p" —_—>
OBn OBn
E/ln ’ OBn \

Figure 4.1 : Ring-expanding reactions of vinyl cyclopropanes with the cleavage of
bond a vs b.
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Herein, the experimental results of Tang et. al. have been considered to investigate the
possible reaction mechanisms and the regioselectivity [41]. The proposed mechanism
in Figure 4.2 is starting with the cleavage of dimeric rhodium catalyst, [Rh(CO).Cl]z
by solvation and then RhCOCI which is formed by the dissociation of CO coordinates
to cyclopropyl substituted propargyl ester (1) to give a r-complex. The following 1,3-
acyloxy migration is the key step to obtain allenylcyclopropane (I1). Rhodium
alkylidene cyclohexene (1) is generated by the oxidative addition of cyclopropane
preceded by CO addition to Rh-catalyst. Migratory insertion of CO to the cycle
produced rhoda alkylidene cyclohexenone (1) which is followed by reductive
elimination to liberate the final product, alkylidene cyclohexenones (V) [41,66].
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Figure 4.2 : The proposed mechanism of Rh-catalyzed tandem 1,3-acyloxy
migration [5+1] cycloaddition by CO.
The cleavage of different cyclopropane C-C o-bonds led to different isomers of V for
the unsymmetrically substituted cyclopropanes. The regioselectivity for the cleavage
of C-C o-bonds is found to be dependent on the stereochemistry of the cyclopropyl
group, the nature of the metal catalysts and the electronic properties of the substituents
[41]. Numerous efforts have been devoted to the synthesis of natural products
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including cyclohexenone skeleton via [5+1] cycloadditions such as the synthesis of
functionalized cyclohexenone core of welwitindolinones C by Tang et al. [90] and (-)-
galantamine by Yu et al [88]. Therefore, understanding the mechanistic details will

enable synthesizing custom-made products with the desired substituents more

efficiently.
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4.1 Computational Method

Computations were performed using Gaussian 09 [113] suite of quantum chemical
program. B3LYP [95,96,101] and wB97XD [102] functionals which have been
demonstrated to be suitable for studying transition metal catalysis were used to
optimize the geometries of all species in toluene (¢=2.38) with Polarizable Continuum
Model (PCM) [108]. The LANL2DZ basis set was employed for Rh and the 6-31
G+(d) basis set was used for other atoms [110-112]. Rhodium is used in its singlet
state. Frequency analysis at the same level was performed to ensure the stationary point
as minimum or transition state. Intrinsic reaction coordinate (IRC) calculations were
performed on the transition states to confirm the expected reactant and product on both
sides [114,115].

The 3D structures were prepared using CYLView [120]. In naming the structures, C
and T prefixes refer to cis- and trans-disubstituted-cyclopropanes with methoxy group
and F refers to trans-disubstituent-cyclopropane with phenyl group. The conformers
have been identified as a, b, ¢ and d and the stereochemistry of trans and cis conformers
have been defined in detail (Figure 4.4). The numbering of atoms is shown in Figure
4.3.

Firstly, a preliminary benchmark calculation has been performed with B3LYP in
toluene which was employed to Rh catalyzed [5+1] and [4+1] cycloadditions of 3-
acyloxy-1,4-enynes in Chapter 3.

The pivaloate group (OCOC(CHz)3) which was used in the experimental study of Tang
et al. was replaced by the acetate group (OCOCH?3) for the benchmark to reduce the
computational cost as it was successful in Chapter 3. Two trans conformers Ta and Td

which give major and minor products, respectively, are modeled (Table 4-1).
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Table 4.1 : The relative Gibbs free energies of trans-disubstituted cyclopropanes
(with acyloxy group) optimized with B3LYP/LANL2DZ in toluene (kcal/mol).

Conformers/ Conformer Ta Conformer Td
Structures (OAC) (OAC)
1 0.0 1.6
TS-2 14.5 14.8
3 6.9 8.6
TS-4 7.1 8.4
5 -3.6 2.4

However, Gibbs free energies of the transition states, 4 for the breaking of acetate
group and the intermediates, 3, formed from the first step of the acyloxy group
migration are nearly the same. Since no noticeable difference is seen between the
energy values and the geometries of TS-4 and 3, another benchmark for all trans
conformers has been done by using pivaloxy group to stick to the experimental
conditions in Table 4-2. The structures of all conformers are presented in Figure 4.4.
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Table 4.2 : The relative Gibbs free energies of trans-disubstituted cyclopropanes
(with pivaloxy group) optimized with B3LYP/LANL2DZ in toluene (kcal/mol).

Conformers/ | Conformer Conformer Conformer Conformer
Ta Tb Tc Td
Structures
(OPiv) (OPiv) (OPiv) (OPiv)

1 0.3 0.0 2.2 1.7
TS-2 14.7 14.4 14.9 14.7

3 6.5 7.0 7.8 8.1
TS-4 6.1 6.6 7.3 7.6

5 -4.2 -4.2 -2.2 -2.3

The energy values and the optimized geometries for the breaking of OPiv group to
form allene (transition states, 4 and intermediates, 3) are nearly same and
indistinguishable for the conformers (Table 4-2) as in Table 4-1. According to Table
4-1 and Table 4-2, the conformers with acyloxy group or pivaloxy group have not
made a significant difference in the energy comparison. A range separated functional

is used since B3LYP has difficulty to capture the dispersion interactions.

Therefore, wB97XD, a range separated functional with dispersion correction, which
has performed well on transition metal catalyzed cycloaddition reactions [119] has
been employed with the same basis set. The optimized geometries and the energy
values obtained from wB97XD have been consistent with the experimental
observations. Thus, the energies discussed throughout the chapter are Gibbs free
energies from the wB97XD calculations.
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4.2 Results and Discussion

The aim of this study is to find out the cycloaddition mechanism of propargyl esters
via a consecutive acyloxy migration and cyclopropyl ring opening to obtain the cyclic
ketones. In addition, the regioselectivity of cyclopropane bond cleavage has been
investigated for trans- and cis-disubstituted cyclopropanes. For this reason, we will
consider the experimental results of Tang et. al. to highlight the tandem acyloxy

migration carbocylization mechanisms [41].

In Rh catalyzed [5+1] cycloaddition of vinyl cyclopropanes, the cyclopropanes
preferred to be cleaved on the least substituted C-C bond. Cis-disubstituted
cyclopropane with hydroxyl methyl substituent gave only one kind of [5+1]
cycloaddition product with the cleavage of less hindered monosubstituted C-C bond
while its trans isomer led to two cyclohexenones with a high selectivity of the less
hindered C-C bond [87].

In the highlight of these studies, we have modeled the cyclocarbonylation reaction of
cis and trans conformers of 3-(2-Hydroxymethyl-cyclopropyl)-1,1-dimethyl-prop-2-
ynyl ester and trans conformer of 3-(2-Phenyl-cyclopropyl)-1,1-dimethyl-prop-2-ynyl
ester in toluene (Figure 4.3) [22]. Higher regioselectivity leading to alkylidene
cyclohexenone P1 by the cleavage of less hindered bond “a” and P2 by the cleavage of
most hindered bond “b” is observed in cis-disubstituted cyclopropane (P1:P2 ratio of 12:1)
than the corresponding trans-counterpart (P1:P2 ratio of 3.5: 1). Also, trans conformers
with hydroxymethyl and phenyl substitutents on the cyclopropane rings have opposite
regioselectivities.
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Figure 4.3 : Regioselectivity for the cleavage of C—C c-bond in trans- and cis-
disubstituted cyclopropanes [22].

In Part 4.2.1 and 4.2.2, Rh-catalyzed carbonylation mechanisms of trans-and cis-
disubstituted cyclopropane with hydroxymethyl group have been discussed in detail.
Part 4.2.3 presents the mechanistic study of trans-disubstituted cyclopropane with
phenyl group. The lowest energy trans- and cis-disubstituted cyclopropane reactants
are found by an extensive conformational search (Figure 4.4). Each isomer has 4
conformers according to the position of R group in cyclopropane (R is on the same
carbon of cyclopropane in a and b vs ¢ and d) and the position of H atom (H is in the
front (b and d) or the back (a and c)).
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Figure 4.4 : The relative Gibbs free energies (in kcal/mol) of possible trans- and cis-
disubstituted cyclopropane reactant conformers (T refers to trans, C refers to cis-
disubstituted cyclopropane).

The trans and cis conformers of a and b (blue color) give major product, P1, with the
cleavage of the least substituted bond of cyclopropane while ¢ and d give minor
product, P2 with the cleavage of the most substituted bond of cyclopropane. In both
cis and trans conformers, ¢ and d have higher reactant energies as compared to a and
b. The free energies for cis conformers of Ccl and Cd1 are higher than that of Cal and
Cb1, which is consistent with the product distribution (12:1). On the other hand, the
trans conformers are energetically close to each other (Figure 4.4). The difference in
Gibss free energies for the reactants of trans isomers leading to major products (Tal
and Th1) and minor products (Tcl and Td1) is also less that of cis isomers which is
consistent with (12:1) vs (3.5:1) product ratio. The bond distances of the initial

complexes, Tal and Cal, have been shown in Figure 4.5.
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Tal Cal

Figure 4.5 : 3D figures of trans- and cis-disubstituted cyclopropane reactants (T
refers to trans, C refers to cis).

Trans- and cis-disubstituted conformers have been discussed in detail in the following

parts.
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4.2.1 The reaction mechanism of trans- hydroxymethyl cyclopropyl propargyl
ester

The reaction mechanisms of all four trans conformers have been modelled because the
reactants Tal (S,S) and Thl (R,R) giving major product P1 (0.0 kcal/mol and 0.6
kcal/mol, respectively) and Tcl (R,R) and Td1 (S,S) giving minor product P2 (1.1
kcal/mol and 1.1 kcal/mol, respectively) have close free energies as seen in Figure 4.4.
Tandem 1,3 acyloxy migration [5+1] cycloaddition of the reactant complexes, Tal and
Th1, have been evaluated in Figure 4.8. 1,3-acyloxy migration takes place via a step-

wise mechanism (TS-2 and TS-4, Figure 4.6).

TS-Th2 TS-Th4

Figure 4.6 : 3D representation of a step-wise 1,3 acyloxy migration transition states
of trans conformer b, TS-Tbh2 and TS-Tb4.

In TS-2, acyloxy group is coordinated to C3 atom with energy barriers of 14.4 and
14.9 kcal/mol for Tal and Th1, repectively and intermediate 3 forms where acyloxy
group has an interaction with both C3 and C5. In TS-4, acyloxy group migrated to C3
at a relative free energy of 5.5 and 5.7 kcal/mol and Rh-allenyl complex 5 formation
occurs exothermically at -3.5 and -3.7 kcal/mol for trans-conformers a and b,
respectively. Rhodium catalyst attacked to allene and formed a bond with C3 and C4
of allenyl moiety of 6. The interaction of rhodium with C—C o-bond of cyclopropane
in 6 is also stronger than of 5. This is reflected in the shortening of Rh—C1 bond
length (2.53A° vs 2.45A° for 5 vs 6, respectively) and Rh—C2 bond length (3.13A°
vs 2.44A° for 5 vs 6, respectively) as shown in Figure 4.7. The intermediate 6 (-9.4

kcal/mol) is calculated to be more stable than 5 (-3.7 kcal/mol) by 5.7 kcal/mol.
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Tb5 (-3.7 kcal/mol) Tb6 (-9.4 kcal/mol)

Tb7 (-26.3 kcal/mol)

Figure 4.7 : 3D representation of allenyl complexes Th5, Tb6 and Tb7.
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Figure 4.8 : Energy profile of the [Rh(CO).Cl]>-catalyzed [5+1] cycloaddition reaction of trans- hydroxymethyl cyclopropyl propargyl esters (a
and b) by CO in toluene. Energies are Gibbs free energies in kcal/mol.
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The reaction path following 6 diverges into two possible paths where; (i) Cyclopropyl
opening occurs first and then carbonyl addition takes place or (ii) CO addition is
followed by ring expansion. In the first path (i), the cyclopropane ring opening of 6 or
7 (which is the isomerization intermediate) does not occur. Transition state is searched
for both situations and only TS following 7 has a negative frequency which indicates
the ring opening, however, IRC calculations do not proceed. Thus, the mechanism
where cyclopropyl opening occurs first and then carbonyl addition takes place (i) is
excluded. Then, the mechanism (ii) has been evaluated. Herein, the alternative
mechanisms following through 6 are present and they will be discussed for one of the
conformers in Figure 4.11 and then the whole mechanism in Figure 4.8 will be
examined in detail. Conformer b is chosen to investigate the alternative mechanisms
starting from 6b since the b conformer is energetically favored slightly more as
compared to 6a (-9.4 kcal/mol vs -85 kcal/mol) to obtain the major product.
Intermediate 6 can undergo either ring expansion following CO addition to Rh catalyst
(8iii) or isomerization to 7 (Figure 4.7) followed by CO addition to Rh catalyst (8i and
8ii). In the first path, CO addition to Rh catalyst (from 6 to 8iii) in the resulting
intermediate increase the free energy by 3.7 kcal/mol in 8iii and cyclopropyl opening
takes place via TS-9iii (-3.7 kcal/mol). Rhodium metallacycle 10iii is obtained in an
exergonic way at a relative free energy of -26.2 kcal/mol. In the other two alternative
paths, isomerization to 7 takes place at first in a highly exergonic way (-26.3 kcal/mol)
and then CO coordinated to Rh catalyst through two opposite directions (in 8i and 8ii)
by an increase of ~12 kcal/mol of energy. Both complexes have still lower relative free
energies (-14.1 and -14.3 kcal/mol for 8i and 8ii, respectively) than 8iii (-5.7 kcal/mol)
as seen in Figure 4.9. This indicates that the pathway involving isomerization 7 and
then CO addition 8i&S8ii is an energetically favored path compared to direct CO
addition to 6.
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8i (-14.1 kcal/mol)

8ii (-14.3 kcal/mol) 8iii (-5.7 kcal/mol)

Figure 4.9 : 3D representation of CO addition intermediates 8i, 8ii and 8iii.

The formation of rhodium metallacycle 10i (-27.5 kal/mol) and 10ii (-23.3 kcal/mol)
took place via energetically close transition states, TS-9i and TS-9ii (-9.7 and -9.4
kcal/mol) (Figure 4.11). The 4.2 kcal/mol of energy difference thermodynamically
favors 10i but both paths are continued for CO insertion step. The six membered
metallacycle (10i) is converted to a seven-membered rhodium metallacycle
exothermically (12i at -39.5 kcal/mol via CO insertion (TS-11i) with a barrier of 15.8
kcal/mol. On the other hand, rhoda metallacycle 10ii should undergo 11ii-r before CO
insertion (Figure 4.10). Rhodium loses its w-bonds with the double bond of cyclic

structure in 11ii-r and it has only Rh-C o-bonds. However, 11ii-r is an energetically
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unfavored rhodacyclohexene. This is an endergonic process which needs an energy of
13.6 kcal/mol.

10i (-27.5 kcal/mol)

10ii (-23.3 kcal/mol) 11ii-r (-9.7 kcal/mol)

Figure 4.10 : 3D representation of CO addition intermediates 10i, 10ii and 11ii-r.
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Figure 4.11 : The alternative mechanisms of [5+1] cycloaddition reaction of cyclopropyl substituted propargyl ester to allene intermediate 6 for
trans-conformer b. Energies are Gibbs free energies in kcal/mol. The solid black line shows the more favorable pathway.
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Unfavored rhodacyclohexene, 11ii-r is followed by CO insertion transition step TS-
11ii (-2.4 kcal/mol). The relative free energy of TS-11ii is 9.3 kcal/mol higher than
that of TS-11i (-11.7 kcal/mol) (Figure 4.12). Rhodium alkylidene cyclohexenone
intermediate 12ii (-21.6 kcal/mol) has higher energy than the former intermediate 10ii
(-23.3 kcal/mol). On the other hand, rhodium alkylidene cyclohexenone intermediate
12i is energetically favored (-39.5 kcal/mol) (Figure 4.12). From the calculations, we
propose that the path through 8i to 12i more favorable over the others, thus, the

mechanisms of all conformers will be investigated following this path.

12i (favored, -39.5 kcal/mol) 12ii (unfavored, -21.6 kcal/mol)

Figure 4.12 : 3D representation of CO insertion transition state TS-11i and the
following intermediates 12i vs 12ii.
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When continued with Figure 4.8, isomerization from 6 have revealed intermediates of
a and b conformers at relative free energies of -24.9 kcal/mol (a7) and -26.3 kcal/mol
(7b). CO addition to isomerized intermediates 7 increases the energies by ~12 kcal/mol
for both conformers (Ta8 and Th8). The ring opening transition state TS-9 to give a
rhodium metallacycle 10 has a 1.5 kcal/mol of energy difference between a and b
conformers which favors b. CO insertion transition state TS-all has a relative free
energy of -6.5 kcal/mol. On the other hand, CO insertion transition state TS-b11 (-11.7
kcal/mol) is 5.2 kcal/mol more stable than TS-all. The path following through
conformer b is the favored path to obtain the major product P1. The seven-membered
rhodium metallacycle, formed by by CO insertion has almost the same energies for
Tal2 and Th12 (-39.6 and -39.5 kcal/mol, respectively) and it is followed by
C(carbonyl)-C(sp?) reductive elimination via transition state TS-13 (-30.9 kcal/mol
and -30.1 kcal/mol for Tal3 and Tbh13 in Figure 4.13, respectively) leading to the same
product w-complex, 14 (-50.3 kcal/mol).

e

TS-Tal3 (-30.9 kcal/mol) TS-Tb13 (-30.1 kcal/mol)

Figure 4.13 : 3D representation of reductive elimination transition states TS-Tal3
and TS-Th13.

Kozuch S. et al. proposed a new concept which is called the energetic span model to
conceptualize catalytic cycles [123]. In this model, the rate determining step or the
slowest step of the reaction have been exchanged with the rate determining states
which participated in the shaping of the kinetics, TDI (turnover frequency (TOF)-
determining intermediate) and TDTS (TOF-determining transition state). The turnover

55



frequency (TOF) which determines the efficiency of the catalyst is given as the number
of cycles per catalyst concentration per time. The energetic span terms (3E) which
determine activation energies are consistent with DFT calculations in the preferred
selectivity and the rate determining step is CO insertion step for conformer a while
cyclopropyl ring opening for conformer b according to this model. The overall barrier
calculated from Tal0 (TDI) to the next transition state TS-Tall (TDTS) has 6E of 22.3
kcal/mol while the barrier calculated for cyclopropyl ring opening from Th8 (TDI) to
the next transition state TS-Th9 (TDTS) have an energetic span oE of 16.6 kcal/mol.

Trans conformers ¢ and d (switching the positions of H and cyclopropyl) in Figure
4.14 go through the same mechanisms as discussed in Figure 4.8. The free energies of
the reactants Tcl (1.1 kcal/mol) and Td1 (1.1 kcal/mol) are very close to the lowest
free energy conformer of Tal. The energy values for intermediates and transition
states of trans conformers ¢ and d in acyloxy migration steps are close to the values
for trans conformers a and b through the mechanism. Allene intermediate 5 has -0.6
kcal/mol and -2.5 kcal/mol for ¢ and d, respectively. The free energies of the
conformers ¢ and d have almost the same relative free energies for the following
rearrangement (6), isomerization (7), CO addition to rhodium (8) and cyclization (TS-
9 and 10) steps: However, CO insertion step TS-11 which is rate determining step
requires a 3.7 kcal/mol of higher free energy for conformer d. The rate determining
intermediate and the transition state obtained via the energetic span model are 10 and
TS-11 for both ¢ and d conformers. Conformer ¢ has oE of 22.1 kcal/mol while
conformer d has 6E of 25.4 kcal/mol. The mechanism following conformer c is a
plausible mechanism as compared to conformer d. It leads to a seven-membered
rhodium metallacycle 12. The product n-complex 14 (-50.7 kcal/mol) is obtained

through reductive elimination transition state, TS-13 (-29.0 kcal/mol).
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Figure 4.14 : The Gibbs free energy profile of the [Rh(CO).Cl].-catalyzed [5+1] cycloaddition reaction of trans- hydroxymethyl cyclopropyl
propargyl esters (c and d) by CO in toluene. Energies are in kcal/mol.
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In conclusion, the reactions following trans conformer b in Figure 4.8 and trans
conformer c in Figure 4.14 are plausible mechanisms giving major product P1 and
minor product P2, respectively, through the reaction pathways. A remarkable free
energy difference is obtained in CO insertion transition state TS-11. Intermediate 10
has a free energy of -27.5 and -28.9 kcal/mol for trans conformers b and c, respectively.
CO insertion TS-11 has a free energy barrier of 16.2 kcal/mol for conformer b while
22.1 kcal/mol for conformer c. The 4.9 kcal/mol of energy difference in TS-Th11 and
TS-Tcll favors trans conformer b, leading to the major product alkylidene
cyclohexanone, P1 (-37.8 kcal/mol) which has a ratio of 3.5:1 comparing to minor
product, P2 (-36.4 kcal/mol) (Figure 4.15).

Tb15, major product, P1, -37.8 kcal/mol  Tc15, minor product, P2, -36.4 kcal/mol

Figure 4.15 : The Gibbs free energies of major and minor products.

Tang et. al. accounted for this selectivity in their paper that the less hindered C—C o-
bond was selectively cleaved, presumably because of the steric interaction between the
substituent R and the rhodium complex in the cyclization step. Our studies
demonstrated that CO insertion to the cycle in TS-11 acoounted for this selectivity.
The less hindered C-C o-bond cleavage in trans-conformer b (-11.7 kcal/mol, TS-11)
is energetically favored comparing to trans conformer c (-6.8 kcal/mol, TS-11) as seen
in Figure 4.16.
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TS-Tb11 (-11.7 kcal/mol) TS-Tcll (-6.8 kcal/mol)

Figure 4.16 : 3D representation of CO insertion transition state TS-11 of trans
conformers Th and Tc.

4.2.2 The reaction mechanism of cis- hydroxymethyl cyclopropyl propargyl ester

For the cis-disubstituted case, conformers a and b which give major product P1 by the
activation of the least substituted C-C bond of cyclopropane are compared with each
other. The reactant of conformer a is 1.3 kcal/mol more stable than that of conformer
b. Conversely, the reactants of conformers ¢ and d which lead to minor product P2 by
the activation of the most substituted bond of cyclopropane have the same free energy
values. However, Rh atom interacts with hydrogen of hydroxymethyl group in the first
acyloxy migration step which prevents conformer d to undergo acyloxy migration. In
this respect, the cyclocarbonylation reaction mechanism of cis conformers aand ¢ have

been discussed in Figure 4.17.

The relative stability difference between Cal and Ccl is 3 kcal/mol, favoring the
complex Cal which gives the major product, P1 (P1:P2 ; 12:1). The first and second
transition states in which acyloxy migration takes place (TS-2 and TS-4) have ~3
kcal/mol higher free energies in both TSs for conformer c. After the acyloxy migration,
the allene intermediates (5) form with close Gibbs free energies (-2.7 kcal/mol and -
2.3 kcal/mol for conformers a and c, respectively). Cc5 which has an interaction with
both cyclopropane and allene directly undergoes isomerization Cc7 and CO addition
Cc8. On the other hand, Ca5 rearranges to Ca6 (-8.7 kcal/mol) in which Rh interacts
with both allene and cyclopropane. Same kind of bonding pattern or rearrangement is
observed for trans conformers before CO addition takes place. Also, CO addition

(from Ca7 to Ca8) is an endothermic process as it is in trans conformers. However,
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CO addition in conformer c is an exothermic process (from Cc7 to Cc8) with a relative
free energy of -29.9 kcal/mol. The following cyclopropyl ring opening requires a free
energy of 24.5 kcal/mol for conformer ¢ (from Cc8 to TS-9) while it needs a 14.8
kcal/mol of free energy for conformer a (from Ca7 to TS-9). CO insertion in
rhodacyclohexane (10) has a barrier height of 19.5 kcal/mol (TS-11) and 22.4 kcal/mol
and for conformers a and c, respectively. In other words, the corresponding C-C bond
activation transition states TS-9 (-9.3 kcal/mol and -5.3 kcal/mol for Ca9 and Cc9,
respectively) and CO insertion transition states TS-11 (-9.5 kcal/mol and -4.7 kcal/mol
for Call and Ccl1, respectively) are in favor of activating the least substituted C-C
bond by ~4-5 kcal/mol, suggesting that the cleavage of the least substituted C-C bond
is kinetically preferred. The energy span model is consistent with the prediction and
experimental result. The energetic span results show that CO insertion step (from Cal0
to TS-Call) is the rate determining step with 6E=19.5 kcal/mol for conformer a. On
the other hand, the rate determining step is determined by TDI where CO addition to
Rh catalyst occurs (Cc8) and TDTS in which CO inserts to the cycle (TS-Ccl1) for
conformer c. The energetic span, dE, is 25.1 kcal/mol for conformer c. A highly
exothermic rhodacycloheptanone 12 undergoes a reductive elimination TS-13 with a
relative free energy of 30.8 kcal/mol and 29.9 kcal/mol leading to m-complex, 14 (-
51.3 kcal/mol and 50.2 kcal/mol) for conformer a and c, respectively. 14 coordinates
with another reactant molecule to generate the reactant 1 to complete the catalytic
cycle. The major alkylidene cyclohexenone product, Cal5 has a free energy of -36.5
kcal/mol while the minor one, Cc15 has a free energy of -36.4 kcal/mol. Compared to
its trans-counterpart, the cis isomer is found to have a more significant effect in product
distribution due to the steric repulsion between the substituent on the cyclopropyl ring

and the rhodium catalyst.
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Figure 4.17 : The Gibbs free energy profile of the [Rh(CO).Cl].-catalyzed [5+1] cycloaddition reaction of cis- hydroxymethyl cyclopropyl
propargyl esters (a and c) by CO in toluene. Energies are in kcal/mol.
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4.2.3 The reaction mechanism of trans- phenyl cyclopropyl propargyl ester

In contrast to disubstituted cyclopropanes which prefer the cleavage of the least
substituted C-C o bond, trans-disubstituted cyclopropane with phenyl substitution is
the only one which prefers the activation of the most substituted C-C bond of

cyclopropane (P1:P2 ; 1:2.5).

In a former study, the selectivity of allenylcyclopropanes was explained by Saigo K.
that the selectivity of the rearrangement of phenyl-substituted allenyl cyclopropanes
depends on both the cationic character of the catalyst and the electron density of the
allenyl group of the substrate. Allenylcyclopropane with a phenyl substituent has a
high selectivity for the most substituted C-C bond of cyclopropane with the cationic
complexes like [Rh(cod)2]*BF4 and [Rh(cod)(PPhs)2]*BF4". On the other hand, the low
selectivity is observed for the least substituted C-C bond (56:44) and a mixture of
methylenecyclopentenones is obtained by a neutral catalyst, [RhCI(PPhs) 3]. When
phenyl is displaced by H or n-propyl, less hindered bond is preferred to be cleaved
[124]. In this study, Tang et. al explained the opposite selectivity for trans- phenyl
cyclopropyl propargyl ester that the C-C bond adjacent to the phenyl group was

selectively cleaved due to the electronic effect of the adjacent n-system [41].

Herein, the selectivity of the cleavage of the most substituted C-C bond (“b”) will be
explained using quantum calculations. The reactants of conformers ¢ and d which have
lower free energies comparing to a and b give the major product P2 by the cleavage of
bond “b”. Fal and Fbl have the same free energies which are higher than their
counterparts Fcl and Fd1 by 1.8 kcal/mol in Figure 4.18.
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Figure 4.18 : The relative Gibbs free energies (in kcal/mol) of the reactants of
possible trans-disubstituted cyclopropane conformers with phenyl substitution
(conformers a&b give minor products, conformers c&d give major products, green
bond refers to the bond which will be cleaved).

The CO insertion step is the rate determining step in the energy comparison of
conformers which energetically favors conformer b to its counterpart a and conformer
c to its counterpart d, respectively (Figure 4.19). Therefore, the computed reaction

pathways for the conformers b and c are discussed in Figure 4.20.
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Figure 4.19 : The relative Gibbs free energies of CO insertion transition states for all
four trans conformers.

Fcl which gives the major product has a 1.8 kcal/mol of free energy lower than Fbl.
Since the reaction path follows the reaction mechanism of trans- hydroxymethyl
cyclopropyl propargyl ester investigated in Part 4.2.1, the details will not be discussed
in this part. The acyloxy migration transition states of conformers b and ¢ have close
free energies. The first intermediate in which acyloxy group has an interaction with
both C3 and C5 favors Fc3 by 1.3 kcal/mol of energy. Although the intermediates 5
formed after acyloxy migration have almost same energies, the rearranged
intermediate Fc6 (-9.3 kcal/mol) is more stable than that of Fb6 (-7.7 kcal/mol). The
intermediates formed through isomerization (7), CO addition to rhodium (8) and
cyclopropyl ring opening (10) have close energies for both conformers. CO insertion
in TS-11 has a barrier height of 17.2 and 18.5 kcal/mol for conformers b and c,
respectively. The energetic span model is applied to find the rate determining step. CO
insertion step (from 10 to TS-11) is the rate determining step for both conformers. The
energetic span, oE, is 17.2 kcal/mol for conformer b and 6E is 18.5 kcal/mol for
conformer c. Although conformer c gives the major product, the energetic span model
favors conformer b by 1.3 kcal/mol as with the computational results. The intermediate

alkylidene rhodacycloheptanone, Fc12 has a 1.0 kcal/mol of lower free energy than
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Fb12. While the reductive elimination transition states TS-13 have very close energies,
the formed n-complexes between rhodium and alkylidene rhodacyclohexanone favors
Fb14 by 2.5 kcal/mol of energy which is minor product. The final products have a free
energy of -35.8 kcal/mol and -33.2 kcal/mol for Fb15 and Fc15, respectively. DFT
results and the energetic spans prefer conformer b which gives the minor product. On
the other hand, 1.8 kcal/mol and 1.6 kcal/mol of energy differences between two
conformers in the reactant 1 and the allene intermediate 6, respectively, favor
conformer c. To conclude, no conclusive conclusions from the calculations or the
energetic span model can be drawn. Unlike the preferential cleavage of less hindered
C-C bond in most cyclopropanes, the trans cyclopropane with phenyl substituent is the

only one with the opposite selectivity but the preference is not that strong.

65



C(CHg)s

c
9/ ‘\0
H | C(CHa)s
' c
_____ S NY/CHy o X0
' i CHj v
el E // H |
“~RK =~

_ ' ’/////
s\ T2 X L
v

Fb1:1.8;

C

Fcl: 0.0 0 X
= i
[]
£
>
©
g Ph///l‘ H
>
1)
- y "
ﬁ 4 éi‘\ Fb7:-24.9
[ ocC Cl 1 -24.9;
- 6 . ..o .
[ Fbl H OPiv F¢7:-24.2 oPi Fb10: 26.5,
g H o TN Fc10: -26.7
= X 2 .
o Ly 2 Ph e
& P v cHyts -=RA 3

\/ AN Ph

Rh co

VRN

ocC Cl cl
Fcl 7

Fb14: -47.7;
Fcl4: -45.2

Reaction Coordinate

Figure 4.20 : The Gibbs free energy profile of the [Rh(CO).Cl].-catalyzed [5+1] cycloaddition reaction of trans- phenyl cyclopropyl propargyl
esters (b and c) by CO in toluene. Energies are in kcal/mol.
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5. CONCLUSIONS

In this thesis, tandem acyloxy migration cycloaddition reaction of two different

propargyl esters have been investigated using quantum mechanical calculations.

In the first part, the mechanism of [RhCI(CO).].-catalyzed carbonylation of ACE with
a cyclohexene moiety to form bicyclic cyclohexadienone and cyclopentenone
derivatives have been explored using B3LYP functional. The effect of the nature of
alkenes, terminal vs internal, has been rationalized by modelling possible
intermediates and transition states for various possible transformations. The
experimental preference of 1,2- vs 1,3-acyloxy migration of ACEs have been shown
to depend on the type of alkynes in ACEs, such that terminal alkynes prefer to undergo
a 1,2-acyloxy migration, whereas, ACEs with internal alkyne favors a 1,3-acyloxy

migration.

Our calculations have reproduced this experimental trend and enabled us to predict the
mechanism of tandem cycloaddition reactions. The migration step has been predicted
to be the rate determining step in both terminal and internal alkyne cases. The
calculations show that 1,3-acyloxy migration, whether with internal or terminal
alkyne, takes place with the same barrier. 1,2- vs 1,3-selectivity is mainly determined
by 1,2-migration becoming more facile with terminal alkyne. The favorable olefinic
carbon being the more positive one shows that the electronic effects have significant
impact in these investigated systems. The 1,3 selectivity in the internal alkynes is
mainly dominated by the slightly lower energy barrier and more significantly by the
1,3-migration product being much more stable as compared to that of 1,2. For
increasing 1,3-migration efficiency, experimentalists can focus on obtaining more
stable allene intermediates with proper substitutions, ie. groups facilitating resonance
stabilization through the olefinic carbon backbone. After the migration, CO addition
to the Rh center can occur in the first step or after the isomerization. The calculations
indicated that after the migration, isomerization step gave a ~6 kcal/mol lower energy

complex in both types of alkynes and CO insertion took place from the side of the
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cyclic structure to give a rhodacycle in terminal alkynes instead of a ketene formation
[116].

In the second part of the thesis, [RhCI(CO)2]. catalyzed [5+1] cycloadditions of
propargyl esters via 1,3-acyloxy migration have been modeled for trans- and cis-
hydroxymethyl and trans-phenyl cyclopropyl propargyl esters with their different
conformers using WB97XD functional. Also, the regioselectivity associated with the

different substituents on cyclopropyl group has been investigated.

First, the mechanism of trans- cyclopropyl propargyl ester with hydroxymethyl
substitution has been highlighted. Then, cis counterpart has been modeled to compare
the effect of trans and cis isomers on the selectivity of the preferred bond cleavage to
obtain major product. The least substituted C-C o-bond is kinetically preferred to be
cleaved which leads to P1. Therefore, P1 is the major product for both trans and cis
conformers and the regioselectivity increases in cis-disubstituted cyclopropanes
(P1:P2; 12:1) compared to its trans-counterparts (P1:P2 ; 3.5:1).

Trans conformers a and b which give major product P1 have close energies through
the reaction path but the energy difference which occurs in CO insertion transition
state TS-11 favors conformer b by 5.2 kcal/mol. On the other hand, the trans
conformers c and d give minor product P2. Conformer c is preferred energetically than
conformer d by 3.7 kcal/mol in TS-11. Then, conformer b and ¢ compared with each
other to discuss about the regioselectivity leading to major and minor products P1 and
P2, respectively. During the path, both structures have close energies but CO insertion
steps of conformers b and c need a free energy of -11.6 kcal/mol and -6.7 kcal/mol,
respectively. Therefore, CO insertion is suggested as the rate determining step and 4.9

kcal/mol of energy difference favor conformer b which leads to major product P1.

In the comparison of cis conformers of a and c, the reaction mechanism favors
conformer a energetically through the reaction path. Conformer a is more stable than
¢ by about ~3 kcal/mol when each transition states and intermediates are compared.
This might be the reason of the high regioselectivity in cis-disubstituted conformer
(P1:P2 ; 12:1). Here, the less hindered C—C o-bond was selectively cleaved,
presumably because of the steric interaction between hydroxymethyl moiety and the
rhodium catalyst.
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Trans-phenyl cyclopropyl propargyl ester has been discussed due to the opposite
selectivity. Although the less hindered C-C o bond was selectively cleaved for all cis-
and trans-disubstituted cyclopropanes in the experiment study of Tang et. al. [41], the
most substituted C-C o bond is preferred to be cleaved only in the case of trans-
disubstituted cyclopropane having phenyl group. Our theoretical work indicated that
1.8 kcal/mol and 1.6 kcal/mol of energy differences in the comparison of the reactants
1 and the allene intermediates 6, respectively, favor conformer ¢ which give P2 as
major product (P1:P2 ; 1:2.5). The selectivity of the cleavage of the most substituted
C-C bond in the case of phenyl substituted cyclopropane can be the result of the
electronic effect of the adjacent m-system.

Although trans phenyl and hydroxymethyl disubstituted cyclopropanes show an
opposite selectivity, the same conformers b and ¢ with (R,R) stereochemistry having
lower energies coumparing to their counterparts undergo the cleavage to obtain two

isomers.

In conclusion, the effect of terminal and internal alkynes on acyloxy migration and the
corresponding cycloaddition have been evaluated with CO for 3-acyloxy 1,4-enynes.
Also, the regioselectivity of the conformers which leads to two isomers and the
cyclopropyl ring opening to obtain carbocyclic structures with CO have been
investigated. We believe that the calculations presented herein will contribute to
understanding and controlling this effective Rh (1) catalyzed transformation reactions
of 1,2- and 1,3-acyloxy migration followed by cycloaddition for further carbocyclic
derivatives in obtaining custom made products. In further studies, the calculated
reaction mechanism in this thesis can be extended to model similar reactions in the

literature to test the mechanism and to predict the outcome.
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