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Abstract

The ynthesis of a series of tricarbastannatrane complexes is described, and the strimtice of
triptych complexes [N(CECH,CH,)sSn](BFR), [N(CH,CH,CH,)sSn](Sbk),
[N(CH;CH,CH,)sSnL[(SbFs)sCl], [(N(CH,CH,CH,)3Sn),OH][MeB(CsFs)4]
[[N(CH2CH,CHy)3SNLClo 5. [B[3,5-(CFs).CeH3l4], and [(N(CHCH,CH,)sSn][allyl(B(CeFs)s] is
established by NMRpectroscopy and-¥ay crystallography.

After demonstrating the Lewis acidity dficarbastannatraneomplexes toward various Lewis

bases by NMR studies, the reactivity of tricarbastannatranesnijugateaddition to electrophilic

alkeneswas studied. Usig alkyHricarbastannatranes as nucleophiles, the firstsBj¢&promoted
conjugate addition t o wasecarded bout dnean enild anditdns.uThed s a c |
mechanism of the addition has been investigated by deuterium labeling expgritneas shown

that unsaturated carbonyl compounds can be efficiently activatedthby Lewis acidic
tricarbastannatran&urthermore, the structure tbfe reaction intermediatavasdetermined by NMR

and mass spectroscapy

The reactivity of tricarbastannatranesas further investigated by the addition afPr-
tricarbastannatrane to activated double bonds. In the presence of catalytic amounig-<)f, BPE
tricarbastannatrane acts a hydride source to generate [HBE)s]', and reduceslefins, namely
benzylidene 1 8limethylbarbituric acids. Detailed mechanistic studies on the reduction reaetien
performed by NMR spectroscopy an@iss spectrometryConjugate additions of isopropyl group to

the benzylidene 1;8imethylbarbituric acid along with theeduced productaereobserved.

To expand the applications of tricarbastannasanecarboticarbon bond formation reactions,
allyl-tricarbastannatrangvas added to carbdcarbon double bondthat bearstrongly electron
withdrawing substituentander mild reaction conditions. The tin enolafgecieswhich is generated
by the addition of allyricarbastannatrango benzylidene 1;8imethylbarbituric acid, is

characterized by multinuclear NMR spectroscopy.
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Chapter 1

| ntroducti on

1.1 Tric arbastannatranes

Tricarbastannatranes belong to a class of tricyclic compounds called atranes. Since the 1960s the
termfi at r a n e used tarefer tbaetrécyclic moleculewith three fivemembered rings (Structure
1.1, Figure 1.1). These compounds are designated as triptych derivatives, and exhibit trigonal
bipyramidal structure with strong interamolecular-ih@ractions. Several atranes, such as silatranes
(M= Si), stannatranesM= Sn), germatranesM= Ge), etc., have been syntlm=i to date.
Silatranes, whereinM=Si, E=0, and R is an organic substituent, wer¢he first
bicyclo[3.3.3]skeleton containing compounds to be investigateddemonstrated in the equilibrium
in Figure 1.1, depending on the E and R substituents, the rnraraa coordinate bond of
pentacoordinated atranek.]) can be stretched and even be absent to generasgranes 1.2). In
addition to the significant biological activity exhibited by some derivatives of the compounds with
[3.3.3]skeleton, their sali¢fieatures also include the racemization of their chiral molecular skeleton,

and their transannular interaction.

Tin containing atranes (i,eM = Sn) are categorized into stannatrarieés: Q), carbastanntranes
(E=CR;), azastannatranes EENR) and thiastannatranes E(=S). Among stannatranes,
tricarbastannatranes have an environment around tin atom similar to organotin compounds and have
been used in Stille crog®upling reactions. In this chapter, the preparatiotriohrbstannatranes

(M = Sn,E =CHy,), and their applications in Stille cressupling reactions will be introduced.
<¢\\/FTE lf\\EE

N—>|\/\I—R N !\A—R
(_E \_E

1.1

1.2

Figure 1.1. Metallatrane structures

1.1.1Synthesis ofTricarbastannatranes

1-Aza-5-stannab-chlorotricyclo[3.3.3.6°Jundecane, referred to as chldriwarbastannatrane, is a
valuable reagent as a precursor to ottrerarbastannatrane derivatives. This reagent was first
synthesized in 1984 by transmetalation of N§CH,CH,MgCl); with SnCl in 12% vyield®

Alternatively, thermal redistribution of N(GBH,CH,SnMe)s; with dimethyltin dichloride yielded
1
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40% of chloretricarbastannatrane, and MaCB which isthe reactiod syproducd was removed

by vacuum distillation (Scheme 1.%In this procedure, N(C}¥H,CH,SnMe); was prepared from

the reaction of N(CKCH,CH,CI); with NaSnMg in liquid ammonia at 78 °C. The drawbacks to this
procedure include harsh reaction conditions, handling of methyltin derivatives and a low yield, which

would make this method difficult to scale up.

Schemel.1. Synthesis of chlortricarbastannatrane fro(CH,CH,CH,SnMe);

150-180 °C, 12h <\~ 1»
Me3Sn/\/\N/\/\SnMe3 + Me,SnCl, W N Sn-Cl

1.3
SnMe3

Another method to prepare chleticarbastannatranel @ includes hydrozirconation of
triallylaminewith CppZ r HC | (Schwar t z 6 s transmetajaiom tvi)h Sn(l¥)cHloride we d by
to furnish chloretricarbastannatrane in 50% yield (Scheme ®Dye to the high dilution required

for this reaction, it is difficult to scale u?o

Schemel.2. Synthesis of chlortric ar bast anntrane using Schwartzdés r

1) N(CH,CH=CHy); <®7
Cl—2Zr-H N &n-Cl
2) SnCly

-

.3

A method for makingl.3 using a thermal distribution approach on large scale was reported in
20007 In this procedure, less toxit(CH,CH,CH,SnBuw); was applied instead of its trimethyl
analogue. N(CH,CH,CH,SnBw); was generated in 78% vyield from the reaction of
N(CH,CH,CH,CI); with BusSnLi. N(CH,CH,CH,SnBw)s; was also prepared by hydrostannylation of
triallylamine using BusSnH under Pd/AD; catalyzed codition in 66% vyield (Scheme 1.3).
Tricarbastannatranel1.3 wa s obtained i n 50 55% yield by
N(CH,CH,CH,SnBuw); andSn(IV) chloride af70i 100 °Cin the presence of small amount of water

or an alcohol.



Schemel.3. Synthesis of chlortricarbastannatrane frod(CH,CH,CH,SnB)3

: BusSnH A Z
I >N Bu3—SnL|> Bu3Sn/\/\N/\/\SnBu3 -~ NN

Pd/Al,O5 H
|

Cl SnBuj

SnC|4
H,0 or ROH

N
N Sn—-Cl
1.3

Other tricarbastannatranes such as alkyl, halo, hydroxyl, and phertyithibastannatranes were
generated from chlortricarbastannatran®. Refluxing N(CHCH,CH,);SnCl (1.3) with KOH in
EtOH:H,O (1:2) after 3hours afforded N(CHCH,CH,)sSnOH in 77% yield. N(CKHCH,CH,)sSnSPh
was obtained in 64% yield by refluxiig3and PhSNa in EtOH. Furthermore,-bicarbastannatrane
[N(CH,CH,CH,)sSn}L was generated by the addition of lithium @& in THF in 83% vyield.The
addition of iodine to bigricarbastannatrand.(/) in toluene yielded 83% of iodwicarbastannatrane
(1.8 (Scheme 1.4).

Schemel.4. Synthesis of different tricarbastannatranes fobroro-tricarbastannatrane

<®7 b <\ <®7 Li <®7 MeLi <®7
N Sn—lI m N Sn—Sn N T N Sn-ClI ? N Sn-Me
K) 83% K) K) 83% K) 90%

1.8 1.7 1.3 1.5
KOH
EtOH:H,0

77%



Methyl-tricarbastannatrand.f) is the first alkydtricarbastannatrane, which was synthesized from
1.3 by the addition of excess amount of methyllithium to N{CH,CH,):SnClI in EtO or THF
(Scheme #).** Bromotricarbastannatrane1.d) and fluoretricarbastannatrane1.00 were
synthesized by the addition of trialkyltin halide to mettnidarbastannatrane. As shown in Scheme
1.5a, addition of trimethyltin bromide tb.5 in toluene affordedL.9 in 93% vyield. In the same
manner, transmetallation of triisopropyltin fluoride wittb in EtOH furnishedtricarbastannatrane
1.10in 91% yield (Schme 1.5b)"?

Scheme 1.5. Synthesis of bromtricarbastannatrane and fluemicarbastannatrane from
N(CH2CH2CH2)3snMe

< 7 toluene, 80 °C <
n —_—

/\7
-Me + Me3SnBr 93% N Sn—Br + Me,Sn

1.9

EtOH, reflux

—

< 7

91% N Sn-F + PrzSnMe
0

b) N Sh-Me + Pr3SnF

1.10

Transmetalation of chlorticarbastannatrane witbrganolithium? Grignard:® and organoziné
reagents provided facile access to other primary and secondary toiggbastannatranes (Scheme
1.6).

Schemel.6. Synthesis of primary and secondary ordgecarbastannatranes

THF, -60 °C to rt

—_
< 7

N Sh-CH,l
100%

N
a) N Sh-Cl + Et;Zn +CHyl,

1.1

—

< 7 RLi or RMgCl
b) N sh-cCI 9

THF, -78°C to rt

—
< 7
N Sn-R

1.1.2NMR Studies on Tricarbastannatranes

'H NMR studies on tricarbastannatraried 1.9 were reported in 1988.At room temperature, all

of the stannatranes had identical patterns with different chemical shifts depending on the substituent

4



R. The CH protons appeared as a quintend SnChl and NCH protons provided well resolved
triplets at room temperature. Broadened spectra were observed fop AIEGHCH in halo
tricarbastannatranes and metinigarbastannatrane a70 °C. However, SnCHtriplets remained

well resolved with no changéH NMR ati 105 °C showed that the protons within the methylene
groups becamehemically irequivalent. There are two possible mechanisms for making the protons
of each methylene group equivalent. As demonstrated in Figure 1.2, the racemization of the chiral
skeleton an proceed either through -pllanar transition state (pathway a) or by stepwise ring
inversions (pathway K(Figure 1.1).

AN A P 4

N L - ‘é ,
TR/Snj — Ls? N sn
&

| i
5 .
<

! b
Conr = C/le?\ﬂ ~L—Y)‘Z‘ﬂ
TR/ R R

Figure 1.2. Proposed pathways for racemization

t

1%5n and™C NMR data fortricarbastannatranes3i 1.9 are summarized and compared in Table

1.1. The'*Sn NMR high field shifts confirmed the intramoleculaii tiitrogen interaction.



Table 1.1. ***Sn and*C NMR data of N(CHCH,CH,);SnR

Compound R Solvent T(°C) Chemical shift u
Sn CH,Sn CH, CH,;N
1.3 Cl CDCl; 30 195 13.9 23.2 548
1.4 SPh CDCl; 30 i5.4 11.4 23.4 54.9
15 Me CeDse 30 i14.4 8.2 23.8 54.9
1.6 OH CDCl; 30 i16.9 10.3 23.2 55.0
1.7 Sn(CHCH,CH,);N C;Dg 30 1774 9.4 24.2 55.4
1.8 I CDCl; 30 743.0 16.6 23.8 55.2
1.9 Br CDCl; 30 1.2 14.8 23.6 55.1

1.1.3Tric arbastannatranes in Stille Crosscoupling Reactions

The Stille reaction is a ver swhichihvelvectleercltossn car bor
coupling of an organostannane reagent with an organohalide or pseudohalide in the presence of a
palladium catalyst Trialkyltin reagentssuch as trimethyl or tributyltin derivatives have been used
as coupling partners in Still@aplings. The low polarity and strength ofitbarbon bond in alkyltins,
as well as enhanced migratory aptitude of sp ahdapons over Spcarbons make aryl, alkenyl or
alkynyl groups the transferable groups in the presence of alkyl ligands. Tributyltins are preferred over
trimethyltin reagents due to lower toxicity. However, trimethyltin were chosen over their butyl
analogues in some cadascause trimethyltin halide can easily be removed as a byproduct from the

reaction mixture.

There are some drawbacks to using conventional alkylstannane reagents in Stille coupling
reactions. As mentioned above, alkylstannanes do not transfer easilgvaeddmples of primary
alkyl groups transfer in Stille couplings have been repdftén addition, in a coupling reaction of
secondary al kyl st ann an ehydride aligh@atidnss awdampeting eshctoa.t r o p hi |
Furthermore, although aryl aralkenylstannanes couple readily with different electrophiles under
palladiumcatalyzed conditions, some attempts at using stannane reagents in Stille couplings failed

due to their low reactivity.

Tircarbastannatranes were applied to address th

structural features make them efficient nucleophiles in Stille reactions for the selective transfer of



alkyl groups. Due to the intramolecularitititrogen interation, the pentacoordinated tin center is less
electrophilic and tincarbon bond is more polarized and on averageA0ltinger than a typical
alkylstannané.As a result, enhanced reactivity of tricarbastannatrantieimansmetalatiorstep of

coupling eactions is observed. The stable tricy8li8.3]skeletorin tricarbastannatranes consists of

two axial and three equatorial groups. Thus, pentacoordianted tetraorganotricarbastannatranes possess
only one labile group, and can transfer the reactive agioalp selectively in their transformations.

The first example of using allkyticarbastannatranes as coupling reagents in Stille coupling
reactions was reported by Vedejs and coworkeBsfferent primary alkyitricarbastannatranes
coupled with phenybromide derivatives (Scheme 1.7a). The tricarbastannatranes were very efficient
in transferring the alkyl groups even to electrimh electrophiles, such as-bfomoN,N-
dimethylaniline. Attempts to couple this substrate with the conventional vinyl tiibutyad
previously failed. Alkyitricarbastannatranes demonstrated higher reactivity compared,So R
reagents. While less than 5% conversion was obtained using tetramethyltin in the reactipn with
bromoanisole 1.5 furnishedp-methoxytoluene in 67% yigl In addition, the CHOR group transfer
with tributylstannane derivatives was not efficient due to the competing reactions between the transfer
of butyl groups and the desired @R group. However, C}¥DCH,OCH; group was transferred
selectively to bromobeaene derivatives using the correspondimgarbastannatrane reagent, and the

products were obtained in high yields.

Rearrangement afecbutyl-tric ar b a st a n n a thydade elimination ander tpalldalium
catalyzed conditiosiled to the formation othe n-butyl crosscoupled product.Therefore, these
reaction conditions were not effective for secondary alkyl group trar&tereospecific coupling of
alkyl-tricarbastannatrane will)- or (Z)-1-iodo-1-heptene in the presence of a catalytic amouhts o
palladium catalyst, yielded th@)- or the (Z)-alkene products with >98% retention of geometry
(Scheme 1.7b).



Schemel.7. Alkyl -tricarbastannatranes as coupling mediators

® Br R1
a) "N Sh-R! + ©/ Pd(PPhg), or Pd(dppf)Cl,
Toluene, 105 °C
RZ

2
R 56-94%

R'= CHjg, 1-C4Hg, CH,OCH,OCH3, CH,SiMe;
R2= p-CH30, p-(CH3),N, m-NO,

<®7 Pd(CH3CN),Cl, or [n'-(C3H,4)PdCI
b) N Sh-R' + WI (CH3CN),Cl; or [n"-(C3H4) I2
Solvent, 23 °C

W R1
(E) or (2) Retention of configuration

R'= CH3, CH,OCH,OCH,4
Solvent= CH;CN/THF, DMF

Tricarbastannatranes have also been usé#tkisynthesis afadiopharmaceuticals for tHositron
Emission Tomography (PET) technigieBecause of the short hdifes of radionuclides applied in
PET and radiation safety issues, the synthetic method to make the target molecules should be quick
and efficient. Stille coupling reactions of organostannanes with'i@jojethane to form the opled
products with a fC]carbori carbon bond were applied in the production of PET tracélG]-[
methylcarbastannatran#.{2 was used to rapidly and selectively transfer of t@]fmethyl group
to aryt and vinyl halides in Stille reaction§ricarbastannatrand.12was obtained from the reaction
of [*'C]-methyllithium andtricarbastanntrang.3 in average vyields of 47% (R90% vyields). {'C]-
methyllithium was obtained by an exchange reaction between'i6gofethane and butyl lithium at

low temperatres (Scheme 1.8).

Schemel.8. Synthesis and Stille coupling reactiong'9€]methyttricarbastannatrane

1.3 <®

MCHyl + Buli === Bul + "CHli — =~ N gh-"1CH,

47%
Br(l)
1.12 @
11CH3

R [
—_— =
R=H, p-OMe, 0-NH,, m-NO,, p-CN, p-CO,Et, p-OH

- UBr <\Nj0H3




Another application of a labeled methyilcarbastannatrane in a Stille craggipling reaction was
reported in the synthesis of radiolabeled triazinE5*® [*C]-Isotope was introduced at the5C
position of the isoxazole by a palladitatalyzed crossoupling reaction of ‘fC]-methyt
tricarbastannatrand..(l3 and iodoisoxazoléd.14in dimethyformamide (DMF) at 108C. Similar to
tricarbastannatrand..12, radiolabeled compound.13 was prepared from*{C]-methyllithium
(Scheme 1.9).

Schemel.9. Applying labeled **C]-methyktricarbastannatrane in the synthesis of a triazine

hexane, -78 °C

4CH4l + Buli Bul + "CHaLi

‘THF, -20°C

—

N N-o SN Sn-14CH,
N>_u\ L)

_N 1.13 _N
Pd(PPhs),, DMF, 100 °C

Bl B
N7 IN/CH3 N7 !\rCHs
\=n \=N

n-Butyl-tricarbastannatrane was used to prepare trigetfahydrofluorenond.18 which is a
selective estrogen receptor beta agofisthe Pd(PPh),-catalyzed crossoupling reaction of
protected triazolel.16 with tricarbastannatran&.17 in toluene at 100 °C was followed by the
treatment of the mixture with hydrochloric acid (2N) at 80 °C, and afforded deprotected ttid#ble
(PG= MOM or SEM) (Scheme 1.10).

Schemel.10. Reaction oh-butyl-tricarbastannatrane with a triazatgirahydrofluorenone derivative

"Bu 0

Br. 0
O < 1. Pd(PPhg),, toluene, 100 °C 0
SONRR T o

2. 2N HCI, MeOH, 80 °C
© HN
=N N:N
1.16 1.17 1.18

N
PG'N



Vedejs and coworkers reported the generation of substituted aziridines using an
aziridinyltricarbastannatran.20 and halo ester derivatives in the presence 'Bé;P),Pd and
CuOP(O)Ph (CuDPPY? Tricarbastannatrand.20 was prepared by fifithium exchange from
tributyl tin 1.19 followed by the reaction withd.3. Attempts to purify of1.20 failed because it
protodestannylated on silica gel, and generated aziridi2d (Scheme 1.11). Such behavior was not
observed fotricarbastannatranes with an exocyclit sygbridized tiri carbon bond It was postulated
that protonation o1.200n silica gel stems from the strained ring and the increaskdracter of tin
carbon bond because of the electron pair on nitrogen atom. C2@eas stable in refluxing toluene
for more than two days under an inert atmosphere, and no decomposkiobseaved.

Schemel.11. Synthesis oainaziridinyltricarbastannatrane derivative from chiricarbastannatre

Pd(‘BusP), (5 mol%) BuasSn

X
Tr Ir Ny
N MeO,C N Buli, 78, 3 L
/QAOB” 0, A\ 0Bn 17BuLi.-78°C_ <L sﬁ/_\/OBn
213
MeOQC K)

Cu salt
1.22 X=Br, Cu salt=CuCN 21% 1.19 1.20 + SnBu,
X=I, Cu salt=CuTC 10%
silica gel
(H20)

Tr

N
L\/OBn

1.21

Pd(BusP),-catalyzed coupling reaction of stannahd9 with halobenzenes in the presence of
copper salts provided the coupled produ@?in low yields (Scheme 11). In order to modify the
result, crudel.20was used as a coupling reagent. It was expected that because of the transannular
nitrogeri tin bond,1.20would exhibitfaster transmetalatiothan BuSn which is the byproduct of
the tiri lithium exchange reaction. Reactionlo20with methyl 4iodobenzoatén DMF with 5 mol%
of Pd(PPHK),Cl, furnishedl1.22in 40% vyield after 16 h at 100 °C. It was falthat using CuDPP as
an additive could improve the reaction yield, and 90%1@&2 was obtained with 5 mol% of
Pd(BusP), and 1.5 equivalent of CuDPP. The coupled product was obtained under the same condition
with methyl 4bromobenzoate in 85% yielore functionalized substrates were coupled under these
modified conditions. Aziridinel.23 was obtained in 85% yield witiZ-iodoacrylate. However,

applying the same condition to vinylbromide afforded the desired add2#&in only 40% yield as

10



well as 50% of a side product from dimerization of the aziridine subunit. The yidd#fvas
improved to 86% by using Cul/CsF as an alternative copper source. The reaction of iodoindole
substratel.25with crudel.20gave the coupled produtt26in 40% yield. The reaction of electren

rich substratel.27 under coppefree condition furnished 63% vyield of the desired prodl@8
(Scheme 1.12)

Schemel.12. Stille couplings of aziridinyl tricarbastannateawith functionalized substrates

Br(l)
o i
MeO,C N o8
CuDPP(1.5 equiv), DMF, rt, 4 h /m
85% (90%) MeO,C

1.22
EtO,C . I Et0,C Lr
WOBH
CuDPP(1.5 equiv), DMF, rt, 4 h
85%
1.23
o Br Ilr
crude 1.20 \A/OBn
Pd('BusP), (5 mol%) |Cul(10%)/CsF(2 equiv), DMF, 45 °C, 16 h
86%
CO,Me 1.24
N | Tr
N MeOZC N
\Boc § OBn
1.25 N
CuDPP(1.5 equiv), DMF, rt, 4 h “Boc
40% 1.26
TBSO |
Tr
N

1.27 TBSO OBn
PhMe, 60 °C, 16 h

63% 1.28

Recently, Biscoe and coworkers reported the Stille ezoapling reactions of secondary alkyl
tricarbastannatranes with aryl halidgés discusse@arlier Vedejs and colleagues reporthe first
selective transfer of alkyl group in Stille reactions by using atkghrbastannatranésdowever, this
original work was limited to transfer of primary alkyl groups, and secondary alky! ¢nasfpried to
the | i near -hypnde dimimation. it was sHown that JackiePhos Ligah@9 could

facilitate the transfer adecbutyl group from the correspondirigcarbastannatrane to aryl bromides
11



in the presence of Pd(dbaatalyst. High yields of the coupled products were provided by electron
deficient, electromeutral and electrepoor aryl bromides. In addition to aryl bromide, the Stille

coupling did proceed with electrateficient aryl chlorides (Scheme 1.13).

Schemel.13. Stille couplings okecbutyltricarbastannatrane with aryl bromides

o
OMe

86% Me \N

MeO

CF
t DO
< —
DO

Pd(dba), (5 mol%) @E\g SBy
ﬁ 1.29 (6-10 mol%) S N\
CuCl (2 equiv) 45% s
KF (2 equiv)
MeCN, 60 °C

67%

o) Br
72
Me (0] Q "Bu

82%

X
R©/ *Bu
R
45-94% ©/

X =Br, Cl
R = m-OCF3, p-NO,, p-CN, o,p-Me, m,m-Me, m-CHO,
p-NMe,, p-OMe, p-CO,Et
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Different secondary alkyricarbastannatranes were applied under the palladaiatyzed
condition to aryl bromidesryl iodides and aryl triflates. As depicted in Scheme 1.14, the secondary
alkyl groups containing ethers, esters, amines, and amides formed thectnplesl products (26
95% yields).

Schemel.14. Stille cauplings of differensecondary alkytricarbastannatranes with aryl bromides,
chlorides and triflates

Pd(dba), (5 mol%)
£ R 1.29 (6-10 mol%) R
N sh— + AX , Ar—
R' CuCl (2 equiv) R'

- KF (2 equiv)
X=Br |, OTF 80 o

Cross-coupled products

M
0 e Et
OEt
\ O / /@)\/N\ KD)\Pent
S Me o} @ Me \N

1% 85% 79% 95%
Me NMe Me Me
NS
O,N EtO,C N ”
87% 76% 88% 63%
Me
Me Boc
SRR e \
s Me
Me

84% 26% 63%

Optically active alkytricarkestannatranel.30 was generated fronN-Boc-pyrrolidine, sec
butyllithium, and ()-sparteine. Compound.30 was isolated in 93% e&@nd underwent a cross
coupling reaction with bromobenzonitrile. Retention of configuration was obsenesl cross

coupled product.31was isolated in 96% ee (Scheme 1.15).
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Schene 1.15. Stille crosscoupling of optically active secondary alkyicarbastannatrane with- 4

bromo benzonitrile

2.1.3,-40°C

[ ) 1.°Buli, (-)-sparteine, -78 °C / \ <ﬁ7
ol n

N

Boc N U

Boc

1.30
93% e.e.

Pd(dba), (5 mol%)

BT 1.29 (10 mol%)
1.30 + _— B CN
NC CuCl (2 equiv) N
KF (2 equiv) Boc
MeCN, 60 °C 1.31

96% e.e.
(Retention of configuration)

Palladiumcatalyzed allylic substitution reactions of sterically demanding methylcarbarizie
were studied by Hegedus and coworKéralkylation of allylic carbonates via transmetalation is
more challenging and less common than direct nucleophiliciaaslibf soft nucleophiles. Allylic
carbonates are generally less reactive than allylic halides toward oxidative addition. Therefore, more
nucleophilic ligands are required for facile transmetalation with palladium (Il) intermediates.
Furthermore, in thiseaction, the presence of two bulky groups on palladium’ Haleyl intermediate
could sterically hinder transmetalation. Consequently, transmetalatiod.3@ with different
palladium catalysts, such as Pd(RRHPd(acac)PPh, [d>-CsHsPdCIL/PPh, etc., and organometallic
nucleophiles ranging from NaBHBnZnBr, PhZnCl, (vinyl)SnBy) PhSnMe, to (p-MeOPh)SnBu
led to the starting material recovery or dienes formation. In such a challenging transmetalation, vinyl
and phenwtricarbastannatranes aftted the desired producis33in good yields with inversion of
configuration. However, decomposition was observed with mdtiogrbastannatrane (Scheme
1.16).
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Schemel.16. Allylic alkylation via transmetalation dficarbastannatranes

OMe
<N/\sﬁ R [n3-C3H5PdCl], (5 mol%)
P(furyl)z (15 mol%)
DMPU, 60 °C
E 65-72% E
Ph R= Ph, 72% ’ Ph
1.32 R= CH=CH,, 65% 1.33

R= Me, decomp.

b-lactam1.37 is applied for the treatment of bacterial infections. One of the most convergent
synthetic routes is the connection of carbapenem t@®with M-CH,N R R Nj & Althdugh the
crosscoupling of the carbapenem with BnCHOH was facile’" Suzuki or Stille coupling o1.35
withanyCHNRRNj fail ed. 1t was proposed that the tran
the problemTherefore, tricarbastannatrah4was synthesized froh11in three steps, and used in
Stille coupling reactiomvith carbapenem.35to furnishb-lactam1.36in 98% yield (Scheme 1.17).

Schemel.17. Applying atricarbastannatrane derivative isa@bapenem synthesis

TESO
©) H H Me

N = N

T 0
OO Mo o Sohe
(6]

CH,ONH, 135 COPNB TESO CHONH,
e) . H H
@ N—so, 20Tf :
< z_/ 2 Pd,dbas.CHClIj, tris-2-furylphosphine Me

1.34 iPr,NEt, NMP, 60 °C
98% CO,PNB
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The Kikukawd@® and the BusaceBaring>?* mechanisms are two different pathwayscine-
substitution mechanism in the Stille coupling reactions. These pathways were studied by Fillion and
coworkers usingiodomethyttricarbastannatrarfd When tricarbastannatrand.11 reacted with
Pd(P(Bu)s),, the decomposition df.11lat r oom t e mp e thautsledrtoghe fofmatierrof 36 4 8
ethylene gas through dimerization of carbenes. Monitoring the reactidit,bgnd **°*Sn NMR
experiments in a sealed NMR tube showed that, in addition to ethylene, a quantitative amdsint of
and less than 1% of formaldehyde wdoemed with the residual @ present in solutiofScheme
1.18).

Schemel.18. Decomposition of iodomethyticarbastannatrane in the presencBaP(Bu)s),

= o
N sh—/ _Pd(P(Bu)), (25 mol%) SN Sh—I + CH,0 + C,H,
Benzene-dg, 23 °C, 48 h K)

1.1 1.8

Decomposition of1.11 in the presence of 25% mol of Pd@()s), and a Sold excess
norbornene afforded exoicyclo[3.2.1.6*|octane (.39 after 48 loursat room temperature in 64%
yield (Scheme 1.19)In addition t01.38 ethylene, formaldehyde, aridcarbastannatrank.8 were
generated in the reaction. These observations supported the existence of methylene carbenoid as the
reaction intermediate (Scheme2Q). Tricarbastannatrané.11 showed to be more reactive than
Bu;SnCHI and MeSnCHl, as Pd(PBu)s)-catalyzed cyclopropanation of-fld excess of
norbornene by BISNCHI furnishedcompoundl1.38in 71% yield after 15 days (based on 33%
conversion). MeSnBy CH,(SnBu),, ethylene and formaldehyde were formedhiis transformation

as well.

Schemel.19. Decomposition of iodomethticarbastannatrane in the presence of norbornene and
Pd(P(Bu)s).

t . -
N J b Pd(P(‘Bu)s), (25 mol%) b . <NK)SE_I + CHO + CoH,

Benzene-dg, 23 °C, 48 h

1.38
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It was postulated that $gemdimetallic Pdstannylalkane intermediate41 was generated via
transmetalation ofricarbastannatrang.39 with cationic Pd(ll) catalysiL.40 (Scheme 20). This
intermediate could not be detectbd NMR spectroscopyThis intermediate displayed carbenoid
reactivity and led to the formation ethylene, andjeneratd tricycle 1.38 by cyclopropanation of
norbornene. In addition1.41 can also react with the trace of oxygen in solution to furnish
formaldehyde. The prepaian of the sp-gemdimetallic halePd(ll)/trialkylstannylalkane species,
which led to a palladiumrstabilized carbene, supported the Busdemane cine-substitution

mechanism.

Schemel.20. sp>-Gemdimetallic intermediate formation

®
=P,
<®7_/SnMe3 | | o Ab
b £ Fe—Pe | 18 + 138 + C
. . H Me;Snl
K) @—ILtBuz Benzene-d,50 °C, 6 days ¥ *oveta w Messn
1.39

1.40
T @—P’Buz @ dimerization
SnMe3 )
L» I|3d—/ !
|

Fe 5> CH:0
1.3 + Me3SnCHLi 2
PtBUZ

1.41

As mentioned in the above sectiavithin the stannatranes family, only tricarbastannatranes have
carbons attached to the tin atom. Therefotke environment around the tin atom of
tricarbastannatrane derivatives is similar to that of organotin compounds. Therefore, they are the only
derivatives in the stannatrane family that have been used in organic synthesis as nucleophiles
However, the applications of tricarbastannatrane deristiare limited to Stille crosupling
reactions, and no example of direct addition of the apical alkyl group intaltgtbastannatranes has
beenreportefMor eover , t he ax itriaarbasgnnat@nes is highly reacfivia &4 k y |
result, it was postulated that alkyticarbastannatranes are capable of transferring alkyl groups to
activated el ec turnospahtiureast,e ds uccahr baosn yll, bc ompounds ,

under mild reaction conditions.

In additionto theuse ofalkyl r i car bast annatranes in carbonticar
intramolecularly stabilized organotin cation can be studied by removing the apical group from
tricarbastannatranes. To the best of our knowledge, the characteristic and stability o€ cation

stannatrane specieave notbeenstudiedto date. It was proposed that the cationic tin center in the
17



tricarbastannatrangkeletonshould be stabilized by the electron pair of tiiteogen atomthus, this

skeleton shoulds h o w t he shortest

tininitrogen

26

Tricoordinated tin cations, such as tributyltegrade in the absence aftabilizing reagent or a

Lewis basic solverft. However the tetracoordinated tin cation is expected torloee stable and less
Lewis acidicthan its trialkyltin analogs. In additionationic tricarbastannatrawemplexeshould be
able toact as a weak Lewis acid to activated electieficient electrophiles in necoordinating

solvents.

Based on the above discussiapplying pentacoordinated alklyicarbastannatrania conjugate
addition reactionbasseverakdvantages over other alkyltin reageriirst,the apicaklkyl group can
be selectively transferred from tin th,-umsaturatec¢arbonyl compoundsSecond, the stable Lewis

nteract

acidic tricarbastannatrane cation can activate the electrophile by coordintion to the carbonyl group of

U ,-umsaturated carbonyl compounds. Thrid, the stable tetracoordinated cation can be recovered as a

crystdline chioro-tricarbastannatrafigwith dilute HClsolutionin the reaction workup.

1.2 Research Objectives

The major focus of this thesis is the development of new methods for teapbonbond

formation and alkene reduction using organtiicarbastannatrase As mentioned above,

tricarbastannatranes could transfer their apical alkyl group selectively in the presence of a palladium

catalystin carboricarbon bondforming processThe objective is to transfer the apical group of

tricarbastannatinesdirectly to an activated electrophile to form a carboarbon or carbdrhydrogen

bond. It was postulated that after transferring of the apical alkyl group, a catioaibastannatrane

species was formed as a side product. Therefore, to gain insight into the mechanism of the reaction,

cationic complexes dficarbastannatrangeresynthesized and characterized as well.

< 7
N Sn—-R + Electrophile ——

—
<

7
N—Sn

@

+

©
R-Electrophile

Figure 1.3. Transfer of the apical group of orgdrioarbastannatranes to an electrophile

1.3 Dissertation Outline

This dissertation is divided into two main parts: the next chapter, which concentrates on the

synthesis and characterization of iornftcarbastannatrane complexes, and the subsequent three

18



chapters, which focus omicarbastannatrane reactions to formboa¥ carbon as well as carbion

hydrogen bonds. These chapters are organized as follows.

Chapter 2

This chapter investigates the synthesis and structural studigsapbastannatrane complexes. The
structure of complexes  [N(CHCH,CH,)s:Sn](BF), [N(CH,CH,CH,)sSn](Sbk),
[N(CH2CHCH2)3SnL[(SbR;)sCl], and  [[N(CH2CH;CH,)3Sn}LClo JFo ¢][B[3,5-(CFs)2CeHs]s]  are
determined by-ray crystallography

Chapter 3

In this chapter the B(Es)s-promoted conjugate additisnof alkyl-tricarbastannatranes to
benzylidene Meldrumbés aci darestudidd.vTae meghanism aof rihd e r mi
addition is investigated, and NMRBpectroscopyand massspectrometrytechniques are used to
determine the structure of the reaction interiaed Furthermore, complex
[(N(CH2CH,CH,):Sn)OH][MeB(CqFs)4] is characterized bX-ray diffraction analyis.

Chapter 4

Insitu hydride abstraction from isoprogyicarbastannatrane by tris(pentafluoropheynl)borane,
B(CeFs)s is demonstrated in this chapter. The hydride abstraction yielded FRS{C, the cationic
tricarbastannatrane speciasdpropene gas. This process is followed by the reduction of benzylidene
barbituric acids via hydride transfer from the generatedbtydride to the electrophilic benzylic

carbon under catalytic conditions.

Chapter 5

This chapter describes the carboarbon bond formation by the conjugate addition of allyl
ticar bastanntrane to benzyl i de n edimettylrbarbitaric acide s o f
under mild reaction conditions. It is demonstrated thaictionalized alcarbon quaternary

stereocentres can be generated by this process as well.
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Chapter 6

The last chapter concludes the dissertation, highlights its contributions, and suggests topics for

future research.
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Chapter 2
Synthesis and Characterizati on

Compl exes

The synthesis and characterization of a series of tin ionic triptych exemplin solid state and
solution are described in this chapter. Complexes [NACHHCH,):Sn](BF),
[N(CH,CH,CH,)3Sn](Sbk), [N(CH,CH,CH,)3SnL[(SbFs)sCl] and
[IN(CH ,CH,CH,)sSnLClo ;o ¢ [B[3,5-(CF3).CeH3] 5] were characterized byX-ray diffraction

analysesmultinuclear NMR spectroscopy, and mass spectrometry

2.1 Introduction

Hypervalent triorganotin compounds with the substituent pattegSXCare excellent models for
tetrahedrontrigonal bipyramid path. Along this path, lengthening of Biond and changef the
Ci Sri C angles from 109.5° (tetrahedron) to 120° (trigonal bipyramid) happens due to the donor atom
X approach to the tin atom. In an ideal trigonal bipyramidal molecular geometry, the difference of
equatorial and axial ghes is 90° [(3 x 120) (3 x 90)] (Figure 2.1)

Figure 2.1. Ideal trigonal bipyramidal molecular geometry
Some representative structuresmobno, di, and tricycligpentacoordinated tin compounds are

illustrated in Figure 2.2 The stability of the pentacoordiratstructureis determined by the

electronegativity of the atoms attached to the tin atom.
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Figure 2.2. Representative structures of pentacoordinated tin compounds

Tricarbastannatranes are characterized by their cage structure, and display pentacoordinated tin
centre resulting from intramolecular dohacceptor interactions. This interaction is the resuthef
atrane frameand he Lewi s acidity of the tin atom. As a r
shows a distorted trigonal bipyramidal configuration with the nitrogen and the apical group occupying
the axial positions. The strength of the transannulaNSronds dependsn the nature of substituents
on the tin atomTricarbastannatrandsave beerknown for a long timé,but only a few examples
have been synthesized, afelver have beerstructurally characterized by single crystatray

diffraction analysis.

As discusse in Chapter 1, chlortricarbastannatrane? (I) was first synthesized in 1984The
structure was determined byrdy crystallography by Jurkschat and coworkers in F8gHhat study
had reported a 2.613(7) A 8Bl bond. However, it was later found that the actudlCrin 2.1 is
2.52(1) A, and the sample which was usedthe initial study was contaminated with some
impurities!” To obtain more information about the sturet of tricarbastannatrarl, the Xray
structure of2.1 was reinvestigated by our group. In the initial studies, crystals suitable-fay X
analysis were obtained in tolueffe.However, we obtained single crystals of chioro
tricarbastannatrane from Z¢chloromethane/pentane solution. Our data was close to the values

reported by Jurkschat and cowork&rs.

The X-ray structure is illustrated in Figure32Compound.1 crystallizes in the space grotits
with parameter§)=b = 8.3691(2) Ac=9.1053(2) A, and V = 552.309°AThe structure was refined
to a final R value of 0.001. The molecule is symmetric with the chlorine, tin and nitrogen atoms lying
on a crystallographic thrdeld axis. The structure has a trigonal bipyramidal molecutamgetry
around the tin atom, and the nitrogen and chlorine atoms occupy apical poditiensompound
displaysCs; symmetry as a result of uniform envelope conformations of threerfaraber ringsAs a

result ofthis conformation, the molecule is chiral.
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Figure 2.3. X-ray structure of chlortricarbastannatrane

Selected bond distances and bond angles are summarized in Table 2.1. Thei hitrbged in
2.1is 2.36t A, which is shorter than the intrand intermolecular SiN interactions in other
triorganotin halide complexes suchMe,NCH,CsH,SnPhBr (Sri N bond of 2.63@) A) * and 2[I-
(9-Me,NCH(Me)]CsH,SnMePhBI(Sri N bond of 2.476(7R) .3 The lengthening of SICI bond was

observed as a result of the transannular\Shond. This ShCl bond is longer than those in many
23



pentacoordinated triorganotin chlorid@such asPh,SnCI(PhbPOCH), (Sri Cl bond of 2.489(3) A)
(Figure 2.4)*

Me, PhoRy PPh;
’l‘Mez TMez (f (o]
—Ph ~Me _Ph
ds’u”‘% dsln*’h Ph=Sn<pn
Br Br cl

Figure 2.4. Sri'N and SifCl bonds in some pentacoordinated tin compounds

Table 2.1. Bond distances and bond anglesliorotricarbastannatrane

Bond length(A)

Sn(1) ClI(1) 2.523
Sn(1) N(1) 2.364
Sn(1y C(3) 2.151
N(1)i C(1) 1.484
C()iC(2) 1.525(3)
C(2)iC(3) 1.531(4)
Bond angleg°®)

N(1)i Sn(1y CI(1) 180.0
C(3)i Sn(1y Cl(1) 99.7
C(3)i Sn(1y N(2) 80.3
C(3)iSn(1y C(3) 117.2
C(1)i N(2)i Sn(1) 105.7
C(2)i C(3)i Sn(1) 108.0
C(LiC(2)iC(3) 110.8(3)
C(2)i C(1)i N(2) 110.2
C(1)i N(1)i C(1) 113.0

As depicted in Table 2.1, C({33n(1) C(3) bond angle is 117.2°, which deviagtightly from the
ideal trigonal bipyramidal 120° angle. Therefore, the tin atom has a distorted trigonal bipyramidal
geometry in2.1, and it lies 0.36 A below the plane containing the three equivalent C3 atoms. The
angles around the nitrogen atom deviate from tdteahedralgeometrydue to the nitrogdriin

interaction, and the nitrogen atom is situated ®A8®elow the plane occupied by three C1 atoms.

As previously discussed in section 1.1.1, N{CH,CH,);SnF @.2) can be formed from
N(CH,CH,CH,);SnMe and RSrF in EtOH™ Attemptsat obtaining crystals o2.2 failed under inert

conditions, and crystallin2.2 was obtained only as its water adduct N(CH,CH,);SnFH,0 (2.3).
24



The molecular structure &.3is shown in Figure 8. In compound2.3, two molecules oR.2 are

held together bythe intermolecular Sn(® k@) interaction. In addition, strong hydrogen bridges
F(LA HA DEA KA ER) link the twotricarbastannatrane molecules. This dimer is attached to a
second dimer by a second molecof waterO(2). The geometrical pattern around Sn(1) and Sn(2)

can be described as monocapped trigbimiramid.

-« « « Hydrogen bridge
= = Coordination

Figure 2.5. X-ray structure oN(CH,CH,CH,);SnRH,0." (with permission from ACS publications)

Some bond lengths and bond angles28 are summarized in Table 2.2. Intermolecular
Sn(1R E@®) and Sn( OAL) interactions are 297(6) A and 3.180(8) A, respectively. These strong
S F and weak SrO interactims led to slight distortion of the ideal atrane frame. 7.3° and 6°
deviation from the ideal value of 180° was observed iniNg@j1) F(1) and N(2)Sn(2) F(2) angles,
respectively. Sn(1F(1) and Sn(2)F(2) bonds of 2.121(5) A and 2.115(6) A are longer tharsri F
single bond of 1.96 A due to the transannularSimteraction:>*®

25



Table 2.2. Bond distances and bond angles in N§CH,CH,)sSnFH,0

Bond length(A)

Sn(1y N(1) 2.426(6)
Sn(1) C(11) 2.146(7)
Sn(1) C(14) 2.132(9)
Sn(1)y C(17) 2.145(9)
Sn(1)y F(1) 2.121(5)
Sn(2) N(2) 2.393(5)
Sn(2) C(21) 2.145(8)
Sn(2) C(24) 2.135(8)
Sn(2) C(27) 2.126(7)
Sn(2) O(1) 3180(8)
Sn(2) F(2) 2.115(6)
Bond angleg°®)

N(1)i Sn(1) F(1) 172.7(2)
F(1)i Sn(1y C(11) 102.3(2)
F(1)i Sn(1) C(14) 94.1(3)

F(1)i Sn(1y C(17) 106.9(3)
C(11y Sn(1yC(14) 119.5(3)
C(14) Sn(1y C(17) 112.8(4)
C(11) Sn(1y C(17) 116.8(3)
N(2)i Sn(2) F(2) 174.0(2)
F(2)i Sn(2) C(21) 102.4(3)
F(2)i Sn(2) C(24) 93.6(3)

F(2)i Sn(2) C(27) 104.4(3)
C(21) Sn(2y C(24) 117.6(3)
C(24) Sn(2)y C(27) 115.0(3)
C(21) Sn(2)y C(27) 118.1(3)

The X-ray structures oN(CH,CH,CH,)sSnl and N(CH,CH,CH,):SnBr were obtained as well.
These structures are almost identical, and illustrated in Fig@rey2he representative structure of
bromotricarbastannatrane. The tin atoms in these structures show a distorted trigonal bipyramidal
configuration in which three methylene carbons are in equatorial positions, and nitrogen and halogen

are in axial positios.
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Figure 2.6. ORTEP drawing oN(CH,CH,CH,);SnBr.** (with permission from ACS publications)

A few bond angles and bond lengths are listed in Table 2.3.shbgestSri N interaction

corresponds tbromaotricarbastannatrane.

Table 2.3. Bond distances and bond angles in N¢CH,CH,);SnBrandN(CH,CH,CH,);Snl

N(CH,CH,CH,)sSnBr  N(CH,CH,CH,)sSnl

Bond length(A)

SriN 2.28(2) 2.375(6)

Sri X 2.693(2) 2.896(1)

SriC 2.20(1) 2.152(8)
Bond angleg®)

Ni Sri R 180 179.6(1)

NiSn C 81.2(3) 80.5(3)

RiSnC 98.8(3) 99.5(2)

CiSriC 117.7(6) 117.3(3)

It was earlier mentioned in section 1.1.1 that the treatmer®.Jofvith methyllithium yields

methyHricarbastannatrarfeA concentrated solution of methyicarbastannatrane in diethyl ether

provided crystals suitable for-May analysi€® X-ray crystallographic studies revealed that the overall

geometry of this tetraganotin is similar to that d?.1 and other haliwicarbastannatranes. However,

the SiiN bond of 2.6288) A is much longer than those halotricarbastannatranes. Thus, due to the
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absence of any electronegative atom attached to the tin atormorttest transannular SN
interaction was observed in this tricarbastannatrane. Because of the wegdk b8nd, the
configuration of the tin atom is regarded as a monocapped tetrahedron and is distorted from the ideal

trigonal bipyramidal.

H?

H1g’ "H20

Figure 2.7. Molecular structure ofl(CH,CH,CH,);SnMe* (with permission from Elsevier)

The equatorial angles of 113.4° for Q(&h(1) C(4), C(1) Sn(1) C(7), and C(4)Sn(1) C(7) are
closer to a tetr ah e drigandl bipyrangdaleangle 81200)9In &lditjon, théh a n
apical angles of 105.2° for C(I®n(1) C(1), C(10) Sn(1) C(4), and C(1Q)Sn(1)y C(7) are close to
a tetrahedral angle. The deviation of the tin atom from the plane comprised of the carbon atoms C(1),
C(4), and C(7) is 0.569 A. However, the nitrogen atom deviation from the plane defined by C(3),
C(6), and C(9) is 0.375 A. Due to interamoleculai $interaction, the Sn(1C(10) bond of 2.214 A

shows the anticipated lengthenifig.
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Table 2.4. Bond distances and bond angles in methighrbastannatrane

Bond length(A)

Sn(1y C(10) 2.214(11)
Sn(1) N(1) 2.624(8)
Sn(1) C(1) 2.151(8)
N(1)i C(3) 1.449(11)
C(1)i C(2) 1.504(13)
C(2)i C(3) 1.524(11)
Bond angleg®)
N(1)i Sn(1)y C(10) 179.6
C(4) Sn(1) C(1) 113.1(4)
C(7)i Sn(1) C(1) 113.7(4)
C(7)i Sn(1) C(4) 113.3(4)
C(10) Sn(1) C(1) 105.3(4)
C(10) Sn(1y C(4) 105.0(4)
C(10y Sn(1y C(7) 105.4(4)
2.2 Proposal

In context with our ongoing studies on ttlevelopment of new methsdor carboricarbon bond
formation, we proposed th#te alkyl group inalkyl-tricarbastannatranes could be transferred to an
electrophile. It was postulated that after transferring the apical alkyl group, a cationic
tricarbastannatrane would be generateevas expected thdhe cationic tricarbastannatrane should
exhibit a weak Lewis acidity as well as a strongeirNsimteraction in comparison to those in halo
tricarbastannatranes. However, to the best of our krimel@rior to embarking on this project, there
has been no systematic study on the Lewis aciditythedtability, as well as the intramolecular
interaction of ionic tricarbastannatranes. In this regard, the objeuwtage to synthesize and
characterize cainic complexes of carbastannatranes. Was proposed that cationic
tricarbastannatranes could be generated from chicerabastannatrane and the corresponding silver
salts. he structure and Lewis acidity of tricarbastannatrane complesesestablisied using NMR

spectroscopy, mass spectrometry, an@y)crystallography techniques.
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N AgX o
N §n-Cl ———= | 'N=8n|X  + AgCl|

Figure 2.8. Proposal for the synthesisdarbastannatrane complexes

2.3 Result anddiscussion

As mentioned earlier,he formation oftricarbastannatrane complex [N(&HH,CH,);Sn](BF)
(2.4) in THF was reported byzschach and Jurkschat, which showed a deshiéld&d NMR shift
(Scheme 2.1at U = .2We Suspeciedrthat the chemishift might not be indicative of free
[N(CH,CH,CH,)sSnJ (2.5 in solution, as Lewis acig.5 could potentially interact with THF. Organ
and coworkers reported the formation oBsSnATHF]'[HB(CsFs)s]' by the reaction of nBusSnH
and B(GFs);in THF; THF could stabilizehe stannyl cationiBusSn]*.?® Therefore, the formation of
complex2.4was reinvestigated in the absence of a Lewis basic solvent through the addition of AgBF
to a solution of chlordristannatrane in 1;@ichloroethane (Scheme 23)A *°Sn chemical shift of
= 145.8 ppm corresponding to [N(GEH,CH,)sSn] (2.5) in complex2.4 was observed (TableZ.
entry 2). NMR experiments also revealed that compldxvas stable at room temperatumesolution
for more than one week aneimained unchanged for more thana2itsat 70 °C.

Scheme2.1. Reaction of chlordricarbastannatrane and silver tetrafluoroborate

By I @D
Solvent < 7 &
N Sh-Cl + AgBF,  SEETL- |S\sf| BF,Z + AgCl
21 24

Crystallization of2.4in a pentane/1;8ichloroethane mixture yielded crystals that were analyzed
by X-ray crystallography. This compound recrystallizes in the orthorhombic space group Pnitda with
= 12.0477(100, b = 8.3632(7)A, andc = 12.7309(10)A. As depicted in Figur@.9, the salient
feature of this structure is its exceptionally shorit$ibond[2.219(9)A]. In addition, the counter ion
[BF,]' interacts with the positively charged tricarbastannataBgSri F bond is 2.3%(11) A]. The
geometry around th@entacoordinaté tin(IV) ion is distorted trigonal bipyramidaln addition,
HRMS (ESI) supported the formation of compl@x showing an ion peak ai/z 260.04512
corresponding t@.5, and an ion peak at/z87.00237 is attributed to BF
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Figure 2.9. X-ray Structure of [N(CKCH,CH,):Sn](BF)

Additional information about the structure of ionic triptych complexes was obtained by preparing
[N(CH,CH,CH,)sSn](Sbk) (2.69 through the reaction of AgSkRwvith 2.1 (Figure 210). The
formation of ionic triptych in solution was supported by a deshiettf&m NMR signal ati  197.8
ppm (Table &, entry 3). This compound was recrystallized in the monoclinic space grelgpiRth
U = 14.5513(3)A, b = 13.9626(3)A, and c = 15.0103(3)A. The tin atom adopts a trigonal
bipyramidal geometry with the carbons of the alkyl groups in equatorial positio8si C angles
[120.24), 119.44), 118.54)] deviatefrom the ideal angle of 120°. In this complex,oader SinF
interaction (ShF 2.48 A and 2.52 A) and a more deshielded tin center ddpimser interaction
betweer2.5and [Sb]' compared to its interaction with [BJF in complex2.4. In addition, the SN
bond length is 2.23(5) A, suggesting a stronger transannular Lewisidide interaction than 4.

Of note, complexX.6awas stable for more than a week in-@i2hloroethane at room temperature.
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Figure 2.10. X-ray structure of [N(CHCH,CH,)sSn](Sbk)

A solution of complex 2.6a containing traces of chloride ion crystallized to vyield
[N(CH,CH,CH,)sSnL[(SbF)sCl] (2.6h). The crystal lattice of this complex is defined by the space
group 123, in which onehlorine atom is surrounded by four ionic triptychs and the {SlcBunter
ions are shared along the edge of the unit d@ligure 211). The SiiN bond length in2.6b is
2.223(3) A and the distance between chlorine and tin atoms it 29%vhich is significantly longer
than the ShCl bond of 2.52 A in2.1 According to the Xray structure, there is no interaction
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between the chlorine and tin atomsaréb, establishing the formation and stability of free ionic
triptych 2.5.

Figure 2.11. X-ray Structure of [N(CHCH,CH,)sSnL[(SbF)sCl]
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Then, complex [N(CHCH,CH,)sSn][B[3,5(CFs),CeH3]4] (2.7), that contains the bulky and non
coordinating counter ion [B[3;8CF;),CsHs]4]*®> was synthesized from Ag[B[3:6CF:),CsHzld]. A
deshielded™®sn si gnal was o0bser beahtry d)tCrydiallizationlodinl ( Tabl e
pentane/l,2licholorethane solution revealed the formation of comgl&with the general formula
[IN(CH>CH,CH,)3SnLClg oF0 [ B[3,5-(CF3).CeH3] 4], in which fluorine and chlorine atoms bond to
two cationic carbastannatran2$ with 1:4 ratio, respectively (Figure12). The SiiN distance of
2.366(3) A and 2.35(3) A are significanly longer than the BX distance in other cationic
tricarbastannatrane complexes. Srl(l) distance of 2.54B8) A and Sn(2)CI(1) distance of
2.58(6) A are slightly longer than $&I bond in2.1 Interaction between fluorine and twa titoms
are evidenced by the closé&$n(1) and FSn(2) approach (2.183) A, 2.2033) A). The source of
fluorine atom in this complexs likely MgBrF. It is a byproduct of the reaction between {3,5
(CRs),CeH3]MgBr and NaBfR, which is the step prior to the exchange reaction betWwafB[3,5-
(CRs),CeH3]4] and AgNQ in the preparation oAg[B[3,5-(CFs).CeH3]4]. The source of chlorine atom
may be from the trace of silver chloride (Figur8)20f note, as depicted in Figurel2, fluorine
atoms in one of the Ggroups in [B[3,5(CF;).CsHs]4] are disordered.
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Figure 2.12. X-ray Structure of [[N(CHCH,CH,)3SnLClg oFo g][B[3,5-(CF3)2CeHz] 4]

All of the efforts to makeomplex [N(CHCH,CH,):Sn][B(CsFs)4] from Ag[B(C¢Fs),] failed due

to its decomposition in 1;@ichloroethaneThis reactivity has been previously reporied.
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The coordination of various Lewis bases to com@ekwas then studied (Table®2. entry 571 8) .

While the addition of one equivalent of DABCO showed a significant change &f°8rechemical

shift from o = 6 1. 4CNo p(neep(peen p=p m =
3.3) or diphenyl acet y ligbleehar{gespi’sm chemidal sbiff of Bh& wed ne g
ppm was observed after one equivalent of THF was add&4t6 eeppm = 14. 0) , i ndi c

moderate coordinating ability towal5. This resultreflects the exceptional stability and moderate

145. 8 ppm to 0 =

Lewis acidityof 2.5.

Table 2.5. NMR studies orricarbastannatrareomplexes”

NMR chemical shifts (ppm)

Entry  Carbastannatrane

1H 13C llQSn llB
A~ 1.13(1) 13.0

1 <QE-C| 1.78 (m) 22.9 17.6 NA
L 2.42(t) 54.3
1@ 1.47(t) 12.6

2 N-sn | B, 1.96(m) 23.6 1458  i2.1
RN 2.57(t) 55.0
e 1.61(t) 14.2

3 “N-sn | sbF2 2.04 (m) 24.4 197.8 NA
RN 2.64(t) 55.4
<3| 1.64(t) 16.5

4 P 2.04 (m) 24.7 198.1 7.2

L J o

BB5-(CFoCotisls  2-63(1) 55.5
N e 1.37 (1) 11.5

5 <N(—?n7-THF Br°  1.94 (m) 23.3 131.8 i1.6
RN 2.56 (tf* 54,7
[ ® 13.0

6 <N(—?n7-DABCO BF,  Broad 22.8 614 117
N 54.3¢
[N ]@ 1.45 (t) 12.5

7 {?g BFy 1.95 (m) 23.6 1425 116
NCCHy 2.57 (t)" 54.91
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1 1.46 (t, 6H) 12.5
N—Sn | BF .

8 ‘ 1.95(m, 6H)  23.6 1442 716
N, 2.56 (t, 6Hf'  54.91

[a] Onebroad signal observed for THF at 1.82 ppm and the other THF si
overlaps with 1,alichloroethane signajb] Two signals at 25.01, 68.12 ppr
belongto THF. FreeTHF carbon chemical shifts in tdichloethane are 25.2
66.9 ppm. [c] Two signals at 44.6, 46.9 ppm belong to DABCO. Free DAE
chemical shift in 1,2ichloroethane is 47.09 ppm. [d] @EN signals m proton
and**C NMR were 2.2 and 1.5 ppm respectivelg] Diphenylacetylene protor
chemical shifts are 7.4 and 7.5 ppm.'fif NMR chemical shifts of dipheny
acetylene are 88.5, 122.3, 127.9, 127.9, 131.0 ppm.

2.4 Summary

The structure of a number dhtramolecularly stabilized caggpe organotin cations solution
andin the solid state has been determined. The formation of stable cafior@acbastannatran2.5
and its weak Lewis acidity was confirmed BYSn NMR. Furthermore, a lot of characteristic
knowledge about ionic tricarbastannatrans were extratitedddition, the structures of complexes
[N(CH,CH,CH,)sSn](BFs), [N(CH,CH,CH,)sSn](SbFk), [N(CH,CH,CH,)sSnL[(SbFR;):CI] and
[IN(CH2CH,CH,)sSnLClg 20 g [B[3,5-(CF3).CeH3]s] were determined by Xay crystallography.
Important features of these ionic triptych complexes are their staliityvell as their short
transannular SN bond.

2.5 Experimental

2.5.1General Considerations

All reactions were carried out in en or flamedried glassware under dry nitrogen atmosphere
using standard Schlenk techniques or in a glove boxDitldoroethane was distilled over CaH
THF was distilled over sodium/benzophenone ketyl before use. Acetonitrile was dried by distillation
from CaH. Pentane was drieaver LiAIH, and distilled prior to use€CDCl; was distilledover P,Os,
and stored on 4 A Linde molecular sieves. All solvents were degassed via thregfmepzhaw
cycles following distillation.DABCO was sublimed (60 °C at 0.1 mm Hg) in a Kugelrohr
distillation apparatus by cooling the collecting flask with dry Reactions were monitored by thin

layer chromatography on commercially prepared plates with a particle size of 60 A. Developed plates
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were visualized under a\Ulamp (254 nm), or stained with ceric ammonium molybdate. Flash

chromatography was performed using 280 mesh silica gel.

2.5.2Characterization

Unless otherwise notedd and**C NMR spectra for all adduct products were obtained in GDCI
at 300 and 75 MHz, respectively. Chemical shifts
tetramethylsilane (TMS) as an external standard. Proton and carbon spectra were calibrated against
the solvent residual peak [CHGIF.24 ppm) and CDG(77.0 ppm)] and in case of t¢echlorethane
against known solvent resonance [3.72 ppm) and®C (43.6 ppm)]*'B and**Sn NMR spectra of
tricarbastannatranes were recorded on Bruker AvaA6et'B: 96 MHz, *'°Sn: 112 MHz) with*H
decoupling in 1,3ichloroethane calibrated against externay8P Eand MaSn, respectively. The
spectral references (sr) which were obtained from the external standards were used to calibrate all
119571 NMR and™B NMR chemical shifts. Spectral reference values bf1.61Hz andi5.13 Hz
were used to calibraté®sn and'B chemical shifts in 1:2lichloroethane, respectively. Abbreviations
used to define NMR spectral mutiplicities are as follows: s = singlet; d = doublet; t = triplet; q =
guartet; m = multiplet; br = broadHigh resolution mass spectra (ESI) were run at the University of
Waterloo Mass Spectrometry facility. Fragment signals are given in mass per charge number (m/z).

The following compounds were prepared according to literature proceducbtordl-azab-
stannabicyclo[3.3.3]undecan®.]),® Ag[B[3,5-(CFs),CsHs]4].>” Other reagents were purchased from
commercial suppliers and used without further purification.

Crystals of2.4, 2.6a 2.6b, and 2.8 for X-ray analyses were obtained after recrystallization in
anhydrous 1, 2lichloroethane at room temperature, followed by the-@ige addition of dry pentane
to reach a cloudy point. Then idihloroethane was added drajise until the solutions became
clear again and then were allowed to stand under nitrogen at the mentioned temperature to form
single crystals. Comple®b was formed from the solution @fa in the presence a small trace of

chloride ion.

To a solution 0f2.1 (15 mg, 0.051 mmol) in 1;8ichloroethane (0.5 ml), was added

®
sr°|  AgBF4 (9.9 mg, 0.051 mmol). After filtration of AgCI through a fritted Schlenk

[<®7
N—Sn
filter, the solution was transferred to a J. Young NMR tublee product was

characterized by NMR techniques. Single crystal® @fere obtained upon recrystallization using
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pentane/1,Alichloroethane &3 °C. *H NMR (CI(CH,),Cl, 300 MHz)li 2.57 (t, 6H, N&,), 1.96 (m,
6H, CH,), 1.47 (t, 6H, Sn6E,); *C NMR (CI(CH,).Cl, 75 MHz) Ui 55.0 (NCH,), 23.6 CH,),12.6
(SCH,); *%Sn NMR (CI(CH).Cl, 112 MHz) i 146.8; B NMR (CI(CH,),Cl, 96 MHz) U i2.1.
HRMS (i ESI) m/z calcd. for BR (M'): 87.00237. Found: 87.00264; HRMS (+E®&i)z calcd. for
CgH1sNSN(M™): 260.04557. Found®60.04512.

[N(CH ;,CH,CH,)3Sn](SbF) (2.6a).
To a solution of 1 (15.0 mg, 0.0510 mmol) in I;@chloroethane (0.5 ml), was
[<®7
N—Sn
L

o added AgSbE(17.5 mg, 0.0510 mmol). After filtration of AgCI through a fritted
°C. When the filtrabn was carried out through a filtering pipet, which was prepared by insert&oon of

@
SbFg

Schlenk filter, the solution was transferred to a J. Young NMR tube. Single crystals

of 2.6awere obtained upon recrystallization in pentanedichloroethane at16

small piece of cotton wool into a Pasteur pimetmplex2.6bwas formed in the presence of a small
trace of silver salt in the solutiofid NMR (CI(CH,),Cl, 300 MHz)ii 2.64 (t, 6H, NG&,), 2.04 (m,
6H, CH,), 1.61 (t, 6H, SnH,); *C NMR (CI(CH).Cl, 75 MHz) U 55.4 (NCH,), 24.4 CH,),14.2
(SCH,); ***Sn NMR (CI(CH),Cl, 112 MHz) i 197.8. HRMS {ESI) m/z calcd. for Sbg (M'):
234.89479. Found: 234.89380; HRMS (+E8i)z calcd. for GH1gNSn (M™): 260.04557. Found:
260.04462.

[N(CH :CHCH2)3sSn][B[3,5-(CF3).CeHzl4] (2.7).

= To a solution 0.1 (15.0 mg, 0.0510 mmol) in 1-@chloroethane (0.5
[5[3,5.(CF3)ZCGH3]4J@ ml), was added Ag[B[38CF;).CsHz]4] (49.6 mg, 0.0510 mmol). After
filtration of AgCIl through a fritted Schlenk filter, the solution was
transferred to a J. Young NMR tubel NMR (CI(CH,).Cl, 300 MHz)U
2.63 (t, 6H, NG®,), 2.04 (m, 6H, &), 1.64 (t, 6H, SnB,); **C NMR (CI(CH,),Cl, 75 MHz) i 55.5
(NCH,), 24.7 CH,), 16.5 (SE€H,); "°Sn NMR (CI(CH).Cl, 112 MHz) i 198.1; "B NMR
(CI(CH,).Cl, 96 MHZz)t17.2.

—

7
“N—sh

[N(CH ,CH,CH,)sSnJATHF (BF,).

5 To a solution oR.4 (17.6 mg, 0.0510 mmol) in 1-@chloroethane (0.5 ml) in a J.
<N(—/§n7-THF sr,”| Young NMR tube, was added THF (4.0 uL, 0.051 mmit) NMR (CI(CH,).Cl,
o 300 MHz) 1 2.56 (t, 6H, N&i,), 1.94 (m, 6H, E,), 1.82 (br, 4H, €i,),1.37 (br,
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6H, SNGH,); *C NMR (CI(CH,),Cl, 75 MHz){i 68.1 (QCH,), 54.7 (NCH2), 25.0 CH,), 23.3 CH,),
11.5 (SICH,); °Sn NMR (CI(CH).Cl, 112 MHz)i131.8;*'B NMR (CI(CH,).Cl, 96 MHz) U1 1.61.

[N(CH ,CH,CH,)sSnJ//DABCO (BF.).
To a solution 02.4(17.6 mg, 0.0510 mmol) in 1, @chloroethane (0.5 ml) in
2@.DABCO ®BF? a J. Young NMR tube, was added dDABCO (5.8 mg, 0.051 mmol):°C
NMR (CI(CH,).Cl, 75 MHz) li 54.3 (NCH,), 46.9 (NCH,), 44.6 (NCH,), 22.8
(CH,), 13.0 (S€H,); °*sn NMR (CI(CH),Cl, 112 MHz)l 61.4; 'B NMR
(CI(CH,),Cl, 96 MHZz){ii 1.7.
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Chapter 3
B(€s)Promoted Conj uganzylAll kgdeati on
Mel drumbés Aci-ttsi bar bhgssfhknhtrane

The ability of methytricarbastannatrane to transfer the apical methyl group to BE& is
studied. In addition, the structure of [(N(@EH,CH,):SnyOH][MeB(CqFs)s] is determined by Xay
crystallography.  Furthermore, the B(GFs)s-promoted conjugate addition of alkyl
tricarbastannatranes t o undee mild yconditbresie presevited. heu moé s
mechanism of the addition has been investigated, and NMR and mass spectroscopy techniques have

been used to determine the structure of the reaction intermsdiate

3.1 Introduction

The conjugate additi on anfsatwated earbanyheompolinddisanr e a g ¢
important method fothe construction otarboricarbon bongd Conjugate additions of different
organometallic reagents, such as organocopper, organolithiumgrgadoboron with or without
catalysts have been report&d\mong organometallic compounds, a variety of organostannanes have
been employed due to their availability, air and moisture stability, and their functional group
tolerance” Reactions of stannaneagents, such as ardnd alkenylstannanes have been typically

promoted by a rhodium or palladium catalyst.

Reactivity of organotin reagents in the conjugate addition -tyclohexer2-one @.1) was
investigated by Li and coworkef¥Various phenylstannas and phenyltin chloride derivatives were
added to3.1in the presence of Rh(COBF, in water (Scheme 3.1Product 3.2 was obtainedn
85% yieldwith trimethyl(phenyl)tin. The electronic effect of substituents on phenydtigants was
studied. Tinreagents PJSnR with electron donating groupR £ Bu, OH, OMe) provided moderate
yields of the product. However, the reaction was strongly inhibited by an electron withdrawing group
(R=CI). Most notably, the yield of the addition of the phenyl group usin§n} reagent was
increased to 92% by the addition of potassium hydroxide, due to halogiaxyl exchange.
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Scheme3.1. Electronic effects of tin substituents

0 0 Stannane Yield

. Stannnane Rh(COD),BF, (10 mol%) PhSnMe; 85

H,0, 100 °C Ph4Sn 11

Ph Ph;SnBu 62

3.1 3.2 PhsSnOH 52

1 equiv 2equiv Ph3SnOMe 53
Ph3SnCI trace

PhSnCl3/KOH 92

Similarly, conjugate additions of trialkyl(aryland trialkyl(vinyl)tin reagents td-cyclohexer2-
one was reported using 5 mol% of [Rh(COD)CIh water at 50°C (Scheme 3.24Y}.
Tributyl(vinyl)tin provided only 30% of the product, and the highest yiélthe product (76%) was
obtained using trimethyl(phenyl)tin. Addition of PhSnMe conjugated carbonyl compounds, such
as acrylates omaleates, under these reaction conditions furnished the product$ 7% #ields
(Scheme 3.2b).

Scheme3.2. Conjugated addition of trimethyl(aryland trimethyl(vinyl)tin derivatives

o) o)
Rh(COD)CI], (5 mol%
a) + RSnMe,  NCODICH: ( i
H,0, 50 °C R

3.1 3.3
i, 30-76%
R = Ph, naphthyl, vinyl, 4-(CHs)CqHa, :<
Ph
0 ) Ph O
b) R1/\)J\OR2 +  PhSnMe, [Rh(COHI:c))ngo(fcmOI/O) R1M OR?

57-77%

R'=Ph, 4-(OH)CgH,4, CO,Et, Me, H
R? = Et, Me

Later, rhodiurrcatalyzed asymmetric conjugate addition of trimethyl(phenyl)tin3tb was
reported by Hayashi and coworkéfsNMR studies showed that addition of 1.1 equivalent (to
rhodium) of RR)-3.3to a solution of [RhCI(gH,).]. in CDCl; could form chelating diene complex
[RhCIH((R,R)-3.3)]» at room temperature ihhour. This complex was generateekitu in the reaction
of PhSnMg with 3.1 in toluene, and furnishedR(-3.4 in 80% yield, and 95%e on hydrolysis
(Scheme 3.3).
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Scheme3.3. Asymmetric conjugataddition of trimethylphenyl tin to-tyclohexer2-one

Ph
[RhCI(CoHa)ol, + PhV@APh _CDCly %h\m%’
Ph
(R,R)-3.3

OSnMe3

o [RhCI(CoHy),l0 /(R,R)-3.3 Q
(3 mol% Rh, 3.4/Rh =1.1)
+ PhSnMej —_—
NaOMe (6 mol%) “, “,
Ph Ph

toluene, 60 °C, 22 h
3.1 (R)-3.4

Recently, coppeme di at ed conj ugat esulfardubstitutedoorganastannahesftad e r e n
3.1 was reported® USulfur-substituteda | k y | groups were a@tliethe at t he
presence of copper(ll) triflate and trimethylsilyl chloride to form gkslfur-substituted ketones
44 100% yields (Scheme 3.4Jhese conjugate additions were didstereoselectiveand a mixture

of two diastereomers was obtained in all cases.

Scheme34.Conj ugat e -sulfudsubstituted orgarfostadnaneswydlohexer2-one

Q R Cu(OTf), (1 equiv) Q
)\ Me3SiCl (1.2 equiv)
+
MeS™ "SnBu; CH,Cl,, 23°C,0.5h SMe
3.1 R
R = nPr’ ’Pr, Ph, H 44-100%
Under rhodium at al ysi s, -anino tadidederivativesovfas deémonstrafedryltin

reagents we r-phthalanmpatrylagedin theopresénce [(®h(COD)C], in water. The
reaction mixtures were sonicated at room temperature, and the desired products were obtained in 32
82% vyields (Scheme 3.
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Scheme3.5. Conjugate addition of trimethyl(aryl)tin derivativeso e 4pHihglimiddacrylate
o) o)
:?—OEt Ar\_?—OEt
N— N—"
Rh,(COD),Cl; (5 mol%)
+ ASIMes .23 °C, sonication 0

)

Ar = Ph, p-CIPh, p-MePh, m-MePh, p-MeO, t-BuPh

Tetraphenyl t i nunsaudated wldebyde ahdo ketddesbunder palladaialyzed
conditions in the presence of a metal chloride salt was reported by Uemura and cotfémkeysir
studies, different solvents and palladium catalysts were examined, angl RiI@cOH system was
found to be an effective system to generate proddiétsAs shown in Table 3.1, different Michael
acceptors have beeractedunder this conditionand products3.6a h were obtained inmodestto
good yields. It was revealed that slightly fewer than four phenyl groups of tetraphenyltin were
transferred in these transformations. In addition, the formation of the biphenyl side product was
observed withall substrates, and with substra8Sfi h biphenyl was the major product (Table 3.1,

entries 68). No reaction was observed with methyl cinnamate and cinnamonitrile.
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Table 3.1. Addition of tetraphenyltinusing PACGYLICI/AcOH system

Rl=<R2 . pngy PACl(1mol%) LiCl 2 equiv) R; :Rz . Phph
EWG ) AcOH, 50 °C PH  EWG
1-1.2 equiv  0.25 equiv 3.6 3.7
Yield (%)
Entry Substrate
3.6 3.7
Ph._~~__CH,
18 \/\g/ 81 3
3.5a
Ph._s~__Ph
2 \/\g 56 35
3.5b
_~CHs
3 o 81 10
3.5¢
HsC._~_ _CHs
4 Y 69 18
3.5d
o}
5 é 63 28
3.5e
0
6 é 26 55
3.5f
HsC._O
7 5 4 66
3.5g
Pho_~__H
8 o 28 55
3.5h

[a] Reaction was performed at 26
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Further developementof conjugate addition of organotins ®5a was reportedby Oi and
coworkers'® These reactions were carried out under cationic rhodium catalysis in THF, and in the
presence of one equivalent of water as a protic additive to prevent a further reaction of the stannyl
enol ether intermediate with starting materéaba Addition of anequimolar amount of protic
species, such as water or methanol, could improve the reaction yield through immediate conversion of
the silyl enol ether to keton&nder this condition, tetraphenyltin yielded only 11% of procd6a
Higher yields of the prastt was obtained with trimethyl(phenyl)tin and tributyl(phenyl)tin.
Furthermore, 4luorophenyl and 4net hoxypheny groups wer g&batedded at
furnishtheadducts in good yields. However, no reactivity was observed with styryltrimédmylame
(Table 3.2)

Table 3.2. Conjugate addition of organostannanes to benzylideneacetone

Ph. -~ CH 9 Ph CH
\/\n/ 3 + Stannnane [Rh(COD)(MeCN)g]BF4 (2 mol A)) Y\[]/ 3

o THF, H,0 (1 equiv), 60 °C A O
Entry  Stannatrane Yield
1 PhSn 11
2 PhSnMg 98
3 PhSnBy 70
4 p-FCsH,SnMe 68
5 p-MeOGH,SnMeg 74
6 PhCH=CHSnMe NR
The Fillion group described the addition of alk

the presence of a rhodium catalyst under mild reaction conditions (Schem® @E6)-3-
(tributylstannyl)allyl acetate .9 and ethyl carbonate3 (10 are ambiphilic reagents wherein allylic

acetate or carbonate acts as an electrophile under paltadiaigzed conditions, and theitaarbon

bond acts as aucleophile’ Stannane8.9 and3.10were alded in the presence §Rh(COD)CI}, to
benzylidene Mel drumés acids with a range of ar oma
were obtained. Employing these alkenylstannanes under [Rh(COD)(M8ENEatalysis afforded
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comparable yields. The éreased reactivity 08.9 and 3.10 compared to the previously described
alkenylstannané&is plausibly due to the faeilrhodiuni tin transmetalation, which is attributed to

the more polarized tircarbon bond.

Scheme36.Conj ugate addition of alkenyl stannanes to |

X X

1 2 Bu.Sn. . OR _IRN(COD)CIL, (3 mol%) 0" o
3
O)’E/&O + NN THF, 23 °C O)’jio\/
= OR
Ar R = Ac (3.9) Ar
3.8 R = CO,Et (3.10) 66-91%

Enantioselective conjugate addition3fl0to benzylidenes8.8 employinga cationic Rh(l}diene
complex as catalyst wasported by the Fillion grouf.(R)-Carvone derived ligan8.11with a large
group at theortho position of the arene grouprovided the desired products with high enantiomeric
ratio (er) (Scheme 3.7). In addition, AgShtas found to be effective in increasing erfosming the
cationic Rh(l) complex. Furthermordjigher yields were obtaineoly preventing hydrolysis of the
benzylidenespowdered molecular sieves were introduced to the reaction mixtures. Regardless of
subgituents on the phenyl ring, high enantioselectivity was observed in this method.

Scheme3.7.Enanti osel ective addition of alkenyl stanna

OMe

(7 mol %)

X

0~ "o [RhCI(C,Hy),), (5 mol% Rh) o O

O)]/go +  BugSn A~ OCO,Et AgSbFy (5 mol %) Oﬁ
N 510 4 AMS, THF, 10 °C, 45 h A N OCOE
38 17-84%
up to 95:5 er

As mentioned above, carbibcarbon bond formation reactions using conjugate additions of
stannane reagents were limited to trimethyl, triphenyl and tributylstannane derivatives. In recent
years, utilizing less volatile organotin compounds has been prefareetbdyeneral environmental

concerns about the toxicity and disposal of organostannanes.
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3.2 Proposal

The objective was to develop a protocol for addition of a more steddetive, and versatile
alkylstannane reagent to an electrophile in a conjugate fashion under mild reaction conditions. It was
postulated that exceptionally longitoarbon bond in methytticarbastannatrane would allow the
efficient addition of the apical methyl group to ancéiephile. Meanwhile, it was proposed that a
quantitative recovery of the tricarbastannatrane cation would be simply achieved as chloro
tricarbastannatrane by treatment of the reaction mixture with a dilute HCI solution.

X %
9 <®7 conditions o 0
o o + N Sh-Me  -------"-------C----- > 5 5
| L
Ar Ar” Me

Figure 3.1. Proposal for conjugate addition of methgitarbastannatrane to electrophélkenes

3.3 Results and discussion

The ability of methyitricarabstannatran@.(12) to transfer the apical methyl grouas examined.
The methyl transfer study was carried out using oB{G>° Complex
[N(CH,CH,CH,)sSn][MeB(CGsFs)3] (3.13 formed by the addition of BEE:s); to a solution 0f3.12in
1,2-dichloroethané The generation of complek13in a sealed NMR tube was monitored f8n
NMR. A remarkable change 1°Sn chemi calil$hi3f tt of lom2B2. 9 (a&@ppm
diagnosed the quantitative generation of compld8(Table 3.3, entry 2). FurthermoreéB chemical
shift wasc hanged f r omil6él3, whiBh7corBirmed dhe formation of [MeB&)s]' .
[MeB(CsFs)s]' was detected by HRMS (ESI) showing an ion peakn&t527.00751. Addition of
DABCO to complexX3.13was later examined. After the addition of one equivalent of DABC®1t8
in 1,2dichloroethane, thé’®sn chemi c al change from U 252.9 to
suggested the formation of strong Lewis base/Lewis acid complex POiEEH,)-SnADABCO
(Table 3.3, entry 3). The generation of DABMYCH,CH,CH,);Sn] was earlier discussed in
Chapter 2 by the addition of DABCO to [N(@EH,CH,):Sn][BF,] (Table 25, entry 6). In addition,
this complex was detected by HRMS (ESI), which showed an ion peak 3f2.14609.
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Table 3.3. NMR studies on complex [N(CGI&H,CH,)sSn][MeB(CsFs)4]

NMR chemical shifts (ppm)

entry stannatrane " o log, Ugw
ﬁ 1 0.39 (s) 753
< 0.59 (1) 7.5 "
1 N—Sn-Me 1.59 (m) 229 1 16.3 NA
2.33 (1) 54.2
® 0.43 (bs)
<®7 © 17.6
N—5Sn |[MeB(CeFs)s] 1.76 (m) T
2 {U 2.12 (m) 5255§%] 2529 1155
3.3 2.71 (1) '
A ® 0.42 (lrs) 272'55
3 “N-Sn-DABCO 1.20 (t) 451 619 i 155
. 1.87 (m) 459 ' '
[ MeB(CeFs)s] 2.48 (1) 53 éc]

[a] *'B NMR chemical shift of B(GFs);in 1,2dichloroethane is 57.3 ppm. [b] N
signal for methyl group bonded to boron is observed due to quadrupolar rela
of the boron. [c] Two peaks at 45.1, 45.9 ppm belong to DABCO.

Complex3.13was stable at room temperature for more than 24 hbamsever, it decomposed to
unidentified products upon warming the solution to 35 °C in a sealed NMR tube. C@riBéxan
oil, and could not be characterized by -rdy crystallography. However, complex
[(N(CH2CH,CH,):Sn)OH][MeB(CqFs)3] (3.14) wasobtained as colourless crystals upon the reaction
of one equivalent of water, two equivalents of methiglarbastannatrane, and one equivalent of
B(CsFs)z in 1,2dichloroethane (Scheme 3.8). This complex was stable under air at room temperature

for more han 24 hours.
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Scheme3.8. Synthesis of complex [(N(C£H,CH,)3Sn)0H][MeB(CqFs)s]

®

H
<®7 1) B(CoFs)s (1 equi — on/\§
N Sn-Me eFs)a (1 equiv) | < d O3 ™) o
2) H,0 (1 equiv) N—>0 N~N ’MeB(Cst)sl

CH,Cl),, 23 °C

3.12
(2 equiv) 3.14

Crystals suitable for Xay analysis were obtained by recrystallization 14 from 1,2
dichloroethane/pentang&he X-ray structure is illustrated in Figure 3.2. Compo@®ii4 crystallizes
in the space group B2 with parameter§l= 13.9005(6) Ap = 12.6463(5) A, and = 26.1186(9) A,
V =4012.7(3) A. In this structure, thpentacoordinated tin is linked to tetracoordinated nitrogen atom
in each tricarbastannatrane unit. Shf(L) and Sn(2)N(2) bond lengths are 2.372(# and
2.366(3)A, respectively. These $N distances are very similar to those in chisicarbastannaane
(2.364A) and iodetricarbastannatran@.375A)* (Tables 2.1 and 2.3).

Figure 3.2. X-ray structure of compound [(N(GEH,CH,)sSn)OH][MeB(CgFs)3]
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As demonstrated in Table 3.4, bond angles around two tin atoms have average values between
those of tetrahedral and trigonal bipyramidal geometries. Therefore, the structure of co®ddund
has a distorted trigonal bipyramidal molecular geometry aroumdirihatoms, and the nitrogen and

oxygen atoms occupy the axial positions.

Table 3.4. Selected bond angles in [(N(@EH,CH,);Sn)OH][MeB(CsFs)3]

Bond angleg®)

C(20)Sn(1)}C(23) 118.6(2)
C(20)Sn(1)}C(26) 117.7(2)
C(23)ySn(1)}C(26) 115.92(19)
C(29)ySn(2)C(32) 117.62(19)
C(29)Sn(2)C(37) 118.1(2)
C(32)ySn(2)C(37) 116.18(18)
O(3)-Sn(1yN(1) 177.44(13)
O(3)}Sn(2)N(2) 179.16(12)

NMR studies on comple®.14showed d'B s i gn &149apgm, and&ESn si gnal at
iNCDCk,. A broad si MHANMRis att@buted dio the Methyl @roup attached to the boron
atom. No signal for methyl group bonded to boron is observedGrNMR due to quadrupolar
relaxation of the boron. In addition to its-bay structure and NMR data (TalBe5), HRMS (ESI)
supported the formation of compleX14 An ion peak atm/z 527.09664 was attributed to
[(N(CH,CH,CH,)5"*Sn),0OH]".
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Table 3.5. NMR studies on complex [(N(CIEH,CH,):Sn)OH][MeB(CgFs)]

NMR chemical shifts (ppni}

stannatrane
1H 13C llQSn llB
H ®
LAY 0-50 (bs) 11.3
> ) 1.05 (m) 232 431 1149
5 1.84 (m) 54.7
| MeB(CoFs)s| 2.46 (t) '

[a] NMR studies on comple3.14were carried out in CDG

The reactivity of tricarbastannatrai312 in the conjugate addition reaction with electrophilic
al kenes, was then invest i §.8,twhichwerdpeeniaugy siudled bye Mel dr
the Fillion group, seemed liken ideal starting point in this study. It was postulated that the superior
electrophilicity of3.8 would allow the efficient conjugate addition of the methyl group under mild
reaction conditions. Unexpectedip, the presence afne equivalent 08.12and one equivalent of
B(CsFs)s, no reactivity was observed (Table63.entry 1) at room temperature. However, full
conversion to producd.15awas observed when two equivalents of methghrbastannatranend
one equivalent oB(CsFs); reacted with3.8a (Table 36, entry 4). Less than 20% conversion to

product3.15awas obtained using 0.2 equivalent of Bf€); (Table 36, entry 5).
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Table 3.6. B(CsFs)s-promoted reaction of methiyficarbastannatraneith 4-chloro-benzylidene

Mel dr umbés aci d

(0]
Fat X o B(CeFs)s
N Sn—-Me +
LV) ol o O)T-(Cmmhzycz4h ,%T

3.12 3.8a (1 equiv) 3.15a

Entry  Equivof3.12 Equiv of B(GFs); Conversion Yield [%]

1 1 1 0 0
2 1.2 1 <20 n.d.
3 2 0 0 0
4 2 1 >95 92
5 2 0.2 <20 n.d.

Gratifyingly, the addition of methytricarbastannatraniobenzy |l i dene Mwd dr umo s
general,regardless of the nature of substituent on the phenyl ring (TaBleDBtferent functional
groups, such as boronic esters, nitro, and halateseta and para positions of the phenyl rimgere
tolerated, and methylated produ@td5a | wereobtaired ingood to excellent yields (7892%).The
yields were consistent with different electraithdrawing substituentdn addition to the desired

products, unreaed starting materials were recovered from the reaction mixtures.
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Table 3.7. B(CgFs)s-promoted reactionof methyl r i car bast annatrane

acids

]

ﬁ ™ B(CgxF 1 equiv
N Sh-Me + Arjko (CeFs)s (1 equiv)
U /% (CH,Cl),, 23 °C, 24 h

o~ O

(2 equiv) 3.8 (1 equiv)
Entry Ar product Yield [%]

1 4-CIC¢H, (3.89 3.15a 92

2 3-(MeO)GH,4 (3.8b) 3.15b 90

3 2-Naphthyl 3.80 3.15¢ 78

4 4-(CN)CsH4(3.80) 3.15d 83

5 4-BrCeH, (3.8 3.15e 88

6 3-[B(0O,CeH12)]CeH,4 (3.8f) 3.15f 91

7 4-[B(O,CeH12)]CeH4 (3.89 3.15¢g 81

8 3-FCH, (3.8h) 3.15h 92

9 3-BrCsH, (3.8i) 3.15i 90

10 4-(CO,CH3)CeH4 (3.8)) 3.15j 82

11 4-FCsH,4(3.8K) 3.15k 85

12 4-(NO,)CsH,4 (3.8) 3.151 79

wi t h

To gain additional insights into the mechanism by which the methyl group is delivere8.ft@m

to benzylidene3.8a a deuteriumabeling experiment was carried ol illustrated in Scheme 3.9,

[CDs)-methytricarbastannatrane[GD5]-3.12 and 3.8a were added to compled.13 in 1,2

dichloroethane at room temperature. Only deuterated methyl was ad2l8d, tnd[CD3]-3.15awas

obtained in 92% vyield. This finding and the results in Tablé Bdicates that complex
[N(CH,CH,CH,)sSn][MeB(CGsFs)3] (3.13 is inert in this transfanation. Compoun@®.12is the sole

methyl donor in this reaction, and [MeB&)s]' is only a bystander counter iofihis observation

justifies the need for two equivalents thfe methytricarbastannatrane in this methodolpgynd

[(N(CH,CH,CH,)sSnJ likely acts as a Lewis acid to activate the electrophile by bindiBgSm
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Scheme3.9. Reaction of [CJ]-methytricarbastannatrane withéhlorob enzy |l i dene Mel dr u

® O><O

N Sh-CD,
— @ i O o
<ﬁ7 5 (1 equiv)
N=Sn | [MeB(C4Fs)s| co
3.8a (1 equiv) °
_ (CH,CI),, 23°C, 24 h
3.13 (1 equiv) 92% ¢ [CD;]-3.15

99 atom % D

Based on théormation of [C[}]-3.15 it was proposed that the first step in the EJz-promoted
conjugate reaction is the ion parl3 by the addition of the methyl group frof112to B(GFs)s.
Then, complex3.16is formed through the coordination of one of the carbonyl grou8afto
Lewis acidc [(N(CH,CH,CH,);Sn]" (Scheme 3.10). Complék16was detected by3’Sn si gn al at
= 129.6 ppm. Subsequently, mesiannatrane enolaB17is generated by the methgelivery from
the second equivalent 812 In addition to compoun8.17, complex3.13is rormed in this step.
[(N(CH,CH,CH,)sSn] is then scavenged by Lewis basic enoffE? to yield bisstannatrang.18
The formation of this intermediate ratidizas the lack of turnover and the need for two equivalents
of methyHricarbastannatrane for this reaction to proceed. The reaction progress was monitored by
NMR. Asingle’™Sn signal at o = 47.7 ppm was observed
which is consistent with symmetrical intermedia8el8 Furthermore, the formation of this
intermediate was confirmed by HRMS (ESI), showing an ion peakz801.15004 with ansotope
distribution pattern attributed to the ion3j8s004N-CISn,]*. Monitoring the reaction mixture by
NMR in a sealed NMR tube confirmed that intermedi&atE8 was stable in 1;8ichloroethane for
about one week at room temperature. An acidic workup diiute HCI solution provided product
3.15aas well as chlordricarbastannatrane. Compl8xt8was also trapped in situ with iodomethane
to form methylated produ®& 19(Scheme 3.10).
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Scheme3.10. Proposed mechanism of the BFg)s-promoted reaction

—_
< 7
N—Sn-Me + B(CgFs)3

3.12
(CHZCI)zk

o 09 &

® -
Nk_jﬁ [MeB(CoFs)a]” o O’E)N
3.13
Cl

3.17
,Sn N /\ 1
Sn Me <®7 ® o
N—Sn [MeB(CBF5)3]
MeB C6F5 K)
Cl 3.13
3.16

| X | X

0" o
_ KsCO5, Mel. ~07 Y Yo PN o) o
T oMF K) Me U
©
o MeB(C6F5)3_

Cl
3.18 3.15a

The generality of the addition was further investigated with a series of organotricarbastannatranes
to 3.8a (Table 3.8) The apical group transfer was achieved selectively withutyl-
tricarbastannatrang .09, and allyttricarbastannatrane3. 209 to furnish product8.21aand3.21c
in excellent yields. In addition, 86% vyield of produgR1lf was obtained with ut-2-yn-1-yl-
tricarbastannatrane3.20f). Furthermore, moderate yields were observed with beranyd vinyt
tricarbastannatranés20dand3.20e(Table 38, entries 45).
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Table 3.8. B(CsFs)s-promoted reaction afrganotricarbastannatranes

O><O ><

0" o
N LR . 0 o B(CeFs)s o) c
(CH,Cl),, 23 °C, 24h R
3.20 (2 equiv) ClI 3.8a Cl 3.21
Entry R R Nj Product  Yield [%)]
1 "Bu (3.209 "Bu 3.21a 89
2 'Pr (3.20b) Hl 3.21b 74
3 Allyl (3.209 Allyl 3.21c 96
4 Benzyl 3.200 Benzyl 3.21d 49
5 Vinyl (3.209 Vinyl 3.21e 34
6 CH.CI C M&200) H,C=C=CMe 3.21f 86

Interestingly, addition ofPr-tricarbastannatrané3Q0b led to the generation of reduced product
3.21b (Table 3.7, entry 2). The presence of propené‘gaas observed, when the reaction was
monitored by'H NMR in asealed NMR tubéFigure 3.3) NMR studies or8.20bwere carried out in
dry CDCk, and the resultare summarized in Table®B.While 3.20bshowed @°Sn  si gnial at U
5.9 ppm, reaction of one equivalent BfCsFs): with 3.20b yielded a tricarbastannatrane complex
witha™sn signal at U = 140.9 ppm. Characterizati
[N(CH,CH,CH,)sSn][HB(CsFs)s]  (3.22. In addition, [HB(GFs)s' was detected by mass
spectrometry showing an ion peakra/z 512.99267(negative mode)More studies on usiniPr-
tricarbastannatrane as hydride source in the reduction of activated olefins will be discussed in Chapter
4.
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Table 3.9. NMR studies on complefN(CH,CH,CH,):Sn][HB(CsFs)4]
NMR chemical shifts (ppm)

Entry Substrate

lH 13C 1195n 1lB
060 () 4.41
S~ 0.70 (m) 17.44
1 <@é{ 1.05(d) 21.40 1588 NA

1.63 (m) 23.38
233 (1) 54.69

® 1.41(t) 14.70
[MBCeFs)s)~ 2.02(t) 24.69  140.86 i 16.93

L 2.66 (¥ 56.1

[a] Peaks at 1.704.89'5.03and 5.745.89 ppm belong to propene. |
Three peaks at 19.27, 115.54 and 133.74 ppm belong to propene
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Figure 3.3. 'H NMR Spectrum of theeaction betweelPr-tricarbastannatrarendB(CsFs); in CDCl
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Wheng3.8awas added to a solution of one equivalg@0aand one equivalent B¢Es)s, product
3.21bwas obtained V2% yield (Scheme 3.11a). This observation suggests that [RB{C is
likely the hydride source in this transformation. A competition experiment was carried out in the
presence of methytticarbastannatrang&cheme 3.11b). In this experiment one edeiviaof 3.8awas
added to equimolar mixture &12and complex3.22 Product3.21bwas obtained in 83% vyield as

the only product in the reaction

Scheme3.11. Reaction of[N(CH,CH,CH,)sSn][HB(CsFs)s] with 4-chlorobenzy |l i dene Mel d
acid

- »
B ©  3.8a(1equiv) o) o
a) [ N—Sn |HB(CsF5)3] (CH,Cl), , 23 °C, 24h
_ 72% "
3.22 (1 equiv) cl 3.21b
(ﬁ . 3.12 (1 equiv) ? 9
£, ©  3.8a(1equiv) 0 0
b) [ N—Sn| [HB(CeFs)3 m
_ 83% :
3.22 (1 equiv) cl 3.21b

3.4 Summary

In summary,the advancement of alkjticarbastannatrane chemistry was demontrated. The
transfer of the apical methyl group of metttarbastannatrane to B{&s); was studied in solution.
The structure of [(N(CECH,CH,):Sn)OH][MeB(CFs)s] was determined by Xay crystallography
analysis Mor eover, conjugate addition of organotri c
has been carried out in the present®(sFs): under mild conditiongo provide the products in
good vyields The combination of alkylricarbastannatranes and BFg); enabled the direct alkyl
group transfer telectrophilic alkenesTherecovery of the tricarbastannatrane cation acseved as
chlorotricarbastannatrane by treatment of the reaction mixture with a dilute HCI soluitien.
mechanism of the addition has been investigated, and NpMRRtrometryand mass spedscopy

have been used to determine the structure of the symmetricthbisatrane intermediate.
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3.5 Experimental

3.5.1General Considerations

All reactions were carried out in oven or flaihded glassware under dry nitrogen atmosphere
using standard Schlenk techniquesn a glove box. All solvents were degassed via 3 frpenep
thaw cycles following distillation. 1;Dichloroethane was distilled over CaH'HF was distilled
over sodium/benzophenone ketylcetonitrile was dried by distillation from CaHPentane was
driedover LiAIH, and distilled prior to useCDCl; was distilled from BOs, and stored on 4 A Linde
molecular sieves. Reactions were monitored byldaper chromatography on commercially prepared
plates with a particle size of 60 A. Developed plates were visualized under a UV lamp (254 nm), or
stained with ceric ammonium molyai. Flash chromatography was performed usingZZ80mesh

silica gel.

3.5.2Characterization

Unless otherwise notedH and™*C NMR spectra for all adduct products were obtained in GDCI
at 300 and 75 MHz, respectively. Chemical shifts are reportedinpartspei | | i on ( pp m, a)
tetramethylsilane (TMS) as an external standard. Proton and carbon spectra were calibrated against
the solvent residual peak [CHGIF.24 ppm) and CDG(77.0 ppm)] and in case of tdechlorethane
against known solvent resamce fH (3.72 ppm) and®C (43.6 ppm)]*'B and**°Sn NMR spectra of
tricarbastannatranes were recorded on Bruker Ava806e('B: 96 MHz, **°Sn: 112 MHz) with'H
decoupling in 1,2ichloroethane calibrated against externat®Et, and MaSn, respectively. The
spectral references (sr) which were obtained from the external standards, were used to calibrate all
%S0 NMR and™B NMR chemical shifts. Spectral reference value$ bf1.61 Hz and 5.13 Hz
were used to calibrafé’sn and"'B chenical shifts in 1,2dichloroethane, respectively. Abbreviations
used to define NMR spectral mutiplicities are as follows: s = singlet; d = doublet; t = triplet; q =
guartet; m = multiplet; br = broad. High resolution mass spectra (ESI) were run at tleesityiof

Waterloo Mass Spectrometry facility. Fragment signals are given in mass per charge number (m/z).

The following compounds were prepared according to literature proceducbsorél-azab-
stannabicyclo[3.3.3Jundecafle, 5-methytl-aza5-stanmbicyclo[3.3.3)indecane (3.12,° 5-
(benzylideneR,2-dimethyt1,3-dioxane4,6-dione (3.8al),**> 5-butyl-1-aza5-stannabicyclo[3.3.3]
undecane(3.209,° 5-(iso-propyl)-1-aza5-stannabicyclo[3.3.3]undecan®.20b)," 5-vinyl-1-aza5-
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stannabicyclo[3.3.8jndecane 3.209,** Ag[B[3,5-(CFs),CsHs]].>* Other reagents were purchased

from commercial suppliers and used without further purification.

X-ray quality cystals of 3.14 were obtained after recrystallization in anhydrous- 1,2
dichloroethane at room temperature, followed by the -@iige addition of dry pentane to reach a
cloudy point. Then 1:8ichloroethane was added draise until the solutions became clear again
and tten were allowed to stand under nitrogen at the mentioned temperature to form single crystals.

General Experimental Procedure A- Synthesis of Alkyttricarbastannatranes

Appropriate Grignard reagents (2 equiv.) were added dropwise to a suspersicmnab-1-aza
5stannabicyclo[3.3.3]undecane (1 equiv.) in anh
stirred at 178 AC for 3 h, all owed to warm to
mixture was poured into a separatory funneitaming a mixture of EO and water. The layers were
partitioned, and the organic layer was washed with brine, dried over MgB®filtered. Solvent was
removed under reduced pressure to provide the crude product. The crude tricarbastannatrane reagents

were used without further purification.

General Experimental Procedure B- Synthesis of Compounds 3.15k
Benzylidene Mel dr umo s acid ( 0. 1 Gtethyhlvead5-) was
stannabicyclo[3.3.8lndecang3.12 (54.8 mg, 0.200 mmoknd tris(pentafluorophenyl)borane (51.1
mg, 0.100 mmol) in 1 mL of 1;8ichloroethane and the mixture was stirred for 24 B3atC All
volatiles were evaporated under vacuum and the product was purified by flash chromatography

(EtOAc:hexanes) on siliagel.

General Experimental Procedure C- Synthesis of Compounds 3.21&
5-(4-Chlorobenzylidene,2-dimethyt1,3-dioxane4,6-dione (3.88) (26.7 mg, 0.100 mmol) was

added to a solution of alkyticarbastannatrane (0.200 mmol) and tris(pentafluorophesrgiie 7)

(51.1 mg, 0.100 mmol) in 1 mL of Xdichloroethane and the mixture was stirred for 24 28iC

All volatiles were evaporated under vacuum and the product was purified by flash chromatography

(EtOAc:hexanes) on silica gel.
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[N(CH 2CH 2CH 2)38”] [MeB(CGFs)g] (313)

C)

<®7 S)
[ Nk_j ]IMeB(CSFSnI

To a solution ofs-methyll-azab-stannabicyclo[3.3.3]Jundecan®.12 (14.0
mg, 0.0510 mmol) in 1;Bichloroethane (0.5 ml) in a J. Young NMR tube,
was added tris(pentafluorophenyl)borane (26.1 mg, 0.0510 mbNMR
(CI(CH,)Cl, 300 MHz)l 2.71 (t, 6H, N®&i2), 2.12 (m, 6H, €,), 1.76 (m,

6H, SnH,), 0.43 (brs, 3H, BB3); °C NMR (CI(CH,),Cl, 75 MHz)1i 55.9 (NCH,), 25.3 CH,), 17.5
(SnCHy); °%Sn NMR (CI(CH).CI, 112 MHz) ti 253.0;'B NMR (CI(CH,),Cl, 96 MHz) ti i 15.5.
HRMS (i ESI) m/z calcd. for GgH3BFys (M'): 527.00828. Found: 527.00751; HRMS (+ESi)z
calcd. for GHigNSNn(M™): 260.04557. Found: 260.04546.

[[N(CH ,CH,CH,);SnJADABCO][MeB(C¢Fs)3).

To a solution 0f3.13(40.1 mg, 0.0510 mmol) in J-dchloroethane

)

< /\7 @
N—Sn-DABCO lMeB(Cer)al

(0.5 ml) in a J. Young NMR tube, was added DABCO (5.8 mg, 0.051
mmol). *H NMR (CI(CH,),Cl, 300 MHz) i 2.84 (brm, N&2), 2.61

(brm, NCH2), 2.48 (t, 6H, NEI2), 1.87 (m, 6H, €2), 1.20 (t, 6H,

SnCH2), 0.42 (brs, 3H, BA3); *C NMR (CI(CH,).Cl, 75 MHz)1153.9 (NCH2), 45.9 (\CH2), 45.1
(NCH2), 22.5 CH2), 7.5 (SEH2); *°%Sn NMR (CI((H,).Cl, 112 MHz) i 61.9; B NMR
(CI(CH,),Cl, 96 MHz) Ui i 15.5. HRMS {ESI) m/z calcd. for GgHsBF5 (M'): 527.00828. Found:
527.00876; HRMS (+ESkn/zcalcd. for GsHaoNsSn(M™): 372.14562. Found: 372.146009.

To a solution of 5-methytl-aza5-stannabicyclo[3.3.3Jundecane

<N/

©)
/—7/53@ o (3.12 (54.8 mg, 0.200 mmol) in 1,@ichloroethane (1 ml) in a vial,
Sn™Sn\ > |[ MeB(CeFs)s|

was added tris(pentafluorophenyl)borane (51.1 mg, 0.100 mmol) and

deionized water (1.8 pL). After 5 minutes, all volatiles were

evaporated under vacuum, yieldiBgas colorless solid. Single @tals of 9 were obtained upon
recrystallization in pentane/tdichloroethane at rt."H NMR (CDCk, 300 MHz) U 2.46 (t, 12H,
NCH,), 1.84 (m, 12H, €,), 1.05 (t, 12H, SnH,), 0.50 (brs, 3H, BE3); *C NMR (CDCk, 75 MHz)
U54.7 (NCH,), 23.2 CH,), 11.3 (SI€H,); **°%n NMR (CDC}, 112 MHz)ii 43.1;*'B NMR (CDCl,
96 MHz) 11 14.9. HRMS (+ESI)n/zcalcd. for GgHaN,0™°Sn, (M*): 527.09673. Found: 527.09664.
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5-(1-(4-Chlorophenyl)ethyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.15a).
5 Prepared according to the General Procedure B frd4-
/@)I‘LO chlorobenzylidene?,2-dimethyt1,3-dioxane4,6-dione .89 (26.7 mg,
cl 0 o)T 0.100 mmol); reaction was purified eluting with EtOAc:hexanes (1:5) and
isolated as a white solid (26.1 mg, 92% vyield). M.p.-128°C;'H NMR
(CDCl, 300 MHZz)U 7.31-7.24 (m, 4H), 3.97 (m, 1H), 3.65 (@,= 3.0 Hz, 1H), 1.67 (s, 3H), 1.60 (d,
J = 7.5 Hz, 3H), 1.45 (s, 3H}*C NMR (CDCL, 75 MHz)U 164.7, 164.5, 139.6, 133.2, 129.9, 128.6,

105.1, 52.4, 38.5, 28.2, 27.8, 17.6. HRMS (ESIg calcd for G4H;c0,Cl (M+H)": 283.07316.
Found: 283.07314.

5-(1-(4-Chlorophenyl)ethyl-2,2,2d;)-2,2-dimethyl-1,3-dioxane-4,6-dione ([CD;]-3.15a).
To a solution 08.13(78.6 mg, 0.100 mmol) in 1;@ichloroethane (1 ml) was
o added 5-(4-chlorobenzylidene},2-dimethyt1,3-dioxane4,6-dione (.89
cl 0 o/% (26.7 mg, 0.100 mmol) and -(Bnethytds)-1-azas-
stannabicyclo[3.3.3Jundecane ([¢JEB.12 (99 atom % D 27.7 mg, 0.100

mmol) and the mixture was stirred for 24 h at ambient temperature. All volatiles were evaporated

cD; O

under vacuum and the product was pedfby flash chromatography on silica gel eluting with
EtOAc:hexanes (1:5) and isolated as a white s@8lgtom % D 26.1 mg, 92% vyield). M.p. 118
120°C;'H NMR (CDCk, 300 MHz)l 7.31-7.24 (m, 4H), 3.95 (brs, 1H), 3.64 (@= 2.4 Hz, 1H),
1.67 (s, 3H),1.45 (s, 3H);*C NMR (CDCk, 75 MHz) U 164.7, 164.5, 139.6, 133.2, 129.9, 128.6,
105.1, 52.4, 38.3, 28.2, 27.84 NMR (CHCkL, 46 MHz) ii 1.58. HRMS (ESIl)m/z calcd for
Ci4H157H30,Cl (M+H)*: 286.09199. Found: 286.09193.

5-(1-(3-Methoxyphenyl)ethyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.15b).
Prepared according to the General Procedure B fr&ni3-

(0]
Me0\©)jj‘\o methoxybenzylidene?,2-dimethyt1,3-dioxane4,6-dione (3.8b) (26.2 mg,
0 o)T 0.100 mmol); reaction was purified by flash chroogaaphy on silica gel

with EtOAc:hexanes (1:7) and isolated as a colorless oil (25.1 mg, 90%
yield); *"H NMR (CDCk, 300 MHz)ti7.21(tJ= 7.8 Hz, 1H), 6. 93381H90 ( m,
1H), 3.9913.93 (m, DH2.7 Hz,3H),7L.86 (%, 8H), 1.63HW = 7.8Hz6 7 ( d,
3H),1.34 (s, 3H):®C NMR (CDCE, 75 MHz) Ui 164.9, 164.7, 159.6, 142.7, 129.5, 120.5, 114.0,
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112.8, 105.2, 55.2, 52.4, 39.4, 28.1, 27.9, 17.7. HRMS (Eft)calcd for GsHi605 (M+H)™:
279.12270; Found: 279.12275.

2,2-Dimethyl-5-(1-(naphthalen-2-yl)ethyl)-1,3-dioxane-4,6-dione (3.15c).

5 Prepared according to the General Procedure B fByBdimethyl5-

“);HLO (naphthaler2-ylmethylenejl,3-dioxane4,6-dione (3.89 (28.2 mg, 0.100

OO 0 o/% mmol); reaction was purified by flash chromatography on silica gel with
EtOAc:hexanes (1:7) and isolated as a pale yellow solid (23.5 mg, 79%

yield). M.p. 122123 °C;'H NMR (CDCk, 300 MHz)4 7 . 931 7. 62 ( m, 4H), 7.4917

4 . 1 Bi(nd 1H), 3.77 (dJ = 3.0 Hz, 1H), 1.73 (d] = 7.2 Hz, 1H),1.65 (s, 3H), 1.30 (s, 3H})’C

NMR (CDCl, 75 MHZz)U 164.9, 164.8, 138.6, 133.2, 132.6, 128.1, 128.0, 127.5, 127.3, 126.3, 126.1,

125.9, 105.1, 52.5, 39.4, 28.1, 27.8, 17.7. HRMS (E8calcd for GgH;40, (M+H)™: 299.12779;
Found: 299.12762.

4-(1-(2,2-Dimethyl-4,6-dioxo-1,3-dioxan-5-yl)ethyl)benzonitrile (3.15d).

. Prepared according to the General Procedure B #¢(2,2-dimethyt4,6-
Q)j(o dioxo-1,3-dioxan5-ylidene)methyl)benzonitrile (3.8d) (25.7 mg, 0.100

NC 0 o)ﬁ mmol); reaction was purified by flash chromatography on silica gel with

EtOAc:hexanes (1:7 to 1:4) and isolated as a white solid (22.6 mg, 83%

yield). M. pHNMRELDCLI3RBMHALT7.59 (d,J = 8.1 Hz,1H), 7.50 (d] = 8.4 Hz,

1H), 4.0971 4. 01 =38.0Hz, 18)A.71,(s, 3H), Z.6L (d] =d7,2 Hz, 3H), 1.59 (s, 3H);

¥C NMR (CDCE, 75 MHz)1164.2, 164.1, 146.7, 132.2, 129.4, 118.7, 111.1, 105.2, 52.2, 38.3, 28.1,

27.5, 16.7. HRMS (ESkn/zcalcd for GsH1dOsN (M+H)*: 274.10738; Found: 274.10730.

5-(1-(4-Bromophenyl)ethyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.15e).
5 Prepared according to the General Procedure B H¢dabromobenzylidene)
Q)fo 2,2-dimethyt1,3-dioxane4,6-dione(3.89 (31.1 mg, 0.100 mmolthereaction
Br o 0/% was purified by flash chromatography on silica gel with EtOAc:hexanes (1:7)
and isolated as a white solid (28.7 mg, 88% yield). M.p-1114°C; '"H NMR
(CDCl;, 300 MHZ)ti7.41 (dJ =8.4Hz,AH),7.23(d)= 8. 4 Hz, 1H), 4. Q07 3.91 (
= 3.0 Hz, 1H),1.68 (s, 3H), 1.60 (dJ = 7.2 Hz, 3H),1.46 (s, 3H)C NMR (CDC}k, 75 MHz) U
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164.6, 164.5, 140.1, 131.5, 130.2, 121.3, 105.1, 52.4, 38.5, 28.2, 27.8, 17.5. HRM®/#ealgd
for C14H160,Br (M+H)™: 327.02265; Found: 327.02234.

2,2-Dimethyl-5-(1-(3-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)ethyl)-1,3-dioxane-4,6-
dione (3.15f).

Prepared according to the General Procedure B #¢hdimethyt5-(3-
7}49 0 (4,4,5,5tetramethyll,3,2dioxaborolar2-yl)benzylidene)  1,3-dioxane

O/B\©/i\’)\/o% 4.6-dione (3.8f) (35.8 mg, 0.100 mmol); reaction was purified by flash

o chromatography on silica gel with EtOAc:hexanes (1:7) and isolated as a
colorless oil (34.0 mgP1% vyield);*H NMR (CDCk, 300 MHz)ti7 . 727 7. 66 (Ms78 H) , 7. E
Hz,AH),7.32(tJ= 7.5 Hz, 1H), 4. 043.BHz98)1.67rs, 3HL HI8(dl 3. 72 (
= 7.2 Hz, 3H),1.42 (s, 3H) ,1.32 (s, 12K NMR (CDCE, 75 MHz) i 164.9, 164.5, 140.7, 134.6,
133.8, 131.1, 127.9, 105.1, 83.8, 52.7, 39.0, 28.2, 27.8, 24.9, 24.8, 16.8. HRM&|(&S)cd for
C,o0H2606B (M+H)™: 375.19735. Found: 375.19720.

2,2-Dimethyl-5-(1-(4-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)ethyl)-1,3-dioxane-4,6-
dione (3.159).

5 Prepared according to the General Procedure B #@dimethyt5-(4-
Mo (4,4,5,5tetramethyll,3,2dioxaborolar2-yl)benzylidene) 1,3-dioxane
>>;\2 © o)T 4,6-dione @.89 (35.8 mg, 0.100 mmol); reaction was purified by flash
chromatography on silica gel with EtOAc:hexanes (1:7) and isolated as a
colorless oil (30.3 mg, 81% yield§4 NMR (CDCk, 300 MHz)1 7.73 (d,
J=78Hz,2H),734(d)= 8. 1 Hz, 2 HJIH), 3.69.(d)2 B.BHz91H),1.65fs, 3H),
1.61 (d,J = 7.2 Hz, 3H),1.38 (s, 3H) ,1.31 (s, 12HJC NMR (CDCk, 75 MHz) Ui 164.7, 164.7,
144.4, 135.0, 128.0, 105.1, 83.8, 52.5, 39.3, 28.2, 27.8, 24.8, 17.3. HRMSn{&Sixalcd for
CuoH2606B (M+H)": 375.19735. Found: 375.19723.

5-(1-(3-Fluorophenyl)ethyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.15h).
Prepared according to the General Procedure B &dBifluorobenzylidene)
FO)jO(O 2,2-dimethy}1,3-dioxane4,6-dione(3.8h) (25.0 mg, 0.100 mmol); reaction was
o o)T purified by flash chromatography on silica gel with EtOAc:hexanes (1:5) and
isolated as a colorless oil (24.5 mg, 92% yielt);NMR (CDCk, 300 MHz)U
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7.27717.22 (m, 1H), JE6.6HzZ2H), D0 I.n9 6 2(H), J=1BA}MES5 3(.t68 (
1H), 1.69 (s, 3H), 1.62 (d] = 7.2 Hz, 3H),1.45 (s, 3H}3C NMR (CDCk, 75 MHz) Ui 164.6, 164.5,

162.8 (dJor = 244.4 Hz), 143.7 (dicr= 7.1 Hz), 129.9 (dler = 8.2 Hz), 124.0 (dJor = 2.6 H2),

115.6, 115.3, 114.4, 114.1, 105.2, 52.4, 38.7, 28.2, 27.7, 17.4. HRMS{&8BIcd for G,H104F

(M+H)": 267.10271; Found: 267.10266.

5-(1-(3-Bromophenyl)ethyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.15i).
Prepared according to the General Procedure B frdn(3-
Br\@ﬁio bromobenzylidene®,2-dimethy}t1,3-dioxane4,6-dione @.8) (31.1 mg,

/% 0.100 mmol); reaction was purified by flash chromatography on silica gel

with EtOAc:hexanes (1:5) and isolated as a colorless oil (29.4 mg, 90%

yield); *"H NMR (CDCk, 300 MHz)4i7.51 (tJ= 1.5 Hz, 1H), 7. 3B37BH29 (m, 2F
1H) , 4. 007 3. 92J=2mMHz, IHHL)69 (s, 3H),6L59 (€ & 7.2 Hz, 3H),1.48 (s, 3H);
¥C NMR (CDCE, 75 MHz) 1 164.5, 164.4, 143.6, 131.5, 130.4, 130.0, 127.1, 122.5, 105.2, 52.3,

38.5, 28.2, 27.7, 17.1. HRMS (ESH/z calcd for GsH;c0.Br (M+H)": 327.02265; Found:
327.02260.

Methyl 4-(1-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)ethyl)benzoate(3.15)).
5 Prepared according to the General Procedure B frosthyl 4-((2,2-

Y@)fo dimethyt4,6-dioxo-1,3-dioxan5-ylidene)methyl)benzoate 3@j) (29.0
MeO 0 o)T mg, 0.100 mmol); reaction was purified eluting with EtOAc:hexanes (1:7)
< and isolated as a white solidH(27.1 mg
NMR (CDCl, 300 MHZz)1i7.96 (d,J=8.1 Hz,1H),742(d)= 8. 4 Hz, 1H), 4.08714.01
(s, 1H), 3.71 (dJ = 3.0 Hz, 1H),1.68 (s, 3H), 1.62 (d) = 7.2 Hz, 3H),1.45 (s, 3H)C NMR

(CDCl;, 75 MHz) U 166.7, 164.5, 164.4, 146.4, 129.7, 129.1, 128.4, 105.1, 52.3, 52.0, 84.7, 2
27.6, 17.0. HRMS (ESin/zcalcd for GeH190s (M+H)": 307.11761; Found07.11766.

5-(1-(4-Fluorophenyl)ethyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.15k).
. Prepared according to the General Procedure B &dMfluorobenzylidene)
/@/i(\ko 2,2-dimethy}1,3-dioxane4,6-dione @.8k) (25.0 mg, 0.100 mmol); reaction
F 0 o/% was purified by flash chromatography on silica gel with EtOAc:hexanes (1:5)
and isolated as a white soli tHNVR2. 6 mg,

66



(CDCl, 300 MHZz)U7 . 3417.29 (m, 2H), 7.00716.94=2"MHHz, 2H) ,
1H), 1.66 (s, 3H), 1.62 (d] = 7.2 Hz, 3H),1.39 (s, 3H}*C NMR (CDC}, 75 MHz){i 164.9, 164.6,

162.0 (dJcr= 244.4 Hz), 136.7 (dcr= 3.1 Hz), 130.0 (dJcr= 8.0 Hz), 115.2 (dJcr= 21.0 Hz),

105.1, 52.5, 38.6, 28.1, 27.8, 17.9. HRMS (EB8M& calcd for G,H,60,F (M+H)™: 267.10271; Found:
267.10265.

2,2-Dimethyl-5-(1-(4-nitrophenyl)ethyl)-1,3-dioxane-4,6-dione (3.15I).
5 Prepared according to the General Procedure B fréni4-
@JILO nitrobenzylideneR,2-dimethyt1,3-dioxane4,6-dione @.8)) (27.7 mg,
O,N 0 o/% 0.100 mmol); reaction was purified by flash chromatography on silica gel
with EtOAc:hexanes (1:6) and isolated as atalsolid (23.7 mg, 85%
yield). M. pHNMREDTLL3BBMHE)8.15 (d,J = 8.7 Hz, 2H), 7.57 (d] = 8.7 Hz,
2H), 4.151 4. 07 =0THz, 1HH.Y2 (s, 3H), 1.83 (d] 7.2 Hz, 3H),1.59 (s, 3H);

¥C NMR (CDC}, 75 MHz)1i 164.2, 164.0, 148.8, 147.1, 129.6, 123.5, 105.2, 52.2, 38.0, 28.2, 27.4,
16.9. HRMS (ESI)m/zcalcd for G4H1¢06N (M+H)™: 294.09721; Found: 294.09709.

Bis-tricarbastannatrane intermediate 3.18.
In a JYoung NMR tube, 5-(4-chlorobenzylidene®,2-dimethyt1,3

o><o dioxane4,6-dione(10d) (26.7 mg, 0.100 mmol) was added to a solution
= -
< 7 ® < 7
0" 0’@ of 5-methytl-aza5-stannabicyclo[3.3.8indecane (3.12 (54.8 mg,
M‘;eg(c f 0.200 mmol) and tris(pentafluorophenyl)boraig (61 mg, 0.10 mmol)
cl 67'5/3

in 1 mL of dry CDCk and the mixture was stirred for 24 h at ambient
temperature'H NMR (CDChk, 300 MHz)47 . 317 7. 19 ( m, 4H) , 3.96 (m,
(brs, 12H),1.65 (brs, 9H), 1.47 (d] = 7.2 Hz, 3H), 1.23 (brs, 12H) , 0.59 (brs, 3EC NMR

(CDCls, 75 MHZz) 11 168.9, 144.4, 130.9, 128.5, 127.6, 104.6, 84.0, 54.8, 32.6, 24.7, 23.1, 17.3, 11.5;
%50 NMR (CI(CH).CI, 112 MHz)1147.6;*°Sn NMR (CDC}, 112 MHZ)Ui 44.9; HRMS (+ESIm/z

calcd for GHsgOsN.CISn, (M¥): 801.14976; Found: 801.15004HRMS (i ESI) m/z calcd. for
CioH3BF15(M'): 527.00828. Found: 527.00791.

5-(1-(4-Chlorophenyl)ethyl)-2,2,5trimethyl -1,3-dioxane-4,6-dione (3.19).
5-(4-Chlorobenzylidene®,2-dimethyt1,3-dioxane4,6-dione (3.89 (26.7

0
MO mg, 0.100 mmol) was added to a solution 6&fmethyll-aza5-
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stannabicyclo[3.3.8jndecang6) (54.8 mg, 0.20 mmol) and tris(pentafluorophenyl)borane (51.1 mg,

0.100 mmol) in 1 mL of 1&ichloroethane and the solution was stirred for 24 h aiemwh

temperature. Then, XO; (27.6 mg, 0.200 mmol), DMF (0.5 ml) and iodomethane (0.05 ml, 0.80

mmol) were added to the reaction mixturghich was stirred for 22 h at room temperature. The

workup consisted of adding water and extracting with@(3X), and then the combined organic

layersthat were washed with sat. brine solution (1X), dried over MgSidered and concentrated,;

reaction was purified by flash chromatography on silica gel with EtOAc:hexanes (1:5) and isolated as

a white solid (24.6 mg'HNER@DC 300 MHZ)l.7.294d,b=871147 116A
Hz, 2H),04 7.09(dJ =87 Hz, 2H), 3.5113.44 (m, 1H)=721.63 (s,
Hz, 3H), 1.10 (s, 3H)**C NMR (CDCk, 75 MHz)1i170.2, 168.6, 138.7, 133.6, 129.9, 128.6, 104.9,

54.1, 48.0, 30.2, 27.5, 22.0, 15.2. HRMS (DAR)z calcd for C;sHNO,Cl (M + NH,)™

314.11536. Found: 314.11528.

5-Allyl -1-aza5-stannabicyclo[3.3.3Jundecane (3.20c).
The General Procedure A was employed usingchlbro-l-azab-

<N(/\?n7_/: stannabicyclo[3.3.3Jundecane (235 mg, 0.798 mmol) in THF (3.2 mL), and

allylmagnesium chloride (2.0 M in THF, 0.78 mL, 1.56 mmol). A pale yellow oil

(227 mg, 97 % vyield) was isolateti NMR (CDCL, 300 MHz)i5 . 9971 5. 84 ( m, 1H
4.56 (dt,J=16.5, 1.2 Hz, 1H), 4.41 (dd,= 9.8, 2.4 Hz, 1H), 2.34 (§= 5.4 Hz, 6H),1.63 (m, 6H),

1.42 (d, J = 8.7 Hz, 2H), 0.66 (tJ= 6.9 Hz, 6H);"*C NMR (CDCk, 75 MHz)li 140.7, 105.2, 54.7,

24.5, 23.2, 6.3. HRMS (ESh)/zcalcd for G,H,N'™°Sn (M+H)": 298.09207. Found: 298.09194.

5-Benzyll-aza5-stannabicyclo[3.3.3Jundecane (3.20d).

The General Procedure A was employed usingchlbrol-azab-
<®,p stannabicyclo[3.3.3Jundecane (103 mg, 0.350 mmol) in THF (1.5 mL), and
L3 benzylmagnesium chloride (2.0 M in THF, 0.34 mL, 0.68 mmol). A colorless oil
(108 mg, 91% vyield) was isolatetH NMR (CDCk, 300 MHz) 1 7.09 (t,J= 7.8
Hz, 2H), 6.86 (dJ = 7.5 Hz, 3H), 2.31 (t)= 5.7 Hz, 6H), 1.94 (s, 2H), 1.60 (m, 6H), 0.62)&, 6.6
Hz, 6H);**C NMR (CDCE, 75 MHz) 11 146.5, 128.4, 126.2, 121.2, 54.5, 26.7, 23.2, 6.4. HRMS (ESI)
m/zcalcd for GsH,N*°Sn (M+H)": 348.10772. Found: 348.10751.
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5-(But-2-yn-1-yl)-1-aza-5-stannabicyclo[3.3.3]Jundecane (3.20f).
Me The General Procedure A was employed usingchlbrol-aza5-
<@/ stannabicyclo[3.3.3Jundecane (201 mg, 0.683 mimolHF (2.5 mL), andout-2-
yn-1-ylmagnesium bromidé (0.3 M in EtO, 5.00 mL, 1.50 mmol). A yellow oil

was obtained. The crude stannatryl reagent was used without further purification
aschromatography on silica gel led to decomposition of the pro@at2,6-diyne was obtained as
the major byproduct from the homocoupling of the Grignard reag&itNMR (CDCk, 300 MHz){
2.38 (m,8H), 1.781.67 (m, 12H), 1.06 (m, 2H), 0.78 (m, 6HJC NMR (CDCL, 75 MHZz) Ui 82.0,
71.6, 54.6, 23.2, 6.9, 3.9, 2.6. HRMIBSI) m/zcalcd for Gz HzN'%Sn (M+H)": 314.09252. Found:
314.09221.

5-(1-(4-Chlorophenyl)pentyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.21a).

S Prepared according to the General Procedure C fibutyl-1-azab-
Eﬁo stannabicyclo[3.3.8Indecane 3.209 (63.2 mg, 0.200 mmal)reaction was
cl o o/% purified eluting with EtOAc:hexanes (1:7) and isolated as a colorless oil (28.9
mg, 89% yield)’H NMR (CDCk, 300 MHz)ti7.25 (s, 4H)3 . 7871 3. 69 ( m,
364(dJ= 3.0 Hz, 1H), 2.2972.16 (m, 1H), 2.0071.89
(t, J = 6.9 Hz, 3H);"*C NMR (CDC}, 75 MHz) Ui 165.4, 164.6, 138.2, 133.4, 130.6, 128.7, 105.3,

51.3, 45.1, 32.1, 30.1, 28.1, 2822.4, 13.9. HRMS (ESIm/z calcd for G/H»,0,Cl (M+H)™:
325.12011. Found: 325.12006.

5-(4-Chlorobenzyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.21b)*
Prepared according to the General Procedure C frdisofpropyl}1-azas-

o
/@/j% stannabicyclo[3.3.3Jundecane3.20h (60.4 mg, 0.200 mmol)or by the
cl o OJV reaction 0f3.20b(30.2 mg, 0.100 mmol), tris(pentafluorophenyl)borane (51.1

mg, 0.100 mmol), an8-(4-Chlorobenzylidenel,2-dimethyl1,3-dioxane4,6-
dione (3.89 (26.7 mg, 0.100 mmol) reaction was purified eluting with EtOAc:hexanes (1:5) and
isolated as a white solid (19.8 mg, 74% vyiel#);NMR (CDCL, 300 MHz)ii 7.25 (s, 4H), 3.71 (]
= 4.8 Hz, 1H), 3.43 (d) = 4.8 Hz, 2H), 1.73 (s, 3H), 1.56 (s, 3HJC NMR (CDCl;, 75 MHz) ii
165.0, 135.5, 131.3, 128.7, 105.2, 48.0, 31.3, 28.4, 27.2. HRMS (#3balcd for GsH140,Cl
(M+H)": 269.05751. Found: 269.05748.

69



5-(1-(4-Chlorophenyl)but-3-enyl)-2,2dimethyl-1,3-dioxane-4,6-dione (3.21c)’
Prepared according to the General Procedure C ftoallyl-1-azab-

stannabicyclo[3.3.3Jundecar(®.209 (60.0 mg, 0.200 mmol); reaction was

purified eluting with EtOAc:hexanes (1:7) and isolated as a white solid (29.7

mg, $% yield);"H NMR (CDCk, 300 MHz)U7 . 301 7. 22 -668, 4H), 5
(m, 1H), 5.21 (dJ=17.0 Hz, 1H),5.13(dl= 10. 0 Hz, 1H), 3.B&8BBz, 82 (m, I
1H),3.062. 95 (m, 1H), 2.7772.69 (Y NMREPGCL7AMH&EY (s, 3H
165.6, 164.4, 138.0, 135.5, 133.5, 130.5, 128.7, 118.8, 105.2, 49.4, 44.0, 36.4, 28.1, 27.9. HRMS
(ESI)m/zcalcd for GeH1g04Cl (M+H)™: 309.08881. Found: 309.08871.

5-(1-(4-Chlorophenyl)but-3-enyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.21d).
Prepared according to the General Procedure C ftdbenzyll-azab-

O stannabicyclo[3.3.3Jundecar(8.20d (70.0 mg, 0.200 mmol); reaction was
O

o purified eluting with EtOAc:hexanes (1:9 to 1:6) and isolated as a white solid

al O o)T (17.6 mg, 49% vyi elHINMR (QBClp 300 MIBzBU 139 AC;
7.33179R2¥4, (M, 0874.01 (m, 1HYPz2BH,6713.59

1H), 3.24713.18 ( m, 1 H) BC NMRY@DCH, &,MHz) B1657, 16414, 28 ( s ,

138.8, 137.9, 133.6, 130.6, 129.2, 128.8, 128.8, 127.0, 105.2, 48.5, 46.5, 38.2, 28.1, 27.8. HRMS

(ESI)m/zcalcd for GoH»gO4Cl (M+H)™: 359.10446. Found: 3590454,

5-(1-(4-Chlorophenyl)but-3-enyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.21ey?

< 5 Prepared according to the General Procedure C fieuinyl-1-aza5-
Djjko stannabicyclo[3.3.8indecane 3.20¢ (57.2 mg, 0.200 mmol); reaction was
cl 0 o)T purified eluting with EtOAc:hexanes (1:9 to 1:6) and isolated as a white solid
(9.9 mg, 34% vyield)'H NMR (CDCk, 300 MHz) i 7. 3171 7. 24 (m, 1H
6. 507 6. 38 ( @739 H),523%s, 1HB 4.52 Mdl- 6.3, 2.1 Hz, 1H), 3.83 (d,= 2.8
Hz, 1H), 1.55 (s, 3H), 1.71 (s, 3HJC NMR (CDC}, 75 MHz){i 164.3, 164.2, 137.9, 136.2, 133.3,

130.1, 128.7, 105.2, 52.1, 47.3, 28.2, 27.6. HRMS (E&H calcd for GsH1cO,Cl (M+H)":
295.07316. Found: 295.07318.
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5-(1-(4-Chlorophenyl)-2-methylbuta-2,3-dien-1-yl)-2,2-dimethyl-1,3-dioxane-4,6-dione (3.21f).
~ ve, Prepared according to the General Procedure C %float-2-yn-1-yl)-1-aza5-
/@E% stannabicyclo[3.3.3Jundecar{80.0 mg of crude3.20f); reaction was purified
ol o o)V eluting with EtOAc:hexanes (1:6) and isolated as a white solid (27.6 mg, 86%
yield). M. fH.NMR 6€CDCL130®MHZ)11 7.40 (d,J = 8.4, 2H),
7.28 (d,J = 8.4, 2H), 4.84 (brs, 2H), 4.39 (m, 1H), 3.82 {d; 3.0, 1H),1.69 (s, 3H), 1.63 (s, 6H);

*C NMR (CDCk, 75 MHz) 1 206.1, 164.0, 136.0, 133.3, 131.9, 128.3, 104.7, 97.6, 79.1, 51.0, 46.2,
28.3, 27.1, 18.1. HRMS (ESt)/zcalcd for G;H140,Cl (M+H)™: 321.08881. Found: 321.08884.

[N(CH,CH2CH)sSn] [HB(CeFs)s] (3.22)

o To a solution of5-isopropytl-aza5-stannabicyclo[3.3.3Jundecan8.20b
[<N(/§n7 [HB(CeFo)a|© (30.2 mg, 0.100 mmol) in CDEI(1 ml) in a vial, was added
L tris(pentafluorophenyl)borane (51.1 mg, 0.100 mmsi)NMR (CDCl, 300

MHz) U 2.66 (m, 6H, NGH2), 2.02 (m, 6H, €2), 1.41 (t,J = 6.6, 6H,
SnCH2); **C NMR (CDCE, 75 MHz) ti 56.1 (NCH2), 24.7 CH2), 14.7 (SEH2); *Sn NMR
(CDCls, 112 MHz)li 140.9;°Sn NMR (CI(CH),Cl, 112 MHz)li 157.5;*B NMR (CDCk, 96 MHz)
U116.9. HRMS (ESI) m/z caled. for GgHBFs (M'): 512.99263. Found: 512.99267; (+E®t)z
calcd. for GHigNSn(M™): 260.04557. Found: 260.04546.
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Chapter 4
B(&£)Catalyzed Conjugate R®ducti on

t cebast annaaHyanra dees Sour ce

This chapter showshat tris(pentafluoropheynl)borane, Bf&s)s, is an effective catalyst to
abstract a hydride fronPr-tricarbastannatrane isitu to yield [N(CHCH,CH,)sSr] *[HB(C¢Fs)3] ©
along with propene gas. This process is followed by reduction of bemeylimebituic acids by
transfer of the hydride from the generated borohydride to the electrophilic olefin, under catalytic

conditions. In addition, detailed mechanistic studies are presented.

4.1 Introduction

The reduction of olefins is one of the most important andnesomtransformations in organic
synthesis. Althoughhe use ofH, activation by transition metal catalysts or mgnoup hydride
source reagents, suchdaBH,and LiAlH,,* is very common, these reagents are not very efficient
in large scale reduction processes due to cost and waste disposal concerns. Therefore, employing a
strong organometallic Lewis acid, e. B(CsFs); as a catalyst could tackle the waste and cost issues
related to the main group hydrides, as well as product toxicity and environmental concerns connected

with precious metal catalysts.

Lewis acids (LA) and Lewis bases (LB) usually form adducts in solution. However, nitrogen and
phosphorus Lewis bases with bylisubstituents and boron Lewis acids with strongly eleetron
withdrawing bulky pentafluorophenyl substituents can generate intramolecular Frustrated Lewis pairs
(FLP). These frustrated pairs can activate dihydrogen to vyield phosphonium (or
ammonium)/hydridborate zwitterion§? Other small molecules, such as carbonyl compounds,
dienes, diynes, and nitric oxide can also be activated by Frustrated Lewis pairs (FLP). Some examples
of intramolecular FLPs are depicted in Scheme 4.1.

Schemed.1. Some examples of intramolecular Frustrated Lewis Pairs (FLP)

H R
Ph)M < )
(Ph)Me Ph ﬁl? %)/Néac i Mes,R . Me
Mes,P----- B(CgFs)2 O ----- B(CeFs)a @( N (CoFs): H B(CgFs)2
|

B(CeF5s)2 R
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Alternatively, in an intermolecular manner, the strong bulky Lewis acidMm){abstracts a
hydride by the heterolytic cleavagé Hi H, Hi Si and H C(sp’) bonds to form [HB(EFs)s] "in the
presence of sterically encumbered Lewis bases. The reactive borohydride promotes in several
transformations, such as hydrosilylaﬁbnand reduction of imines, aziridines, silyl enol ethers,
nitrogenrbased heterocycles, éfc. The following is a survey of the literature with regard to
methodologies on B(Fs)si catalyzed reduction of a variety of unsaturated substrates.

An early approacho imines reduction promoted by Lewis ddidse complexes was reported by
Stephan and eworkers in 20072 It was demonstrated that their reduction with hydrogen occurs
only under favorable electronic and more importantly steric conditions of Lewis Hairanly are
sufficient steric demands required to preclude the formation of classical Lewid @wid base
adducts, but the frustrated Lewis pair must be strong enough to actjvate H

It was | ater shown Yardde pkinarek dgrdupsahatgie @gEp-phanos
catalyzed hydrogenation of basic stericdilgdered imines could be accomplished in the absences of
a Lewis base (Scheme2). It was also shown that the addition of a catalytic amount ofH3=3)3
(5 mol%) accelerated the hydraggion of electrordeficient imines by increasing the ability of

phosphine/borane pair to split hydrogen heterolytically.

Schemed.2. Hydrogenation of imines

1 1
N'R B(CeFs)s (5 mol %) an-R

Ph R2 5 atm. H,, 120 °C, toluene Ph)\RZ

89-99%
R"=1Bu, CHPh,, SO,Ph, Dipp
R?=H, Ph, Me
Experimentalmechanistic studies suggested the heterolytic hydrogen splitting byi boisae
FLP. This cleavage yields an ion pair consisting of iminium and hydridoborate ions (Scl®&me 4.
Hydride transfer from the borohydride to the protonated imine regeneratesehmron and leads to
the formation of the aminleoron dative adduct, which is dissociated thermally to release the amine.

The regenerated free borane caemeer the catalytic cycle.
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Schemed.3. Proposed mechanism for imines reduction

RL 1
NH RSN
B(CeF Il +H2
RZJER3 (CeFs)s \(RZJ\Rs
RL® )
1 JNl\ [HB(CeFs)a]
R R? "R3

N g(c Fs)
HR3

Some commercially relevant imine and diimine substfteshich were hydrogenated by
B(CsFs)s, are shown in Schemed4 Reduction of all substrates was carried out in toluene at@20
with 5 mol % the catalyst. In the case of the substrate with pyridine fragment, a 31% vyield was
obtained at 120 bar of Hbressure after 20 hours (Scheméb.. Applying B(GFs); reduced different

diimines to the corresponding diamines quantitativelgter catalytic conditions.

Schemed.4. Reduction of commercially relevant imines and diimines

NI/Pr HN/Pr
a) B(CGF5)3 (5 mol%)
124 atm. H,, 120 °C, toluene
100%
IN/\CFzH HN" > CF,H
b) | X B(C6F5)3 (5 mol%) | X
cl N/ 120 atm. Hy, 120 °C, toluene cl N/
31%
RN B(CeFs)s3 (5 mol%) /\
0 R-N 'N-R s i R-NH HN-R
4 atm. H,, 120 °C, toluene
99%
R = CeH3-2,6-iPr2, C6H2-2,4,6-M83
® B
i~ 7
N N
I I B(CgFs)3 (5 mol%
d) N N. (CeFs)s ( o) NH HN
R R 4 atm. H,, 120 °C, toluene R R

99%
R = CGH4-4-iPr, CGH2-2,4,6-M93, CGH3-2,6-iPr2
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It has been shown th&(C¢Fs)s is a strong enough Lewis acid to release dihydrogen from 1,5
dimethylcyclohexal,4-diene4.1to yield m-xylene as a byproduct through Wheland comple’ It
was found that high reaction temperature was crucial for the hydride abstraction. However,
cyclohexal,4-diene did not show any reactivity even at 125 °C. Oestreich and Chatterjee proposed
that the hyperconjugation ability of the methyl groups stabilized the phenonium ion intermediate.
Using this hydrogen source, different aldimines and ketimine wesiuced with 10 mol % of
B(CsFs)z (Scheme 4).

Schemed.5. Hydrogenation of imines usirfg5-dimethylcyclohexal ,4-diene

H H HH
Me Me NTC  B(CeFs)s (10 mol %) un-Fe Me Me
+ | S
Ph)\R 125 °C, toluene Ph)\R O
H H
41 73-100% H
4.2
R =H, Me

PG = tBu, CHPh,, S§(0O),Tol, Ph, PMP

Erker and coworkers reported the reduction of silyl enol ethers appB{@3Fs); and
CiHs(PPh), as a FLP cataly§t. Salt [CoHs(PPh).H][HB(CsFs)s] (4.3 was generated under
hydrogen at ambient temperature. By heating the solutidrBah de-benzeneat 60 °C, B(GFs); and
the bisphosphine Lewis base were formed quantitatively by releasingydsd, indicating the
reversibility of this process. Appling 20 mol % of BFg)s/CioHs(PPh), under 2 bar Hwith silyl
enol ethers afforded the reduced prodirct85 93% yield (Scheme 8). For less hindered substrate
(R =Me), forcing condition was required and full conversion to the reduced product was obtained

with 60 bar H pressure.

Schemed.6. Hydrogenation osilyl enol ethers

. PPh, PPh o H
~SiMes e _SiMe;  [[Ph,F PPh
L B(CeFs)s (20 mol %) o>Mes 2 ] o
¥ HB(CeF
R OO 2 bar Hy, 23 °C, C¢Dg R)\ [HB(CéFs5)sl
R = tBu, Ph (20 mol %) 89-93% s
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In addition to iminescis-triphenylaziridine was shown to undergo reductive ring opening with
catalytic amount of B(gs); to yield 95% of racemid\-(1,2-diphenylethyl)anilin€® However,
treatment otthe aziridine with one equivalent of Bf&); for 96 h at 110 °C reduced tiNebound
phenyl ring to afforded [CyNM¥CHPhCHPh][HB(CsFs)3] (4.4).%°

Schemed.7. Reduction otis-triphenylaziridine

o) c Ph
HoN y HS C.F B(CsFs)3 (1 equiv) ;\'1 B(CgF5)3 (5 mol %) HN/F>h
)\/Ph [HB(CsF5)sl S )\/
Bh 4atm Hp 110°C . o 5atm. Hy, 120°C, Ph Ph
4.4 toluene, 96 h toluene, 2 h

95%
50%

To expand the scope of substrates, Stephan group employgBE:;)B@ a catalyst to reduce
nitrogenbased heterocyclé8.One of the nitrogemontaining rings in 1,12phenanthroline was
reduced in 3 hours at 110 °C (Schent&a)} In addition to phenanthroline, thiecontaining ring in 2
phenylquinoline was also reduced under mild condition to afford 1;&8ahydre2-
phenylquinoline in 80% vyield (Scheme8Hd). It should be noted that two equivalents of hydrogen
were applid for the above reductions. Furthermore, applying 4 atm of hydrogen at room temperature
to acridine in the presence of 5 mol % of the catalyst led to hydrogenation of the central ring, and the

reduced product was isolated in 80% vyield.
Scheme4.8. Reduction ohitrogerbased heterocycles

0,
a) / N B(CgF5)3 (5 mol %) CQ}
—N N=— 4 atm. H,, 80°C, toluene —N HN

84%

b) ©\/j B(CgFs)3 (5 mol %)
N/ Ph 4 atm. Hy, rt, toluene

80%

: N~ "Ph
H
c
N 4 atm. Hy, rt, toluene N
H

80%
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While all the abovenentioned substrates such as imines, aziridines and silyl enol ethers are
reduced in a catalytic manner, reductionatdehydes was initially carried out with stoichiometric
amount of the cataly$t.Sumerin and coworkers reported the reduction of benzaldehyde under mild
condition using one equivalent of sdlb. It was proposed that hydrogen cleavage bysB{& and
the amine could be carried out in a concerted pathway. Reduced pdoBlucis obtained in 95%

yield.

Schemed.9. Reduction of bereddehyde

O

[HB(CeFs)s]l ———— >

20°C, CH,Cl,, 1 h

>(j< B(Cofa)y (1 equiv [>(@j<

N 1 atm. Hy, 20°C N

H 2 H,
toluene, 1 h

1 equiv 4.5 (95%) 4.6 (95%)

Recently,Ashley and coworkers reported the hydrogenation of a variety of aliphatic and aromatic
aldehydes and ketones und&(CsFs)s-catalyzedconditions’? The role of solvent is crucial in this
protocol, as the solvent anB(C¢Fs); behave as a frustrated Lewis ipab activate hydrogen.
Replacing THF with 1,4lioxane significantly improved the reactivity B{CsFs)s. Low extent of H
activation was observed in THF due to the presence of very small amounts of uncoordinged B(C
in the reaction mixture. Howevemore free B(@Fs): in 1,4dioxane led to higher yields of

hydrogenation reactions (Schem&@}.

Schemed4.10. Hydrogenation ofiliphatic and aromatic aldehydes and ketones

9 B(CeFs)s (cat.) oH
R "R?  5barH,, 80-100 °C, 1,4-dioxane R

R' R? = H, alkyl, aryl
Another method on th&(CgFs)s-catalyzedreduction of ketones in an ethereal solvent was

reported by Stephan and coworkErsn this method hydrogenation of aryl and alkyl ketones to

alcohols was carried out iRr,O or E£O.
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Schemed.11. Hydrogenation ofiryl and alkyl ketones

JOL B(CgFs)s (5 mo%) OH
R? 60 bar Hy, 70 °C, ether, 12h R' TR2

R1

R', R? = alkyl, aryl

The reduction of an aromatic ring in sterically hindered anilines with stoichiometric amount of
B(CsFs); was recently reported by Stephan aocdworkers’t As mentioned above, using a
stoichiometric amount of the boron Lewis acid in the reductionisfriphenylaziridine led to the
hydrogenation ofN-bound phenyl ring. This reduction was also accomplished with a variety of
anilines. As an exam@| reduction oft-butylaniline has been demonstrated in Schem@é. 4he
phenyl ring was hydrogenated underdfter 96 h at 110 °C to afford sdli7.

Schemed.12. Hydrogenation of-butylaniline

tBu. tBu @ Bu. @
Y>NH Y>NH, o NHe |
B(CgFs)3 (1 equiv) 110 °C,96 h =
o 58 [HB(CeFs)s] ————— [HB(CFs)s]
4 atm. H,, 25 °C 4 atm. H,
C¢DsBr, 12 h 30%
0,
82% 47

Alcarazo and cavorkers extendedB(CgFs)s-catalyzed reductions to allenic esters and oléfins.
Different bases such aBusP, MesP, 2,6lutidine, and DABCO were screened, and DABCO was
found to be the most suitable base for this transformation. AleBegere reduced with 15 mol % of
the catalytic mixture of DABCO and B{E:;); after 3 days with 60 atm of hydrogen in toluene at 80
°C (Scheme 43a). Under similar reaction conditions alkylidene malonate® could also be
hydrogenated to provide the reduced products in high yields (Scher@b).4Similarly, the
combination of [2,2pbis(phosphine)paracyclophane and B{J; can reducesilyl enol ether4.10to
yield more than 95% of the reduced proddidtl after 40 hours (Scheme 4.13).
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Scheme4.13. Reduction oblefins and allerieesters

R
R CO,Et R
a) 2Bl B(C4F5)3/DABCO (15 mol %)
R CO,Et 60 atm. H,, 80 °C, toluene EtO,C
48 3 days CO,Et
) 43-94%
) COEL B Fs)s/DABCO (10 mol %) COEt
R COzEt 60 atm. H2, 80 oC, toluene R COQE'(
24 h
4.9 79-96%
Schemed.14. Reduction osilyl enol ether
< PPh,
OTMS PPh, OTMS
(10 mol%)
) B(CgF5)3 (10 mol %) Me
a
5 atm. Hy, 23 °C, dg-toluene
4.10 4.11

50% (20 h), >95% (40h)

4.2 Proposal

We recently discovered thaB(CgFs); is capable of insitu hydride abstraction frofr-
tricarbastannatrane and formation of propene gas. The transfer of the hydride from the borohydride to
4chl orobenzylidene Meldrumbébs acid was then acco
under stoichiometric condition (Chapter 3). The purpose ofctiépter is to develop conditions to
apply 'Prtricarbastannatranas a reducing reagent for the reduction of activated electrophiles in a
catalytic manner. In this regard, we propose that highly electrophilic olefins may be reduced under
Lewis acid catalysis.

®
+ N

<®7
N—Sn

EWG EWG
R~ <®; B(CgF )3 (catalytic amount) EWG
.......................... R +
EWG + Uﬂ . 2/‘<H
H

H H

Figure 4.1. Proposal for the reduction of activated olefins
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4.3 Results and Discussion

As mentioned in Chapter 3, in our previous effortB{CsFs)s-promotedconjugate alkylation of
benzylidene derivat i ve s'PrcafbstaMatiarb4(d rad an alayating | apply
agent, furnished the reduced product. However, using 15 nBfl%Fs); in the reaction of 1.2
equivalent ofPr-carbstannatrangith 4c h1 or obenzy | i d e 28°C,Ned totessthamd s aci d
10% conversion (S&me 4.5). Increasing the reaction temperature td83ed to the decomposition
of the reaction intermediat&olvents, such as toluene and trifluorotoluen&2&°C did not improve
the result.

Schemed.15. B(CqFs)s-catalyzed reductionof-d hl or obenzyl i dene Mel drumds ac

Fs)3 (1 19
Sn4< B(CeFs)s (15 mol %) < 10% conversion
(CH,CI), , 23 °C, 72h
412
1.2 equiv 1 equiv

However, we found that the reduction of benzylidenedin®thylbarbituric acidg.13acould be
carried out in a catalytic manner usidgl?2 as a reducing agent. Herein, we presentB{c
catalyzed conjugate reduction of benzylidene derivatives ediin@thyl barbituric acid. In our initial
efforts to reduce an activated olefin with catalytic amount ofsB{g; the reaction of one equivale
of 4.13awith 1.2 equivalent o#.12 was performed. Although the reaction was sluggish with 10
mol % of B(GFs)s (Table 4.1, entry 2), or at room temperature (Table 4.1, entry 3), full conversion
was observed at 95 °C after 36 h with 15 mol % of the catalyst in a sealed NMR tube. Besides, only
14% of4.14awas obtained in the absence of the catalyst. In additidreteetiuced produdt 14aas
a major produc#4.15awas isolated in 8% vyield (Table 4.1, entry 4).

80



Table 4.1. B(CgFs)s-catalyzed conjugate addition &Pr-tricarbastannatrane to benzylidehes-
dimethylbarbituric acid

< Cer
A Sn_< ©/j‘\ (CH,Cl), w/&

412 (1.2 equiv) 4.13a (1 equw 4.14a (
4.15a (R ’Pr)

Entry Equiv of B(GFs)s  T[°C]/t[h] Yield of 4.14a [%]®  Yield of 4.154%]"™

1 0 95/72 14 n.d.
2 0.10 95/72 78 n.d.
3 0.15 25/72 43 n.d.
4 0.15 95/36 91 8

[a] Yield of isolated product.

The scope of the electrophile was then investigated under the optimized condition. As shown in
Table 4.2, reduced produetsl4a4.14m were obtained in good to excellent yi€iki 94%). Crude
NMR of the reaction mixtureshewed the presence of the alkylated adducts from the conjugate
addition of isopropyl group to substratdsl3a4.13m The ratio of4.144.15 was obtained by
analysis the cruddH NMR spectra of the reactions mixtures. The alkylated byprodut&a4.15!
were isolated in ®3% yield. Substratd.13mwas the exception, which yielded 73% of alkylated
product4.15mas the major product, addl4was obtained in 24% vyield (Table 4.1, entry 13).
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Table 4.2. B(C4Fs)s-Catalyzed conjugate addition '8f-tricarbastannatrane to benzylidene barbituric

acids
ﬁ (0]
<N/\sf1—<Me+ AFA\%HLN/ B(CgFs)3 15:on% /XL
U Me o T/&O (CH,Cl),, 95 °C, 36h /§
(1.2 equiv) 4.13 (1 equiv) :12(; ;r)
Entry Ar Ratio4.144.15”  Yield of 4.14[%]™  Yield of 4.15[%)]"
1 CeHs (4.139 92:8 91 8
2 4-(MeO)CH, (4.13h 78:22 72 21
3 4-CICqH,(4.139 86:14 83 14
4 3-FCgH,4(4.130) 82:18 81 17
5 2-Naphthyl @.139 88:12 86 11
6 4-(CN)CsH4 (4.139) 88:12 84 14
7 3B(0O,CsH12)]CeH4(4.139 86:14 85 13
8 3-BrCeH, (4.13h 80:20 79 20
9  4[B(O,CeH12)]CeHa(4.13) 82:18 82 14
10 4-BrCgH, (4.13)) 77:23 74 23
11 3-(MeO)CH, (4.13K) 94:6 94 5
12 4-FCgH,4 (4.13) 89:11 88 10
13 4-(NO,)CoH, (4.13m) 23:77 24 73

[a] Determined by analysis of th#éd NMR spectra of the crude reaction mixturds] Yield of

isolated product.

In an effort to gain mechanistic insight, equimolar mixtures of (B{G and 'Pr
tricarbastannatrargy (4.12-ds) in CD,Cl, were studied byH, °D, *'B and**°Sn NMR spectroscopy
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at room temperature in a sealed NMR tube. The formation,GCBHICD; gas was confirmed by a

broad singlet sitnaNMRatasti wel5%. &2 pmpro=Iis8pmal s,

and anot her mul ti pl4@4, inathe Z2HNMR.= The5 .cénlex
[N(CH,CH,CH,);Sn][DB(CsFs)s] (4.16 was detected b¥#°Sn and"'B NMR spectra showing signals
at d = 151. 418.Dppgpm respedivelyl (Scheme @).1In addition to NMR data, the

formation of complex4.16 was supported by HRMS (ESI) analysis, and the ion peak at m/z
513.99935 was attributed [DB(CeFs)]' .

Schemed4.16. Formation off N(CH,CH,CH,)sSn][DB(CeFs)3]

<®7 CD3 CD20|2 <®7
N S”_< + B(CeFs)3 —— > | N=3n
CD; rt, 5 min

@ H
©
[DB(CeFs)s] ~ + Dyc” CD,

4.12-dg 4.16

The reaction of one equivalent of compldxl6 with one equivalent of benzylidene 1,3
dimethylbarbituric acid furnished the prodJ&l]-4.14ain 88% yield. Therefore]DB(CeFs)4]' is
likely the hydride source in this transformation. Based on the above result, we propose that the first
step of the reduction is the formation of compR(CH,CH,CH,);Sn][HB(CsFs)3] (4.17). Then,4.13
is activated by coordination of its carbonyl grotpsricarbastannatrane cation to generate activated
bis-stannatrane complexel18 The formation of this complex was confirmed by HRMS (ESI) spectra
that showed anon peak at m/z 765.18713 (Ar = Phyubsequently, hydride transfer from
[HB(CsFs)s]' reduces the benzylidene barbituric acid to regend@é@eFs); and forms enolatd.19
which can be protonated to generate the reduced prddigt(Scheme 4.7). Enolate4.19 was
detectecdby HRMS (ESI) analysis which showed an ion peat&t50614844 (Ar = Ph).Conjugated
alkylated product.15was proposed to be produced by protonation of endla@which generated
by direct isopropyl group addition fros.12 The formation of enolatd.20 (A r = 4-CIC¢H,) was
supported by HRMS (ESI), showing an ion peafn#t579.14496 attributed t0,8HssNsOsCI*%Sn.
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Schemed.17. Proposed mechanism

Ar O (0]
® N~ B(CgFs5)3 ® Me Ar N~
“N—Snh | <T 4.13 T |
N—Sn\ﬁfu\/g N sh— LN <m7 /g
(L2 e (Y We N—Sn-0" NS0

4.19 412 420

PN
Ar O
®
NT X Y 5
<@ﬂ\(>l\/:k0fm7 [<N—S? [MB(CoF )]
| o ()

417
HB(CoFs)3 \_{
4.18 (0]
(0] lil/go

413

It was proposed that in addition to intermedi4t®8 moncstannatrane intermediatd21aand
4.21b could be reaction intermediates in the above transformations (Sche8e Thérefore,°*C
NMR of 1:1 mixture of comple®.17and4.13awas carried out at room temperature anitdat °C in
CD.Cl,. The™C NMR spectrum of the mixture was compared With NMR spectrum o#.133 and
no change in chemical shift df13awas observed. HRMS (ESI) experiment was also carried out on
the reactionmixture. None of these experiments supported the presence of-staommatrane
intermediates in the reaction mixture.

Scheme4.18. NMR studies on mno-stannatrane intermediates

(0] Ar O
— @
<N(z7 [HB(CgFs) ]® Ph/jL __(CDCh, f YL
—an 6r5)3 +
U o I\‘l Temperature )\® Sn N or N sh- g AO
\
1 equiv 1 equiv @
[HB(CsFs)sl [HB(C5F5)3]
Temperature: rt, -48°C 4.21a 4.21b
2 isomers 2 isomers

The role of Lewis acid [N(CH,CH,CH,)sSn[ in the activation of the benzylidene substrate was
examined by the addition of compl@X(CH,CH,CH,)sSn][B(CsFs)4] (4.22 to equimolar mixture of
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412 and 4.13a Compound 4.22 was generated bymixing one equivalent of trityl
tetrakis(pentafluorophenyl)borate and mettridarbastannatrane in igcholoethaneThe formation

of complex4.22 was supported by’*®sn NMR spectra showing a signa
demonstrated in Scheme @.550% d the reduced produet.14a and 44% of product.15awere
obtained in the presence of compkR2 with 5% of starting material.13awas recovered in this
transformation. This reaction showed tiii{ CH,CH,CH,)sSn] catalyzed both reactions in more
than 90% conversion. However, the selectivity of the reaction is rather poor with respect to the
formation of reduced product.14a On the other handalthough [N(CHCH,CH,);Sn]" could
activate the electrophile, in thésence oB(CqFs)s, hydride was transferred froh12directly to the

olefin, applyingB(CsFs); as a Lewis acid improved the yield 4fl4a(Table 42, entry 1). The

ability of 4.12to deliver either a hydride or isopropyl is unselective. As previously mentioned, the
reaction between B(Es); and4.12generates Lewis adil[N(CH,CH,CH,):Sn]" and hydride source
[HB(CeFs)s]' simultaneously, thus increasing the selectivity of the gatpi addition towards the

formation of the desired product

Scheme4.19. [N(CH,CH,CH,)s;SnJ as a Lewis acid

AP
N— Sn [B(C4Fs5)al®
N s 4.22 (1 equiv) Q/XL
n
/& (CH,Cl),, 95°C, 36h /§ /&
413a 4.12 4.14a 4.15a
1 equiv 1 equiv 50% 44%

Moreover, an effort was made to expand the nucleophile scotie teynthesis of methylated
adducts using methyticarbastannatrane. Initial attempt with-cHlorobenzylidene 13
dimethylbarbituric acid 4.139 in 1,2dichloroethane yielded a low conversion, and 26% of the
methylated adducts was obtained (Table 4.3tryerl). Trying different solvents, such as
trifluorotoluene, toluene and chlorobenzene, did not improve the yield significantly (Table 4.3, entries
21 4). Increasing the amount of methyicarbastannatranas well as the reaction concentration did

not impove the yield considerably, and 43% of produ@3was obtained (Table 4.3, entry 5).
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Table 4.3. B(C¢Fs)s-catalyzed conjugate addition of methgitarbastannatraneto 4

chlorobenzylidene 1;8imethylbarbituric acid

N S M B(CgF5)3 (15 mol %)
+
e Solvent /& /&

4.13c (1 equw)
Entry . EQUVOTMe 1o in]  Solvent  Yield of 4.23[%]®  Yield of 4.24[%6]™

tricarabastannatran ' '
1 1.2 95/72 (CH,C), 26 48
2 1.2 120/72 PhMe 27 29
3 1.2 120/72 PhCR 30 34
4 1.2 120/72 PhCl 17 49
5 2.0 120/72 PhMe 43 54

[a] Yield of isolated product. [b] Reactions were run at 0.1 M.bBcexept entry 5, run at 0.2 M.

At this stage, it was postulated that the reaction might be best improwecrégsing the loading
of [N(CH,CH,CH,)sSn[' to further activate electrophik13c Thus, 15 mol % of sa#t.22was addec
to the reaction as an extra source of Lewis addarbastannatrane cation. The yield 423
increased to 67% as a result of applying this additive (Schexfie @f note, ncreasing the amount
of 4.22to 25%furnished4.23in 71%yield, and did not improve the result significantly.

Schemed.20. Methylation of 4chlorobenzylidene 1;8imethylbarbituric acid

(0]
B(CsFs)3
/@/j‘\ 15 mol %) N~
N Sn Me +
O PhsC*B( Cst 4 Cl /g cl 0 lil/go

(15 mol%)
412 (2 equiv) 4.13c (1 equw) PhMe (0.2M) 4.23 4.24
67% 31%
120 °C, 3 days
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4.4 Summary

In summary, we have developéik first B(GFs)s-catalyzed conjugate reduction of benzylidene
derivatives of 1,3limethylbarbituric acidusng readily availabléPr-tricarbastannatran&his new
method distiguishes itself form the previous works in fRatricarbastannatrane serves asimsitu
hydride source. The combination &?r-tricarbastannatrane ai{CsFs); resulted in the formation of
the intramolecularly stabilized organotin cation, [HER&]', and propene gasand the reduced
adducts were obtained in good to excellent yield. In addition, isopropyl group transfetPfrom
tricarbastannatrarfarnishedalkylated products as bgyroducts. The mechanism of the reduction was
investigated by NMR and HRMS techniques, anMbis-stannatrane intermediate was detected by
HRMS (ESI). Deuteriumlabeling experimeststarting from'Pr-tricarbastannatrard demonstrated
t h a-hydride transfer toB(CsFs); generatedDB(C¢Fs)s)' which could reduce the electrophile.
Furthermore, methyl addition from methylcarbastannatrane to -chlorobenzylidene 1;3
dimethylbarbituric acid undeB(CsFs)s-catalyzed conditionyielded moderate amounts of the

methylated adduct.

4.5 Experimental

4 5.1General Considerations

All reactions were carried out in oven or flaiheéed glassware under dry nitrogen atmosphere
using standard Schlenk techniques or in a glove boxDitf@loroethane an€D,Cl, were distilled
over CaH and then degassed via 3 fregeampthaw cycles following distillation. Reactions were
monitored by thidayer chromatography on commercially prepared plates with a particle size of 60
A. Developed plates were visualizedden a UV lamp (254 nm), or stained with ceric ammonium

molybdate. Flash chromatography was performed usingt@80mesh silica gel.

4 .5.2Characterization

Unless otherwise notedd and™*C NMR spectra for all adduct products were obtained in GDCI
at 300 and 75 MHz, respectivel y. Chemical shi ft:
tetramethylsilane (TMS) as an external standard. Proton and carbon spectra were calibrated against
the solvent residual peak [CHQF.24 ppm) and CDG(77.0 ppm)], [CHCI, (5.32 ppm) and CECl,
(53.8 ppm)], and in case of i¢ichlorethane against known solvent resonaniee(3.72 ppm) and

13C (43.6 ppm)]*'B and''*Sn NMR spectra of tricarbastannatranes were recorded on Bruker Avance
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300 ¢'B: 96 MHz '°Sn: 112 MHz) with'H decoupling in 1,2lichloroethane calibrated against
external BEAOEL and MaSn, respectively. The spectral references (sr) which were obtained from the
external standards, were used to calibrate'&n NMR and*B NMR chemical shifts. Spectral
reference values 6f171.61 Hz and5.13 Hz were used to calibratéSn and"'B chemical shifts in
1,2dichloroethane, respectively. Abbreviations used to define NMR spectral mutiplicities are as
follows: s = singlet; d = aublet; t = triplet; g = quartet; m = multiplet; br = broad. High resolution
mass spectra (ESI) were run at the University of Waterloo Mass Spectrometry facility. Fragment
signals are given in mass per charge number (m/z).

The following compounds were gpared according to literature procedure@sé-propyl)-1-aza
5-stannabicyclo[3.3.3Jundecare, 5-benzylidenel,3-dimethylpyrimidine2,4,6(H,3H,5H)-trione
(4.139,"° 5-(4-methoxybenzylidene) ,3-dimethylpyrimidine2,4,6(H,3H,5H)-trione @.13b),”" 5-(4-
chlorobenzylidene)l,3-dimethylpyrimidine2,4,6(H,3H,5H)-trione  4.139,  1,3-dimethy}t5-(4-
nitrobenzylidene)pyrimiding,4,6(1H,3H,5H)-trione @.13m),"® 5-methyl1-aza5-
stannabicyclo[3.3.8indecang Other reagents were purchased from commercial suppliers and used

without further purification.

5-(propan-2-yl-1,1,1,3,3,3ds)-1-aza-5-stannabicyclo[3.3.3]Jundecaneds-4.12)
(Propan2-yl-1,1,1,3,3,3ds)magnesium bromide reagéht(2 equiv.) was added

<N(_/§n7_<CD3 dropwise to a suspension ofchloro-1l-aza5-stannabicyclo[3.3.3Jundecane (235
mg , 0.798 mmol) in anhydrous THF at 1 78AC.

Y78 AC for 3 h, all owed to warmTheo room t
reaction mixture was poured into a separatory funnel containing a mixturgQfagtl water. The
layers were partitioned, and the organic layer was washed with brine, dried ovei,Mg8®ltered.
Solvent was removed under reduced pressure to grof@crude product. A yellow oil (259 mg, 84
% yield) was isolated and was used without further purificatidi{MR (CDCk,300 MHz)1i2.33 (t,
J = 5.4 Hz, 6H), 1.62 (m, 6H), 1.45 (m, 7HIC NMR (CDC}, 75 MHz){i54.7, 23.4, 16.8, 4.4H
NMR (CHCl;, 46 MHZz) G 1.00 (brd,J = 0.1 Hz). HRMS (+ESIm/zcalcd. for Q2H192H6N8n(M)+:
309.13801. Found: 309.15384.
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General Experimental Procedure A- Synthesis of bazylidene 1,3dimethylbarbituric acids
(4.13d 4.130)

0]

@/& \ J\ - H,0 SN N~
—_—
100°C, 1 h R 0 N/&O

To a stirred solution of the Tdmethylbarbituric acid (1.56 g, 10.0 mmol) in water (40 ml) was

added the corresponding benzaldehyde (10.0 mmol) rapidly and all at once at ambient temperature.

After refluxing for an hour, the solid produced was isoldigdimple filtration and dried. The solid
product4.13b-4.13lwas used without further purification unless otherwise noted.

5-(3-Fluorobenzylidene)1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.13d).
Prepared according to General Procedure A froftugkobenzaldehyde

0
F N (1.24 g, 10.0 mmol); reaction was purified by recrystallizafrom MeOH
o NAO and isolated as a white sol i'THINMR2. 12

(CDCl;, 300 MHz)Ui 8.49 (s, 1H), 7.89d J= 10.2 Hz, 1H), 7.66 (d]= 7.8
Hz, 1H), 7.41 (qJ= 5.7 Hz, 1H), 7.21 (td] = 8.3, 2.7 Hz, 1H), 3.41 (s, 3H), 3.36 (s, 3 NMR
(CDCly, 75 MHz) 1 162.1, 162.0 (dlc.r = 245.0 Hz), 160.0, 157.1 (@ = 2.3 Hz), 151.0, 134.5 (d,
Jer= 8.5 H), 129.6 (dJcr= 8.0 Hz), 129.3 (dlc.r= 2.9 Hz), 119.4 (dlcr= 5.7 Hz),) 119.3 (dlcr
= 50.2 Hz), 118.6, 29.0, 28.4. HRMS (E&)zcalcd for GsH1,0:N-F (M+H)*: 263.08320; Found:
263.08249.

1,3-Dimethyl-5-(naphthalen-2-ylmethylene)pyrimidine-2,4,6(1H,3H,5H)-trione (4.13e).
Prepared according to General Procedure A feemaphthaldehydé€l.56 g,

OO X N 10.0 mmol); isolated as a pale yellow solid (2.56 g, 87% yield); M.p.

N 2061 2 6H/NMR CDCL, 300 MHz)1i 8.69 (s, 1H), 8.57 (s, 1H), 8.13
(d,J = 8.7 Hz, 1H), 7.92 (d] = 7.8 Hz, 1H), 7.84 (d] = 8.7 Hz, 2H), 3.41

(s, 3H), 3.38 (s, 3H)**C NMR (CDCE, 75 MHz) i 162.6, 160.4, 159.2, 151.3, 136.4, 135.3, 132.5,

130.3, 129.6, 129.0, 128.7, 127.7, 127.6, 126.7, 117.2, 29.1, 28.4. HRMSn{EStplcd for

CiH1sNL,05 (M+H)*: 295.10827; Found: 295.10764.
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4-((1,3-Dimethyl-2,4,6triox otetrahydropyrimidin -5(2H)-ylidene)methyl)benzonitrile (4.13f).
5 Prepared according to General Procedure A febformylbenzonitrile
/@/TLN/ (2.31 g, 10.0 mmol); isolated as a white solid (2.40 g, 89% vyield). M.p.
NG o N/KO 1857 1 86NMRQCDCL, 300 MHz){i 8.50 (s, 1H), 7.91 (d] = 8.1
| Hz, 2H), 7.70 (dJ = 8.1 Hz, 2H), 3.41 (s, 3H), 3.33 (s, 3HJC NMR

(CDCl;, 75 MHz) 1 161.5, 159.8, 155.8, 150.9, 137.1, 132.0, 131.7, 120.3, 118.1, 114.8, 29.2, 28.5.
HRMS (ESI)m/zcalcd for G4H1;03N; (M+H)": 270.0878; Found: 270.08701.

1,3-Dimethyl-5-(3-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)benzylidene)pyrimidine-

2,4,6(H,3H,5H)-trione (4.13Q).

Prepared according to General Procedure A fr@a@,4,5,5

7%9 o tetramethyll,3,2dioxaborolar2-yl)benzaldehyde (2.32 g, 10.0

oﬁmk,( mmol): isolated as a white solid (2.3

o r\ll/go 'H NMR (CDCL, 300 MHz)ii 8.59 (s, 1H), 8.34 (d] = 8.1 Hz,1H),

8.19 (s, 1H), 7.92 (dl = 7.2 Hz,1H), 7.45 () = 7.8 Hz, 1H), 3.39 (s,

3H), 3.34 (s, 3H) ,1.33 (s, 12HY¥C NMR (CDCk, 75 MHz) Ui 162.4, 160.3, 159.5, 151.3, 140.5,

139.1, 135.0, 132.2, 127.6, 117.5, 84.1, 29.0, 28.4, 24.9. HRMS {Z&6alcd for GgH,4OsN.B

(M+H)™: 371.17783. Found: 371.17722.

5-(3-Bromobenzylidene}1,3-dimethylpyrimidine -2,4,6(1H,3H,5H)-trione (4.13h).

Prepared according to General Procedure A fdbromobenzaldehyde

Br\©/j?\N/ (1.85 g, 10.0 mmol); Recrystallizddom MeOH and isolated as a white

v Nol solid (2.77 g. 86 %™HNMB[COGL 300MHR)E 1517 15 2
| 8.44 (s, 1H), 8.16 (s, 1H), 7.87 @@k 7.8 Hz, 1H), 7.62 (d]= 8.1 Hz, 1H),

7.31 (t,J = 7.8 Hz, 1H), 3.40 (s, 3H), 3.35 (s, 3C NMR (CDC}, 75 MHz) 11 162.0, 160.0, 157.0,

151.0, 135.2, 135.2, 134.5, 131.4, 129.6, 122.2, 118.8, 29.1, 28.5. HRMSn{EStplcd for
C13H1,0sN,Br (M+H)™: 323.00313; Found: 323.00320.

1,3-Dimethyl-5-(4-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)benzylidene) pyrimidine-
2,4,6(H,3H,5H)-trione (4.13i).
Prepared according tdGeneral Procedure A from4-(4,4,5,5

o)
/@/TLN/ tetramethydl,3,2dioxaborolar2-yl)benzaldehyde (2.32 g, 10.0
>§i\§ o ril/go 90
o)




mmol ) ; | sol ated as a white s HNMR (CDPQL 3006MHg),
08.55 (s, 1H), 7.92 (d] = 7.8 Hz, 2H), 7.86 (d)= 7.8 Hz, 2H), 3.40 (s, 3H), 3.34 (s, 3H), 1.33 (s,
12H); *C NMR (CDCE, 75 MHz) ii 162.3, 160.1, 159.1,51.2, 135.1, 134.3, 131.7, 118.2, 84.1,
29.0, 28.4, 24.8. HRMS (ESt)/zcalcd for GoH,405N,B (M+H)™: 371.17783. Found: 371.17685.

5-(4-Bromobenzylidene}1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.13)).
s Prepared according to General Procedure A febbromobenzaldehyde
/@/jLN/ (1.85 g, 10.0 mmol); Isolated as a white solid (2.77 g, 86% yield); M.p.
B o Nx&o 17571 1 7HBNMR @CDCl, 300 MHz)ii8.43 (s, 1H), 7.90 (dl= 8.4 Hz,
| 2H), 7.56 (d,J= 8.7 Hz, 2H), 3.38 (s, 3HB.34 (s, 3H);*C NMR (CDCE,

75 MHz)0162.2, 160.3, 157.5, 151.1, 134.8, 131.6, 131.4, 128.0, 117.9, 29.1, 28.4. HRMBW/ESI)
calcd for GsH1,0sN,Br (M+H)*: 323.00313; Found: 323.00311.

5-(3-Methoxybenzylidene}1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.13k).

5 Prepared according to General Procedure A fBamethoxybenzaldehdye
MeO N N (1.36 mg, 10.0 mmol); isolated as a yellow solid (2.47 g, 90% vyield); M.p.
\©/oj:/§o 1397 1 3HINMR CDCk, 300 MHZz)118.52 (s, 1H), 7.76 (s, 1H), 7.55
l (d,J =7.6 Hz, 1H), 7.35 (t) = 7.8 Hz, 1H), 7.06 (dd]) = 8.3, 2.7 Hz,
1H), 3.84 (s, 3H), 3.40 (s, 3H), 3.35 (s, 3HE NMR (CDCL, 75 MHz)11162.5, 160.3, 159.2, 159.1,

151.2, 133.8, 129.2, 126.6, 149.117.7, 117.6, 55.4, 29.1, 28.5. HRMS (E8i)z calcd for
C14H1504N, (M+H)*: 275.10318; Found: 275.10260.

5-(4-Fluorobenzylidene)1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.13l).
Prepared according to General Procedure A #dinorobenzaldehydél.24

O
/Q/TLN/ g, 10.0 mmol); isolated as a pale yellow solid (2.04 g, 78% vyield). M.p.
. Aol 1697 1 PHINMR;(CDCE, 300 MHZ)i8 . 50 (s, 1H), 8.
|

165.3 (dJcr= 256.0 Hz), 162.4, 160.4, 157.7, 151.1, 136.704d= 9.3 Hz), 128.8 (dlcr= 3.1 Hz),
116.9, 115.5 (dJcr = 21.6 Hz), 29.0, 28. HRMS (ESI)m/z calcd for GsHi,O3N.F (M+H)™
263.08320; Found: 263.08237.
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General Experimental Procedure B- Synthesis of Compounds 4.14 and 4.15

0
<®7 Me A"y >N~  B(CgFs)s (15 mol%)
N Sn—< + /g
LY e A (crya),, 95°C, 36h

(o) l}l )
(1.2 equiv) 4.13 (1 equiv) 414 (R = H)
4. 15( =iPr)

In a J. Young NMR tube, benzylidene HiBnethylbarbituric acid (0.100 mmol) was added to a
solution of 5-isopropytl-aza5-stannabicyclo[3.3.3Jundecang36.2 mg, 0.120 mmol) and
tris(pentafluorophenyl)borane (8.0 mg, 0.015 mmol) in 1 mL ofdigBloroehane and the mixture
was put in a preheated oil bath at 95°C for 36 h. All volatiles were evaporated under vacuum and the
product was purified by flash chromatography (EtOAc:pentane) on silica gel. In these reactions,
compound<.15al were isolated as bypducts.

5-Benzylidenel1,3-dimethylpyrimidine -2,4,6(1H,3H,5H)-trione (4.14a).
Prepared according to General Procedure B #difia(24.4 mg, 0.100 mmol);
Q/f'“/ reaction was purified eluting with EtOAc:pentane (1:5 to 1:4) and isolated as a

A white solid (22.4 mg, &INMR YCDEL 300 : M. p.
MHz) 47 . 2317 7. 271. @ 3ni, 6 3¥HY75 (0% 4.8H# LH), 3.45 (d,
J= 4.5 Hz, 2H), 3.10 (s, 6H}*C NMR (CDCE, 75 MHz){i 168.3, 151.0, 135.1, 128.8, 128.6, 127.8,
50.7, 37.9, 28.2. HRMS (ESt)/zcalcd for GsH150sN, (M+H)™: 247.10827; Found: 247.1077B3
Dimethyl5-(2-methyt1-phenylpropyl)pyrimidine2,4,6(HH,3H,5H)-trione (4.15a) Isolated as a
white solid (2.3 mg,'HBMR (@DICEB,360)MHz)M..p2.2187871899 (AGC: 3 H
6. 917 6. 88.91(dd,= 3.8 Hz) 1H), 3.06 (s, 3H), 3.00 (dii= 11.3, 3.6 Hz, 2H), 2.94 (s,
3H), 2.537 2. 41J=(6/%Hz 3H1)0.72 (d) = 8.4 Hz,(3#);"*C NMR (CDCk, 75
MHz) G 169.5, 167.3, 150.9, 138.0, 128.4, 128.1, 127.6, 59.3, 52.0, 28.6, 28.0, 27.8, 21.5, 21.3.
HRMS (ESI)m/zcalcd for GgH2103N, (M+H)™: 289.15522; Found: 289.15463.

1,3-Dimethyl-5-(phenylmethyl-d)pyrimidine -2,4,6(H,3H,5H)-trione ([D]-4.14a).
In a vial,4.13a(24.4 mg, 0.100 mmol) was added to a solutioB-gfropan2-
©)jLN/ yl-1,1,1,3,3,3ds)-1-aza5-stannabicyclo[3.3.3]Jundecan@0.1 mg, 0.100 mmol)
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and tris(pentafluorophenyl)borane (51.1 mg, 0.100 mmol) irdit}@oroethane (1 ml). After stirring

for 24 h at room temperature, all volatiles were removed and the reaction was purified eluting with
EtOAc:pentane (1:4) and the pratluvas isolated as a white solid (21.8 mg, 88% vyield); M.p.
1157 1 IH-BNMR @CDCL, 300 MHZ)U7 . 231 7. 2D. @ i, 6 3 HY75 (mlH), 2.44) ,
(d, J= 4.5 Hz, 1H), 3.10 (s, 6H)?C NMR (CDCk, 75 MHz) 11 168.3, 151.0, 135.1, 135.1, 128.8,
128.6 127.8, 50.7, 50.6, 37.9, 2824 NMR (CHCk, 46 MHz) U 3.45.HRMS (ESI)m/zcalcd for
Ci1sH1"HOsN, (M+H)*: 248.11400; Found: 248.113609.

5-(4-Methoxybenzyl}1,3-dimethylpyrimidine -2,4,6(1H,3H,5H)-trione (4.14b).
Prepared according to General Procedure B fdoh3b (27.4 mg, 0.100

o)
O/ILN/ mmol); reaction was purified eluting with EtOAc:pentane (1:4) and
MeO o ,l(&o i solated as a white solid HNMRY9 mg,

(CDClz, 300 MHZz)1 6.93 (d,J = 8.7 Hz, 2H), 6.73d, J= 8.7 Hz, 2H),
3. 747 3. 7839 (dih= 4.5HkE, RH), 3.12 (s, 6H}*C NMR (CDCE, 75 MHz) (i 168.4, 159.1,
151.0, 130.0, 127.0, 113.9, 55.2, 50.9, 37.1, 28.2. HRMS (@E&I}alcd for G,H1;0,N; (M+H)™:
277.11883; Found: 277.11845-(1-(4-Methoxyphenylh2-methylpropyl}1,3-dimethylpyrimidine
2,4,6(H,3H,5H)-trione (4.1%): Isolated as a colorless oil (6.7 mg, 21% yiett) NMR (CDClL, 300
MHz) (16.82 (dt,J= 8.7, 2.7 Hz, 2H), 6.73 (di,= 9.0, 2.7 Hz, 2H), 3.88 (d,= 3.6 Hz, H), 3.74 (s,

, . s, , ) i . . ,3H); =@ 8T )
3H) 3.07 ( 3H) 2.997 2. 946.3Hn,3H)HOH) (A=@6HZ8T 2. 35

3H); °C NMR (CDCk, 75 MHz){i 169.7, 167.4, 159.2, 150.9, 129.9, 128.6, 113.8, 58.4, 55.2, 52.0,
28.8, 28.0, 27.9, 21.5, 21.4. HRMS (E®f)z calcd for G/Hx04N, (M+H)™: 319.16578; Found:
319.16525.

5-(4-Chlorobenzyl)-1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.14c)%
Prepared according to General Procedure B fdoh3c (27.9 mg, 0.100
/@/jOLN/ mmol); reaction was purified eluting with EtOAc:pentane (1:4) and isolated
N A no|  as awhite solid (23.3 mg, 83% yield) NMR (CDCl, 300 MHz)ii 7.19
| (d,J= 8.4 Hz, 2H), 6.99 (d)= 8.4 Hz, 2H), 3.74 (t)= 4.8 Hz, 1H),3.44
(d, J= 4.8 Hz,2H), 3.15 (s, 6H)*C NMR (CDCk, 75 MHz) ti 167.8, 150.9, 134.0, 133.7, 130.4,
128.8, 50.4, 36.0, 28.3 5-(1-(4-Chlorophenyh2-methylpropyl}1,3-dimethylpyrimidine

2,4,6(H,3H,5H)-trione (4.15c) Isolated as a colorless oil (4.5 mg, 14% yiett) NMR (CDCls, 300
MHz) G 7.19 (d,J= 8.1 Hz, 2H), 6.86 (dJ= 8.4 Hz, 2H), 3.89 ()= 3. 6 Hz, 1H), 3.
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4H), 2.5171 2. 38J6m,Hz BHY,)0,69 (d) £ 6.& I8z, 3H)C NMR (CDCL, 75
MHz) U 169.2, 167.0, 150.7, 136.8, 133.8, 129.028.7, 58.0, 51.6, 28.8, 28.1, 27.9, 21.4, 21.3.
HRMS (ESI)m/zcalcd for GgHo00sNL,Cl (M+H)™: 323.11625; Found: 323.11572.

5-(3-Fluorobenzyl)-1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.14d).
Prepared according to General Procedure B frb#B8d (26.2 mg, 0.100

(0]
F\Q/ILN/ mmol); reaction was purified eluting with EtOAc:pentane (1:4) and isolated
Aol as a white solid (21.4 mYNMREADBL yi el d) ;
|

300 MHz)1 7.17 (q,J= 6.6 Hz, 1H), 6.89 1)=84Hz,1H)6 . 821 6. 74 ( m,
2H), 3.74 (t,J= 4.5 Hz, 1H),3.43 (d,J = 4.8 Hz, 2H), 3.13 (s, 6H}’C NMR (CDC}, 75 MHz) i

167.8, 162.6 (dlcr= 245.4 Hz), 150.9, 137.9 (@ = 7.4 Hz), 130.1 (dcr= 8.3 Hz), 124.6 (dlcr

= 2.9 Hz), 115.9 (dlcr= 21.5 Hz), 114.6 (dlc.-= 20.8 Hz), 50.3, 36.5, 36.4, 28.2. HRMS (E&lx

caled for GsHiOsN,F (M+H)™: 265.09885; Found: 265.098185-(1-(3-Fluorophenyl)2-
methylpropyl}1,3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione (4.15d) Isolated as a white solid (5.2

mg, 17% yi el d)HNMR(CPCk 360BMHZ)07.18 @,J= 6.0 Hz, 1H), 6.92 (td])=
84,24Hz,1H)6 . 721 6. 6389(dd=3.&2H=3,)3H)3. 1017 2. 99 (m, 4H), 2.511
1.30 (d,J= 6.3Hz, 3H), 0.73 (dJ = 6.6 Hz, 3H);*C NMR (CDC}, 75 MHz)1i 167.1(d Jc.= 163.6

Hz), 162.8 (dJcr= 245.9 Hz), 150.8, 140.9 (@s.r= 6.8 Hz), 130.0 (dlcr= 8.3 Hz), 123.4 (dlcr=

2.7 Hz), 115.1, 114.9, 114.5 @&,-= 21.5 Hz), 58.5, 51.6, 28.7, 28.1, 27.9, 21.4, 21.2. HRMS (ESI)

m/zcalcd for GegHp0OsNLF (M+H)': 307.14580; Found: 307.14545.

1,3-Dimethyl-5-(naphthalen-2-ylmethyl)pyrimidine -2,4,6(1H,3H,5H)-trione (4.14e).

Prepared according to General Procedure B febfBe (29.4 g, 0.100
“/fN/ mmol); reaction was purified by flash chromatography on silica gel with

OO 0 N/go EtOAc:pentane (1:5) and isolated as a yellow solid (25.5 mg, 86% vyield);

M. p. 12 6HNMRECDEIC300MHz)47. 781 7.69 (m, 3H),
1H), 7.451 7. 42 =@8.4Hz, 1M)}3.83 (J7=.4.8 Bz, {H}I3,62 (d,J = 4.8 Hz, 1H),

3.08 (s, 6H):*C NMR (CDCE, 75 MHz) Ui 168.2, 150.5, 133.3, 132.7, 132.6, 128.3, 127.9, 127.7,

127.5, 126.7, 126.4, 126.1, 50.7, 37.6, 28.2. HRMS (B9 calcd for G/H;7OsN, (M+H)*:

279.12392; Found: 279.122961,3-Dimethyl5-(2-methyt1-(naphthaler2-yl)propyl)pyrimidine

2,4,6(H,3H,5H)-trione (4.158: Isolated as a yellow oil (3.7 mg, 11% vyieltht NMR (CDClk, 300
MHz)u7. 771 7.69 ( m, 3H), 0 .=8.8 HZ/ 1H} 8.98 (din= 3.88H%)1H), 7. 02 ( d

94



3.20 (dd,J =11.1, 3.6 Hz, 1H)3.05(s,3H)2 . 85 (s, 3H), 2. 6JFF683.H35 ( m,
3H), 0.74 (dJ = 6.6 Hz, 3H);"*C NMR (CDC}, 75 MHZz){i 169.5, 167.3, 150.7, 135.5, 133.2, 132.8,
128.2, 127.7, 127.5, 127.1, 126.5, 126.2, 124.8, 59.2, 52.0, 28.7, 28.0, 27.9, 21.6, 21.4. HRMS (ESI)
m/zcalcd for GoH»30sN, (M+H)™: 339.17087; Found: 339.17111.

4-((1,3-Dimethyl-2,4,6trioxohexahydropyrimidin -5-yl)methyl)benzonitrile (4.14f) "

Prepared according tGeneral Procedure B fromh.13f (26.9 mg, 0.100
/©/£LN/ mmol); reaction was purified eluting with EtOAc:pentane (1:4) and isolated

NG o Nx&o as a colorless oil (22.8 mg, 84% yieltht NMR (CDCk, 300 MHz)ui 7.53

(d,J= 8.1 Hz, 2H), 7.24 (d)= 8.1 Hz, 2H), 3.79 (= 4.8 Hz, 1H),3.52

(d, J= 4.8 Hz, 2H), 3.18 (s, 6H)**C NMR (CDC}k, 75 MHz) &1 167.3, 150.8, 141.6, 132.3, 130.1,

118.4, 111.6, 50.1, 35.3, 28.5. HRMS (EBljz calcd for G4H1403N3 (M+H)™: 272.10297; Found:

272.10278 4-(1-(1,3-Dimethyl-2,4,6trioxohexahydropyrimidirb-yl)-2-Methylprogyl)benzonitrile

(4.15f) Isolated as a colorless oil (4.4 mg, 14% yiett NMR (CDCkL, 300 MHz)ti 7.53 (d,J= 8.1

Hz, 2H), 7.09 (dJ=8.4 Hz, 2H), 392 ()= 3.6 Hz, 1H), 3.1713.10 ( m,

(m, 1H), 1.29 (dJ = 6.6 Hz, 2H), 0.69 (dJ = 6.6 Hz, 2H);**C NMR (CDCL, 75 MHz) U 168.6,

166.6, 150.5, 144.2, 132.3, 128.7, 118.2, 112.1, 58.0, 51.3, 28.7, 28.2, 28.0, 21.4, 21.1. HRMS (ESI)

m/zcalcd for G/H»OsN3 (M+H)™: 314.15047; Found: 314.15012.

1,3-Dimethyl-5-(3-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)benzyl)pyrimidine -
2,4,6(H,3H,5H)-trione (4.149).
Prepared according to General Procedure B frbi8g (37.0 mg,

7}4 (é 0.100 mmol); reaction was purified eluting with EtOAc:pentane (1:4)
W)\\

and i solated as a white solid (31.

'H NMR (CDC}L, 300 MHz) 7.65 (dJ = 7.2 Hz, 1H), 7.43 (s, 1H),
7.22 (t,J = 7.5 Hz, 1H), 7.09 (d] = 7.5 Hz, 1H), 3.75 () = 4.5 Hz,
1H), 3.43 (dJ = 4.5 Hz, 1H), 3.08 (s, 6H), 1.30 (s, 12HC NMR (CDCk, 75 MHz)11168.4, 150.9,
134.8, 134.2, 131.7, 127.9, 83.9, 50.8, 38.5, 28.5, 24.8. HRMS (®@30alcd for GgH,cOsN.B
(M+H)": 373.19348. Fouh 373.19266 1,3-Dimethyl5-(2-methyt1-(3-(4,4,5,5tetramethyd1,3,2
dioxaborolar2-yl)phenyl)propyl)pyrimidine2,4,6(H,3H,5H)-trione (4.15g) Isolated as a white
solid (5.4 mg, 13% 'HWNMRI(GDLCL 300IMHz).7.64 (8J1575613 1H), C ;
7.32 (s, 1H), 7.21 (] = 7.8 Hz, 1H), 6.99 (d] = 7.8 Hz, 1H), 3.90 (d] = 3.6 Hz, 1H), 3.06 (s, 3H),
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301 (ddJ= 19.1, 3.9 Hz, 1H), 2.89 (s, 3H)J=&6 5412. 41
Hz, 1H); *C NMR (CDCL, 75MHz) 11 169.6, 167.3, 150.8, 137.1, 134.5, 133.5, 130.9, 127.7, 83.9,

59.5, 52.1, 28.5, 27.9, 27.8, 24.9, 24.8, 21.7, 21.3. HRMS (&&balcd for G,H3,0sN,B (M+H)":

415.24043. Found: 415.24023.

5-(3-Bromobenzyl}1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.14h).
Prepared according to General Procedure B fdob3h (32.3 mg, 0.100

O
Br N mmol); reaction was purified eluting with EtOAc:pentane (1:4) and isolated
ANl a@s a white solid (25. 7HNYR(CD®,%00yi el d) ;
I

MHz) 0 7.36 (d,J= 7.8 Hz, 1H), 7.22 (s, 1H), 7.09 = 7.8 Hz, 1H)6.97

(d,J= 7.8 Hz, 1H), 3.74 (t)= 4.8 Hz, 1H),3.41 (d,J= 4.8 Hz, 2H), 3.15 (s, 6H}*C NMR (CDCE,

75 MHz) 1 167.8, 150.9, 137.7, 132.0, 130.9, 127.6, 122.6, 50.4, 36.6, 28.3. HRMS1{EZ8§Icd

for C;3H140sN,Br (M+H)™: 325.01878; Found: 325.01833-(1-(3-Bromophenylj2-methylpropyl}
1,3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione (4.15h} Isolated as a white solid (7.3 mg, 20%
yield); M. pH NMRZCDCLl D@MHX)G7.36 (dJ= 8.7 Hz, 1H), 7.12%17.
6.85(dJ=7.8Hz, 1H),390(d)= 3.9 Hz, 1H), 3.11 (s, 3H), 3.0171 2
1.30 (d,J= 6.3 Hz, 3H), 0.73 (d)= 6.6 Hz, 3H):"*C NMR (CDCk, 75 MHz)li 169.2, 167.0, 150.8,

140.6, 131.2, 130.7, 130.0, 126.4, 122.7, 58.6, 51.7, 28.6, 28.1, 27.9, 21.5, 21.2. HRMS/ZESI)

caled for GgHo0OsNLBr (M+H)™: 367.06573; Found: 367.06549.

1,3-Dimethyl-5-(4-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)benzyl)pyrimidine -
2,4,6(H,3H,5H)-trione (4.14i).

Prepared according to General Procedure B #d8i(37.0 mg, 0.100

)
MN/ mmol); reaction was purified eluting with EtOAc:pentane (1:6 to 1:4)
-8 o N/go
>}/o |

andi sol ated as a white solid (30.5 mg,

'H NMR (CDCk, 300 MHz){i 7.64 (d,J = 7.8 Hz, 2H), 7.02 (dJ =

7.8 Hz, 2H), 3.76 (1) = 4.8 Hz, 1H), 3.46 (d]= 4.8 Hz, 2H), 3.12 (s,

6H), 1.32 (s, 12H)**C NMR (CDCE, 75 MHz){i 168.2, 150.9, 138.3, 135.1, 128.3, 83.9, 50.5, 37.7,

28.2, 24.9. HRMS (ESIin/z calcd for GgH,c0sN,B (M+H)™: 373.19348. Found: 373.1924%,3
Dimethyl5-(2-methyt1-(4-(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)phenyl)propyl) pyrimidine-
2,4,6(MH,3H,5H)-trione (4.15i). Isolated as a colorless oil (5.8 mg, 14% yielth)NMR (CDCL, 300

MHz) 0 7.63 (d,J = 7.8 Hz, 2H), 6.91 (dJ=75Hz,2H),391(d)= 3. 6 Hz, 1H) , 3.081
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7H) , 2.551712.43 (m, 1 H)J=6.6 HZ33H);"*C NRIR (CDQk ,75 MH&)H ) , 0.6
169.4, 167.3, 150.8, 141.3, 135.0, 127.1, 83.9, 59.1, 51.7, 28.7, 28.1, 27.9, 24.9, 21.5, 21.3. HRMS
(ESI)m/zcalcd for G,H3,05N,B (M+H)™: 415.24043. Found: 415.23969.

5-(4-bromobenzyl)-1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.14j).
Prepared according to General Procedure B floh8j (32.3 mg, 0.100

0
MN/ mmol); reaction was purified eluting with EtOAc:pentane (1:4) and isolated
o Aol as a white solid (24.1 WNMRERBCY yield)
I

300 MHZ){i7.35 (d,J = 8.4 Hz, 2H), 6.94 (d)= 8.1 Hz, 2H), 3.74 (1) =

4.8 Hz, 1H), 3.42 (d)= 4.5 Hz, 2H), 3.16 (s, 6H}C NMR (CDCk, 75 MHz){i 167.8, 150.9, 134.6,

131.8, 130.8, 121.8, 50.3, 36.0, 28.4. HRMS (ESHcalcd for GsH1,0sN,Br (M+H)*: 325.01878.

Found: 325.01831 5-(1-(4-Bromophenyl)2-methylpropyl}1,3-dimethylpyrimidine
2,4,6(H,3H,5H)-trione (4.15j): Isolated as a colorless oil (8.4 mg, 23% yielt)NMR (CDCL, 300

MHz) U 7.34 (d,J = 8.4 Hz, 2H), 6.80 (dJ = 8.1 Hz, 2H), 3.89 (dJ = 3.6 Hz, 2H), 3.09 (s, 3H),
3.0413.00 (m, 4H), 2= &3Hz,BH)3m69 (dJm,6.6 HzH3H):*CNMR 8 ( d,
(CDCl;, 75 MHZz)1169.1, 167.0, 150.7, 137.4, 131.7, 129.4, 121.9, 58.0, 51.5, 28.8, 28.1, 27.9, 21.4,
21.3. HRMS (ESl)n/zcalcd for GgHo00sNLBr (M+H)™: 367.06573. Found: 367.06542.

5-(3-Methoxybenzyl}-1,3-dimethylpyrimidine -2,4,6(1H,3H,5H)-trione (4.14K).
Prepared according to General Procedure B fob3k (27.4 mg, 0.100

(0]
Me0\©/f\N/ mmol); reaction was purified eluting with EtOAc:pentane (1:4) and
o T/&O i solated as a pale yellow sol'd (26.

NMR (CDClL, 300 MHz)1i7.13 (t,J = 7.8 Hz, 1H), 6.75 (d) = 8.1 Hz,

1H), 6.607 6. 3.8 (nf, ), 32HQ3+ 4.83Hz,218)13.12 (s, 6H}’C NMR (CDCE,

75 MHz)11168.2, 159.7, 151.0, 136.6, 129.6, 121.1, 114.4, 113.3, 55.1, 50.6, 37.7, 28.2. HRMS (ESI)

m/z calcd for G4H;70,N, (M+H)™: 277.1B83 Found: 277.117895-(1-(3-Methoxyphenyl)2-
methylpropyl}1,3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione (4.15k): Isolated as a white solid (1.6

mg, 5% yield);™NMR(CDCH GO0 MHzMZ.124tQ ;= 7.8 Hz, 1H), 6.74 (dd]

= 8.4, 2.4 Hz, 1H),J6.3%066HZ7 Zk), 28H)723(89 3H)
(m, 4H), 2.507 2J=368 H¢, 8H), 0.74HJ) = 6.61Hz, 3H);"*qQ NMR (CDC}, 75

MHz) 1 169.5, 167.3, 159.8, 139.6, 129.4, 119.8, 113.7, 113.0, 59.1, 55.2, 51.9, 28.6, 28.0, 27.9, 21.5,
21.3. HRMS (ESI)m/zcalcd for G/H250,N, (M+H)™: 319.16578. Found: 319.16437.
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5-(4-Fluorobenzyl)-1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.14l).
Prepared according to General Procedure B frb&BIl (26.2 mg, 0.100

0
/@/jLN/ mmol); reaction was purified eluting with EtOAc:pentane (1:4) and isolated
. Aol as a white solid (23.3HMNYR(CB®MB0yi el d) ;
I

MHz)G7 . 031 6. 87 ( dns 4.84KE 1H), 3.33 (@34.8(Hi, 2H),

3.13 (s, 6H) **C NMR (CDC}, 75 MHz) 1 168.0, 162.6 (dcr = 245.3 Hz), 150.9, 131.1, 130.6 (d,

Jor = 8.0 Hz), 115.5 (dJer = 21.2 Hz), 50.6, 36.3, 28.3. HRMS (E$#yzcalcd for GaH1405N,F

(M+H)™: 265.09885. Found: 265.097%69 5-(1-(4-Fluorophenyh2-methylpropyl}1,3-
dimethylpyrimidine2,4,6(H,3H,5H)-trione (4.15l). Isolated as a colorless oil (3.1 mg, 10% yield);

'"H NMR (CDCkL, 300 MHz)Ui6 . 951 6. 86 (md,= 8BH)6, H¥.,90 H)d, 3.09 (s,
(m, 4H), (M21HB N30 @) =868 Hz, 3H), 0.70 (d]= 6.9 Hz, 3H);**C NMR (CDC}, 75

MHz) 1 169.3, 167.1, 162.2 (de.r= 246.0 Hz), 150.8, 133.9 (&.r= 3.8 Hz), 129.2 (dJcr= 7.8

Hz), 115.5 (dJce = 21.1 Hz), 58.1, 51.8, 28.9, 28.1, 27.9, 21.4, 21.3. HRMS (@& kalcd for

Ci6H2d03NoF (M+H)": 307.14580. Found: 307.14517.

1,3-Dimethyl-5-(4-nitrobenzyl)pyrimidine -2,4,6(H,3H,5H)-trione (4.14m)%
s Prepared according to General Procedure B #at83m (28.9 mg, 0.100
/Q/f'( mmol); reaction was purified eluting with EtOAc:pentane (1:4) and
O,N o hll/go isolated as a white solid (7.0 mg, 24% yiel#§;:NMR (CDCk, 300 MHz)
08.10 (d,J = 8.7 Hz, 2H), 7.31 (d] = 8.7 Hz, 2H), 3.82 () = 4.8 Hz,
1H), 3.58 (dJ= 5.1 Hz, 2H), 3.20 (s, 6HJ°C NMR (CDCL, 75 MHz)11167.2, 150.5, 147.4, 143.9,
130.3, 123.7, 50.0, 34.7, 28.51,3Dimethyl5-(2-methyt1-(4-nitrophenyl)propyl)pyrimidine
2,4,6(H,3H,5H)-trione (4.15m): Isolated as a pale yellow oil (24.3 mg, 76% yielthi NMR
(CDCl;, 300 MHz)118.10 (d,J = 8.7 Hz, 2H), 7.17 (d) = 8.4 Hz, 2H), 3.94 (d) = 3.3 Hz, 1H),
3.25 (d,J = 3.3 Hz, 1H), 3.21 (d] = 3.3 Hz, 1H), 3.12 (s, 3H), 3.02 (s, 3H), 2.51 (m, 1H), 1.30 (d,
= 6.3 Hz, 3H), 0.70 (d) = 6.6 Hz, 3H);**C NMR (CDC}, 75 MHz) U 168.5, 166.6, 150.5, 147.5,

146.4, 128.9, 123.7, 57.6, 51.2, 28.9, 28.3, 28.1, 21.4, 21.2. HRMSr{ESialcd for GeHo0OsN3
(M+H)": 334.13975. Found: 334.13864.
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To a solution of 5-(propan2-yl-1,1,1,3,3,20)-1-aza5-
stannabicyclo[3.3.3Jundecan@0.1 mg, 0.100 mmol) in CCl, (1 ml) in a

vial, was added tris(pentafluorophenyl)borane (51.1 mg, 0.100 mmol). After

stirring for 2 min, the solution was transferred to a J. Young NMR tikbe;

NMR (CD,Cl,, 300 MHz)1i 2.66 (m, 6H, NEI2), 2.04 (m, 6H, €2), 1.45 (t,J = 6.6, 6H, SnE2);
%C NMR (CD,Cl,, 75 MHZ)1156.5 (NCH2), 25.2 CH2), 15.4 (SEH2); *Sn NMR (CDQCl,, 112
MHz) U 151.4;'B NMR (CDCk, 96 MHz){i i 18.1. HRMS (ESI) m/z calcd. for G&HBFy5 (M'):
512.99891. Found: 513.99935; (+EBijzcalcd. for GH;gNSn(M™): 260.04557Found: 260.04538.

5-(1-(4-Chlorophenyl)ethyl)-1,3-dimethylpyrimidine -2,4,6(H,3H,5H)-trione (4.23).

5-(4-chlorobenzylidene},3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione
(27.9 mg, 0.100 mmol) was added to a solution5ahethytl-aza5-
stannabicyclo[3.3.8|ndecane (54.8 mg, 0.200 mmol),
tris(pentafluorophenyl)borane (8.0 mg, 0.015 mmol) ardtyl
tetrakis(pentafluorophenyl)borate (13.8 mg, 0.015 mmol) & AL of

toluene and the mixture was put in a preheated oil bath at 120 °C for 72 h. All volatiles were

evaporated under vacuum and the product was purified by flash chromatography using
EtOAc:pentane (1:4) on silica gel; the prodweisisolated as a colt&ss oil (19.7 mg, 67% yieldjH
NMR (CDCl, 300 MHz)147.21 (d,J=8.4Hz, 2H),694(d]= 8. 4 Hz, 2H), 3.
(d,J=3.9 Hz, 1H), 3.07 (s, 3H), 3.05 (s, 3H), 1.58Xd, 7.2 Hz, 3H);*C NMR (CDCk, 75 MHz)
168.6, 166.9, 150.9, 137.9, 133.9, 128.6, 128.3, 55.8, 44.1, 28.1, 28.0, 18.4. HRMS{/ZESI}d.
for Cy4H1603N,Cl (M+H)": 295.08440. Found: 295.08481.

99

741

3.



Chapter 5

Conjugate Allylation of- Activated

tricarbastannatrane

Conjugat e a l-unsaturatedicarborsyl campoundls dan generate products containing
synthetically useful olefin and carbonyl functional groups. The electrophilicity of benzylidene
Mel dr umbés aci ds -dimethyl barlsturiz acilsiwdsarmbiaed Withtt®e high reactivity
of allyl-tricarbastannatrane for development of a mild conjugate allylation reaction. This chapter
describes the carbdrarbon bond formation by the conjugate addition of apical allyl group of-allyl
tricarbastanntrane to aovated olefins to provide the allylated products in excellent yidlds.also
shown that functionalized atlarbon quaternary stereocentres can be generated by this process.

5.1 Nucleophilic allylation

The mild and efficient construction of carb@arbonl bond via conjugate addition reactions
presents an ongoing challenge in organic synth@gisll the organic groups that can be introduced
into a molecule, the allyl group is one of the most versatile. The double bond of the allyl group can
participate m a number of synthetically useful transformations, such as epoxidation, hydroboration,

ozonolysis, olefin methathesis, etc. (Figure 5.1).

hydroformylation
hydrogenation cycloaddition

R
hydroboration ———— > A

/7 \‘\\ olefin methathesis

dihydroxylation

epoxidation ozonolysis

Figure 5.1. Transformation of the allyl group

A major challenge in conjugate allylations tise competition between 1,2ddition and 1,4
addition. The outcome of the reaction often depends on the combination of a nucleophile and an
electrophile. To form the desired,4daddition products, organomagnesium, organocopper and
organozinc reagents were previously utilized in conjugate additions. Although these reagents are
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useful, they are often too basic and reactive to be used in a selective manner. The reactivity of these

conventional reagents can teglued by changing the metal to silicon, boron and tin (Schemé&5.1).

Schemeb.1. Formation of allylsilane, allylborane and allylstannane reagents

_~_BOR),

B(OMe);
then HOR exchange

/\/BRZ R,BOMe /\/M XSiR3 /\/SiR;i
M = Mg, Li

l XSnR3

/\/SHR:;

The conjugate allylatiorof U ,-emones is dundamentally important transformation, since it
generates a new carli@arbon bond. Moreover, the allylated product contains synthetically useful
olefin and carbonyl functional groups. Nevertheless, saahtions withnucleophilic allyl reagents
have remained relatively underdeveloped, and a few examples of conjugate addition of allyl metal
reagents have been reported. T h ewmaaturated ddrbbriylo n' s ¢ «
compounds using sihiometric amount of organometallic reagents such as allylsilanes, allylboranes,
and allylstannanes under Lewis aaictivated or transition metahtalyzed conditions. On this basis,
the following sections review the conjugate addition of allylsilanedifferent Michael acceptors
under TiCl-prompted or fluoridecatalyzed conditions. Then, the conjugate allylatiomlfiB(pin)
to activated double bonds under nicked palladiumcatalyzed condition will beiscussed Lastly,
conjugate additions ofa | | y| st ann ae -unsausate@ parbsnyl tampounds bwill be

presented.

5.1.1Conjugate addition reactions of allylsilane reagents

The first example of Lewisacidr o mot ed addi t i o-unsaiuratechletbnedwas | a n e s
reported by Hosomi and Suki® 1 t was shown t h aenhondskoald elappledint i on
the presence of one equivalent of TiClo f ceananesi(l,4ldducts) (Scheme 5.2a). Additionally,
the allyl ati onenands withuallylerichethylsiané was detdgntiich As a result, a
stereoselective conjugate addition of the allyl group to the electrophile was observed, and5ptoduct

was obtained in 85% vyield, which was converted to keto&s2én four steps (Scheme 5.2b).
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Schemeb.2. Conjugated allylation of) ,-emones with allyltrimethylsilane

R" © TiCl, (1 equiv) RZR' O
. 1C14 (1 equiv /\)QJ\
+ _—
a) RZMW ~-SiMes CH,Cl, = Rs
1 equiv 1.1 equiv 59-96%
R; = H, Me, Ph
R, = H, Me
R; = Me, Ph
H H
) C@ . o~ SiMe TiCl, (1 equiv)
o -78°C, 18 h then -30°C, 5h o — o
CHyCl, X CO,Me
85% 5.1 5.2

In 1978, Hosomi and coworkers reported that an allylic nucleopilic species can be generated in
the presence of tetrabutylammoniumfluoride (TBAF) by cleaving the allykilicon bond in
trimethylallylsilaneto form [n-Bu,N]*[CH,=CHCH;,]' andMe;SiF. In their studies, it was shown that
the selectivity of the reaction for yielding 1adlducts was low, and kd&tlducts were formed as major
products in the reaction condition applied (TBAF in refluxing TEfFMajetich and coworkers
showed that the solvent role is crucial in this transformation, as using a more polar solvent, such as
DMF with added hexamethylphosphoramide (HMPA), led to good yields of the conjugate addition
products® As shown in Scheme 5.8nly 1,4-conjugate additions were observeader the fluoride
catalysis condition for monoactivatddl ,-umsaturated esters, nitriles, and amides. It was suggested
that the pentacoordinate silicon intermediate was the active species in this transformasion. Th
method has recently beeapplied towardshe total synthesis of aburatubolactam from eS&tér
(Scheme 5.3b6’

Schemes.3. Conjugated allylation of) ,-emones using allylsilane, TBAF, and HMPA

\)OL Sive., TBAF (0.2 equiv /\)Fi/loj\
.
a) RINTRz T NSNES Qupa DMF, 23~ R,
1 equiv 3 equiv 65-91%

R' = Ph, Furyl, tBu
R? = CO,Me, CN, CONEt,

H H
b) Et----m—COzMe + _~_SiMe, TBAF (02equiv) | ... CO,Me
= HMPA, DMF, 23 °C 2
Me H excess Me H \
5.3 78%
dr4:1
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Another example of conjugate addition of allylsilane reagentd) teumsaturated carbonyl
compounds was reported in 2007 Bpates and coworkef$.They demonstrated the conjugate
addition of allyt and methallyltrimethylsdne to pulegone to form ketorte4 as the major
diastereomer. The double bond of the allyl grquarticipated in an intramoleculdralo-Prins
cyclization of the product with 0.5 equivalent Tj@ti 78 °C to afford cis chlorohydrin®.5 (Scheme
5.4). It slould be mentioned that ketoBet was initially protected as a titaniuemolate, and the Prins
cyclization reaction could not occur. Therefore, theefolate was first protonated, and Prins
cyclization of the ketone furnished the product afterwards.

Schemeb.4. Sakurai reaction of pulegone

0]
H(Me)
= . /l\/TMS T|C|4 1 equiv) /é)% T|CI4 (0.5 equiv) ﬁﬁ\ H(Me)
CH,Cl, CH,Cl, , -78 °C

80% (67%) 62%

5.1.2Conjugate addition reactions of allylborane reagents

In addition to allyl silanes for nucleophilic addition of the allyl group, nucleophilic allyl boranes
have emerged as useful a | -ungaturatedi carlgpnyk cengpguads in the f o r
last decade. Nickedatalyzed conjugate addition dfyéB(pin) to nonsymmetric ketones waspored
in 2007 by Morken and coworketSCombination of electromich phosphine ligands, such as RCy
with Ni(COD),, led to the addition of the allyl group from allylB(pin) to the alkylidene site of the
ketone. Agood selectivity (>61:39) was observed, and adducts were isolatetddg%6yields under
mild reaction conditions. A unique mechanism was proposed for this reaction, in which the styryl unit
serves as an auxiliary unit to activate the enone and facithateoxidative addition of the Ni
complex. The all yl group is transferred from bo
the boron enolate. Then, the catalyst along with the styryl group is regenerated in the reductive
elimination step (Same 5.5).

Schemes.5. Conjugated allylation of) ,-emones with allylborane

o PCy3 (20 mol%)

~ Ni(COD), (10 mol%) /\)\)}\A
SNy, 4 L BiN) 2 / ~pn

THF, rt
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Palladiumcatalyzed conjugate addition of an allylboronic estdd teumsaturated Mcylpyrroles
waspresented by Jarvo and cowork&3$he mlladium catalys6.6, which was ligated by a bidentate
N-heterocyclic carbene (NHC) bgd, afforded the desired tatlducts (Scheme 5.6). It was found
that the highest yield of lglation products was obtained with the combination of dioxanetaitd
amyl alcohol. The use ofert-amyl alcohol minimized the formation of ester byprodubis
preventing the alkoxide attack on tiNeacylpyrroles. Moreover, the addition of potassitent-
butoxide as a base improved the yields, resulting in the formation of the product91846/1

Schemeb.6. Conjugate allylation ob) ,-umsaturated Mcylpyrroles

3 e,
[N>—Pd M

S)
C

Me Cl |
o 5.6 O
: 10 mol%
74 NJ\/\Ar + /\/B(pln) ( b) 7 "N Ar
_— tBuOK (20 mol%) —
5 equiv tBuOH, dioxane 71-91%

Jarvo anccoworkers presented another NH@ated palladiuncatalyzed conjugate allylation to
malononitriles in 2008" Alkylidene malonates were shown to be susceptible tealbifation
reactions. It was found that the catalyst affected the selectivity of théoredebr example, 2.8:1
ratio of 58 to 59 was obtained when complex5.6 was used with #
methoxybenzylidene)malononitrile (R =(@Me)GH,). Different NHCligated complexes were
examined, andb.7 favoured the formation of monoallylated adduahd wasthe most selective

catalyst for this transformation (Scheme 5.7).

Schemeb.7. Conjugate allylation of malononitrile derivatives

Mes

N C
[ >—Pd
N
Mes
CN 5.7 CN NC CN

R\)\CNJ, _~_-B(pin) (10 mol%) ; WCN . X

‘BUOK (20 mol% & &
¢ o AN
BuOH, THF, 23 °C 5.8 5.9

54-82%
Ratio 5.8/5.9: From 4.4:1 to >20:1

4 equiv
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Recently, Yamamoto and coworkers investigammppercatalyzed conjugate allylation of
electrondeficient alkynes with allylB(pin) (Scheme 5.8aDifferent functionalized alkynes bearing
electronwithdrawing groups, such as amides, nitriles, esters, and sulfoneseaeeel to obtain the
allylated products in high regio and stereoselectivity at room temperature. To broaden the
nucleophile scope, the reaction of methallylborotal® with ethyl phenylpropiolate was also tried,
which proceeded sluggishly with 5 mol% of the catalyst. However, asnshro Scheme 5.8b, full
conversion was observed by increasing the catalyst load to 10% and using 2.4 equivaléfts of

Schemeb.8. Coppercatalyzedconjugate allylation of activated alkynes

Cu(OAc),
: 3-82 mol%)
a R———EWG B(pin) _(3-82mol%)
) r A MeOH, 23°C > Y EWG
_ R
2 equiv 84%-quant
Me Cu(OAc),
- . (10 mol%)
b) Ph—==—CO,Et B(pin) ——— "
) R Meor, 23°C Y O COuEt
5.10 Me Ph
2.4 equiv 96%

5.1.3Conjugate addition reactions of allylstannane reagents

The double bond of the allyl group in allylstannanes is moreeaphilic than that in
allylsilan€®, because the first ionization potential of allylstannanes is Idwen that of the
corresponding allyl&ne® In 1979, Hosomi and coworkers reported the first execution of conjugate
addition of allylstannanes t9 ,-emonespromoted bybis(diethylaluminum)sulfat& It was shown
t h a tenobe5.bl could be activated by (El),SO, to give allylated produck.12in 64% yield
(Scheme 5.9).

Schemeb9.Pi oneering Lewis acid pr-enomesusidgalylstampanegat e a

0 Ph O
(Et,AI),SO, (1 equiv) PPt
+ SnMe >
PhMCHs i ®  benzene-hexane = CHs
5.11 80 °C, 16h 5.12
1 equiv 1.1 equiv 64%
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Shirakawa and coworkers reported the allylstannylation of intetikghes in the presence of
nickel(0) catalyst® The reaction was stereoselevtive, resulting in the syn addition alkenylstannane
product (Scheme 5.10a). guration of the allylstannylation products were determined by NMR
studies (NOE and coupling constant). In addition, the ratio of the products was obtai&snby
NMR. The palladiurcatalyzed allylstannylation of activated alkynes was also demonstfated.
Higher seteroand regioselectivity as well as higher catalytic activity were observed under Pd(0)
catalyzed condition (Scheme 5.10b). These reacpoeededt lower temperatusscompared with
those under the nickehtalyzed conditioR?

Schemeb.10. Ni(0)- and Pd(Qcatalyzed allylstannylations of internal alkynes

0 i SnBu BusSn
Ni(cod), (5 mol %) //_>_< 3 Pl >_(_\\
a Me4<_ + SnBu +
) AP Gluene, 100 °C, 12 h

OFt Me CO,Et Me CO,Et
789
: 65:35
Pd,(dba 2.5 mol % SnBU3 Bu3Sn
b) Ph—=—EWG *+ _~_ SnBu; 2(dba)s { 0,/ \— . _/\
1,4-dioxane, 50 °C PH EWG PH EWG
73-100%
EWG = SO,(p-tol), CO,Et, CF3 ° Up to 92:8

Shibata and coworkers published conjugate allylation of enones using allylstannane and tantalum
(V) chloride in 20022 The tantalum reagent was formed by transmetalation with the tin reagent. It
was found that the addition of an equimolar amount of trimethylsilyl chloride to the reaction mixture
could regenerate the TaGatalyst by trapping the tanteth enolate, thus forming a silyl enolate
(Scheme 5.11). The transmetalation of tin with tantalum was confirmed by adding one equivalent of
TaCk to allyltri-n-butyl tin, and smBu;SnCl was formed after 30 min in GEN quantitatively. It
was also foundhat the combination of Ti¢hnd the allyl reagent afforded no product. Therefore,
unlike allylstannangitanium combination, the allylstannatemtalum combination has been

confirmed to be an efficient system for this transformation.

Schemeb.11. Conjugate addition of allyltantalum to chalcone

(o] = (0]
. TaCls (20 mol %) /j\)L
Ph/%)LPh + /\/SnBu3 + Me3S|CI Ph Ph

CH4CN, -40 °C, 2 h
99%
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In 2009, the Fillion group reportetthe Sc(OTf)-catalyzed conjugate allylations of alkylidene
Mel dr umoé s alyttriphers/Istansanerepgeait Whi | e 92% of benzylidene
was recovered in the absence of Sc(@TM% of the allylated product was obtained with 10 mol%
of the scandium catalyst after 1.5 hours at room temperature. Reducing the catalygtta 5 mol%
and increasing the reaction time to 21 hours furnished the product in 85% yield (Scheme 5.12a). It
was demonstrated that the reaction was compatible with different functional groups on the phenyl
ring. Furthermore, more nucleophilic allytat reagent allylSnBywas used foaccessingll-carbon
guaternary stereocenters from tetrasubstituted alkylidenes (Scheme 5.12b).

Schemeb.12. Conjugate addition of allylstannane reagents to benzylidehedMe u més aci ds

0]

X (o) Sc(OTf); (5 mol %)
a + SnPh
) O/Oj/f: T CH,Cly, 23°C, 210

85%

R O
~ Tf 19

NP GRPETE - LT °
o> o\ e oo

R = CO,Me (81%)
R = COsallyl (78%)

One of the recent examples of allylation of activated olefins was reported by Lam and coworkers,
wherein Yb(OTf)s-catalyzed allylstannylation of alkgene malonates was demonstrated (Scheme
5.13)!%°|n these reactions, taddition of allyltributylstannane in the presence of a catalytic amount
of Yb(OTf);, produced 3095% of the desired products. Hexafluoroisopropanol (HFIP) was found to
be an efficient additive by assisting the catalytic turnoverutdph the protonation of the intermediate.

Furthermore, it was found the#BuOH also could also be used as an economical alternative for HFIP.

Schemeb.13. Conjugate addition of allyltributylstannane to alkylidene malonates

R
R/\(COZMe + _~_SnBu, Yb(OTf)3.H,0 (10 mol %) CO,Me
Z HFIP (2 equiv) Z
CO,Me q COM
CH,Cl,, 23 °C 2Me

30-95%
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5.2 Proposal
The B(GFs)sspr omot ed conjugate allylation of benzylid
reported in this thesis (Table 3.7). The objectivéhed chapter is to develop a method for conjugate
allylation of activated olefins using the bericip stable allytricarbastannatrane under catalytic
conditions. Bezylidene barbituric acid derivatives seem like an ideal starting point, because they
were successfully employed as conjugate addition acceptors undeFsB(€atalyzed conditions
(Chapter 4). It was postulated that the superior electrophilicity of benzylidenkniegylbarbituric
acids would allow the efficient addition of alyicarbastanatrane under catalytic conditions.

Ar
EWG ® - iti
AN LN ST conditions _____ MEWG

EWG () EWG

Figure 5.2. Proposal for the conjugate addition of aliitarbastannatrane to activated olefins

5.3 Result and discussion

The ability of the allyktricarbastannatrane 53 to deliver the allyl group to
tris(pentafluorophenyl)borane was first examined. As shown in Scheme 5.14, one equivalent of
B(CsFs); was added to one equivalent ®fL3 in 1,2dichloroethane at room temperature to form
complex [(N(CH,CH,CH,)sSn][allyl(B(CgFs)s] (5.14. The reaction was studied in a sealed NMR
tube and monitored by NMR spectroscopy. A remarkable chang€¥raNMR chemical shift form
ii32.1 to @ 125.3 (pppm = 157.4) was observed wh
characterThe tin chemical shifa t 0 125.3 indicatBEgs);amdthétmatenr act i on
of the Lewis acidic [(N(CHCH,CH,):SnJ'. In addition to**°Sn chemical shift'B NMR chemical
s hi f til4a2ppnisupported the formation of the complex. As previously reported in Chapter 3,

theB NMR chemical shift of freB(CeFs);in1,2d i chl oroet hane is U = 57.3 pr

Schemeb.14. Formation of comple}(N(CH,CH,CH,);Sn][allyl(B(CeFs)3]

-dich h < 7
1,2-dichloroethane DN _Sn\/\/B(( ;6F5)3

23°C

B(CsFs)3

N .
L

5.13 5.14
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NMR studies orb.14in CD,Cl, were first carried out at room temperature. As the temperature
was cooled td 70 °C, no significant change was observed in the chemical shifts,dt°sn, andH
NMR spectra (Table 5.1). At room temperature Sp@hti NCH protons gave well resolved triplets
and the CH protons appear as a quintet. In addition, the double bond protons of the allyl group

appear at O = 4.50 ppm aigo °@ a $trong broadesingpitlee|CH At
NCH,, and SnCH peaks was lsserved. However, the double bond protons gave two well resolved
doubletsa 4 = 4.53 ppm and U = 4. 3% @E@6M62ppagd CH

multiplet. This proton is more deshielded than CH proton of allyl group intaltgrbastannatrane
(Table 5.1)

Table 5.1. NMR studies on [(N(CHCH,CH,):Sn][allyl(B(CsFs)s] in CD,Cl,

UB NMR °%Sn NMR H NMR

6.786.62 (m{"
5.00 (br)
rt i 13.4 105.3 2.65 (t)
2.05 (t)
1.58 (t)

6.786.72 (M)
4.53 (d)
4.32 (d)
2.59 (br)
1.96 (br)
1.49 (br)

[a] Allyl -tricarbastannatrane tin chemical shift in LB is i
34.1 ppm. [b] Allyl -tricarbastannatrane proton chemi
shifts in CBCl, is 6011 5.84 (m), 471 (d), 4.3 (d), 237 (1),
1.701.62 (m), 1.4Xd), 0.71 (t).

T70°C 1138 99.2

Crystallization of5.14 from a n-pentane/1,2lichloroethane mixture yielded crystals that were
analyzed by Xray crystallography (Figure 5.3kompounds.14was recrystallized in the monoclinic
space group RZ with a = 15.1636(5)A, b = 13.1838(4)A, andc = 16.3184(5) A The molecular
geometry around the tin atom is a distorted trigonal bipyramidal with the nitrogen and carbon atoms
in axial positions.The interaction between cationic tricarbastannatrane andlkbee of theallyl

group attached to boramas confirmed by-ray crystallographyAs illustrated in Figure 5.3, the Sn
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C distance in this structure is 2.4 and SiiN bond is2.29 A. Furthermore, the presence of
[allylB(CgFs)s] was detected by HRMS (ESI), thus showing an ion peakz$53.02417.

12

Fl3\
F

C22

Figure 5.3. X-ray structure of(N(CH>CH,CH,);Sn][allyl(B(CeFs)3]

Piers and coworkers previously reported the interaction betw&@:F); and
allyltributylstannané?® In their studies multinuclear NMR data supported the formation of adduct
5.15a/5.150(Scheme 5.15) with &°Sn NMR signal ati= 181.3 ppmandB NMR pedk a't
13.9 ppm in CBCl,. However, Xray structures of adducts were neported

Schemeb.15. Interaction betweeB(CsFs); and allyltributylstannane

@ ©

CDLClh oo ® <§
3Sn<_~_B(CeFs5)3 =—> BusSn.__~_ B(CsFs)3

BUSIAAN + BCeFsly — 20

5.15a 5.15b
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In consideration of potential substrates for conjugate allylatgngtricarbastannatrang. 13 we
were drawn to benzylidene 2Iddmethylbarbituric acids as electrophiles. Benzylidene- 1,3
dimethylbarbituric acid%.169 was added to a mixture of Bf&); and5.13in 1,2-dichloroethane,
and more than 95% conversion was obtained with 10 mol% and 5 mol% of the Lewis acid (Table 5.2,
entries 12). To our surprise, the alltticarbastannatrane reagent was shown to be very reactive
toward electrophilé.16g and allylated producb.17awas obtained in 92% vyield in the absence of
B(CsFs)z: at room temperaturéTable 5.2, entry 3).

Table 5.2. Reaction of allytricarbastannatrane with benzylidene-diethylbarbituric acid

0] Ph O
B = NN B(C4Fs): = N
N ¥ A (CHCl), 23°C, 24 h A
U o) 'Il (o) ( 2 )2! ’ [o) 'Il 0)
5.13 (1.2 equiv) 5.16a (1 equiv) 5.17a

Entry B(CsFs)s(mol %) Conversion Yield [%]

1 10 >95 91
2 5 >95 90
3 0 >95 92

Monitoring the reaction by TLC revealed the fully consumptiob.@baafter 5 hours (Table 5.3,
entry 1). With tleseconditiors in hand, the scope of the reaction on benzylidene barbituric acid
derivatives was then studied. All reactions proceeded inlertgields over an array o$ubstitution
pattern(Table 5.3).
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Table 5.3. Conjugate addition of allyiricarbastannatrane to benzylidene-di®ethylbarbituric acids

O Ar O
C = AN CHC), N7
N Sn + /g 0—> /g
() 23°C,5h o T o

0 rlu )
5.13 (1.2 equiv) 5.16 (1 equiv) 5.17a-h
Entry Ar Product Yield [%]™
1 CeHs (5.163 5.17a 92
2 3-(MeO)CsH4 (5.160 5.17b 95
3 4-CIC¢H, (5.169 5.17c guant
4 3-FCsH4 (5.160) 5.17d 97
5 2-Naphthyl 6.16¢ 5.17e guant
6 4-(CN)CqHa (5.161) 5.17f 99
7 3-[B(0,CsH12)]CsHa (5.169 5.17g 94
8 3-BrCqH, (5.16H) 5.17h 92

[a] Yield of isolated product

Extersion of the allylation reaction condition to other related electrophiles such as benzylidene
Medrumbés acids was met with great sucéiOas (Tabl e
5.19g were obtained in excellent yields. The scope of the conjugl#ation reaction on
tetrasubstituted olefins to form aarbon quaternary centers was next explored (Table 5.4, eritries 8
12). The reactions were found to proceed in full conversions, and furnished prédi@dtd in
almost quantitative yields. Allyiricarbastannatrane is an air and moisture stable reagent, thus all the

allyl addition reactions were carried out in the absence of an inert atmosphere.
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Table 5.4. Conjugate additionofall r i car bast annatrane to benzylide

R Ar O
37T g oL
513 (12equiv) 5.8 (1 equiv) 5.19a.1
Entry Ar R Substrate Product  Yield [%]®
1 CeHs H 5.18a 5.19a 91
2 3-(MeO)CH. H 518b  5.19b quant
3 4-CICgH, H 5.18c 5.19c quant
4 3-FCeH, H 5.18d 5.19d 96
5 4-(NO,)CeHa H 518  5.19 quant
6 4-(CN)CgH,4 H 5.18f 5.19f 94
7 3-[B(0,CeH12)]CeHa H 5189  5.19g 08
8 4-BrCgH, COMe 5.18h 5.19h 93
9 3-CIC¢H, COMe 5.18i 5.19i 96
10 3-(MeO)CH, COMe  518]  5.19] quant
11 4-CICgH, COMe 5.18k 5.19k 97
12 2-Naphthyl COMe 5.18l 5.19I quant

[a] Yield of isolated product

A plausible mechanism of the reaction to account for these observations is given in Scheme 5.16.
Nucleophilic attack by allytricarbastannatrane to tHe position of thebenzylidene 12limethyl
barbituric acidgives enolat&.20(Scheme 5.16)This enolate was characterized'H6n,*C and'H
NMR experimentsand showed 8°Sn chemi cal shift at 5R00orsili@g7. 3 pp
gel furnishes produd.17a
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Schemeb.16. Proposed mechanism

=
ﬁ W _(CHaCl, ph Ph
N Sn O /&
5.13 5. 1Ga .20 5. 17a

Applying tetrasubstituted alkerte21to the above mentioned reaction condition was unproductive
even at 95 °C. The benzyliden®21 was completely recovered after performing a Flash
chromatography. However, intermedi&&2 was observed by HRMS (ESI), thus showing an ion
peak atm/z539.09619. In addition to mass spectroscopy, the formatidn2@was ascertained by
NMR. Deprotonation othe methyl group by the allyl anion furnished intermediai22 which was

subsequentlprotonated on silica gel to regenerate the starting mb{8dheme 5.17).

Scheme5.17. Conjugate addition of allyiricarbastannatrane t6-(1-(4-chlorophenyl)ethylidene)
Mel drumbés acid

pY4 e
0~ o <ﬁ7
N _/_ CH20I 0o O/Q Silicagel o | 0
23 C 5h
Kel i Cl
(1.2 equiv) 5.21 (1 equiv) 5.22 quant.

m/z 539.09619

An extension of this methodology to othHdichael acceptors under catalytic conditions was also
investigated. Table 5.5 have demonstrated different electrophiles that have been examined with
excess amounts of alljficarbastannatrane and 20 mol% of B{s. Unexpectedly, no reactivity
was obsergd with methyl cinnamate5(23, cinnamonitrile $.24), dimethyl benzylidenemalonate
(5.295, 2cyclohexenoneX.26, and methyl propiolates(27) after 48 hours at elevated temperature.
Furt her mor e ;nitorstgrene §.28 02r5trandibne £29, andN-benzylmaleimide .33
under this condition led to the decomposition of starting materials. In addition, applying
dimethylmaleate §.30, N-phenylmaleimide %.32), and N-methylmaleimide %.34 resulted in the

formation of insoluble brown precipitg, and small amounts of allylated products were isolated in
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the case 06.30and5.32 Moreover, low conversion was observed with coumasiBg at ambient
temperature. Increasing the temperature did not improve the result, and decomposition ofrtge start

material and reaction intermediate(s) happened at elevated temperature @ ablaypl2).

Table 5.5. Exploring the reactivity of different Michael acceptors

T - B(CgFs)s (20 mol %
<N S?]—/_+ Electrophile (CoFs)s (20 mol %)
(CH,Cl),, 23 °C to 95 °C
(2 equiv) 1 equiv
Entry Ar Result Product
X CO,Me
1 ©N no reaction NA
5.23
X CN
2 ©N no reaction NA
5.24
mCOZMe
3 cl CO:Me no reaction NA
5.25

o
4 @ no reaction NA
5.26

= co,Me
5 no reaction NA

U NO,

6 ©N decompsition NA
| o

7 decompsition NA
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COZMB

CO,Me /\):
[ = CO,Me

8 CO,Me insoluble solid
5.31
5.30
21%
o 0
| N—Ph _ _ /\/E:EN_Ph
9 insoluble solid z
5 0
5.33
5.32 2506
o)
| N-Me
10 insoluble solid NA
o)
5.34
o)
Ph
| N .
11 decompsition NA
o)
5.35
A

L
o Xo low conersion(rt) o Yo

5.36 decompsition(95 °C) 5.37

12

17%

Efforts were alsamadeto improve the yield of produds.33 To avoid polymerization of the
maleimide, catalytic load was decreased to 5 mol% (Scheme 5.18), and lower temperatures were
examined. Furthermore, different solvents, such as toliénelrifludrotoluene, chlorobenzene and
1,2-dichloroethane were sa@ped, and the highest yield (33%) was obtained in toludoeurther

drastic improvemenwasnoticed when the amount of the catalysisdecreased to 2 mol%.
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Schemeb.18. Screening different conditions

(6] (6]
—_
ﬁ; — B(CgF
N /" + [ N-pn _ BCeFeks N—Ph
K) Temperature —
o) Solvent 0
5.13 5.32 5.33

Catalyst load: 2 mol%, 5 mol%
Temperature: 120 °C, 50 °C, rt
Solvent: PhCI, PhCF3, PhCH3, (CH,CI),

5.4 Summary

In summary, we have developed a conjugate allylation method by using-tognstable ally
tricarbastannatrane. It has been found that -ailghrbastannatrane readily reacted willectron
defiecient olefinsunder mild reaction conditions to provide conjugate allylation products in excellent
yieldsBenzyl i dene deri vat i v-dimethgl barbitlidgcladd have begn shogvh d a n «
to be excellent acceptors ftine conjugate allylationin contrast toother methods, the presented
procedure could be carried out without any catalyst, andirinThe simplicity of this procedure
makes this annterestingmet hod f or 0 bt a i-unsaturgted aarbengl rcompdunds, o f a,
including those bearing the ahrbon quaternary centelhe intermediate of the reaction was
characterized by NMR. Furthermore, the structure of [(NCHBCH,)s;Sn][allyl(B(CeFs)s] was
determined by Xay crystallography. The -xay analysis of(N(CH,CH,CH,)s;Sn][allyl(B(C¢Fs)4]
showed aveak coordination of the allyl group to the tin atom of the tricarbastannatrane.

5.5 Experimental

5.5.1General Considerations

1,2-Dichloroethane was distilled over CaHCD.Cl, was distilled from Cakland then degassed
via three freezpumpthaw cycles following distillation. Toluenewas distilledover
sodium/benzophenon€hlorobenzene and trifluorotoluene were distilled over C&eactions were
monitored by thidayer chromatography on commercially prepared plates with a particle size of 60
A. Developed plates were visualized under a UV lamp (254 nm), or stained with ceric ammonium

molybdate. Flash chromatography was performéagua30400 mesh silica gel.
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5.5.2Characterization

Unless otherwise notedd and**C NMR spectra for all adduct products were obtained in GDCI
at 300 and 75 MHz, respectively. Chemical shifts
tetramethysilane (TMS) as an external standard. Proton and carbon spectra were calibrated against
the solvent residual peak [CHGF.24 ppm) and CDG(77.0 ppm)], [CHCI, (5.32 ppm) and CECl,
(53.8 ppm)], and in case of igichlorethane against known solventaeance {H (3.72 ppm) and
13C (43.6 ppm)]*'B and***Sn NMR spectra of tricarbastannatranes were recorded on Bruker Avance
300 ¢'B: 96 MHz, *%Sn: 112 MHz) with'H decoupling in 1,2lichloroethane calibrated against
external BRAOEL and MaSn, respectively. The spectral references (sr) which were obtained from the
external standards, were used to calibrate'&n NMR and*B NMR chemical shifts. Spectral
reference values 6f171.61 Hz and5.13 Hz were used to calibratéSn and"'B chenical shifts in
1,2-dichloroethane, respectively. Abbreviations used to define NMR spectral mutiplicities are as
follows: s = singlet; d = doublet; t = triplet; q = quartet; m = multiplet; br = broad. High resolution
mass spectra (ESI) were run at the @nsity of Waterloo Mass Spectrometry facility. Fragment
signals are given in mass per charge number (m/z).

The following compounds were prepared according to literature proceduedlyl-1-aza5-
stannabicyclo[3.3.8lndecane  (5.13,* 5-(benzylideng2,2-dimethyt1,3-dioxane4,6-dione
derivatives (5.18ag),'*
(5.18h1),'®® 5-(1-(4-chlorophenyl)ethylidene?,2-dimethyt1,3-dioxane4,6-dione  6.21),'* and

Other reagents were purchased from commercial suppliers and used without further purification.

methyl 2(2,2-dimethyt4,6-dioxo-1,3-dioxan5-yl)-2-phenylpent-enoate

N(CH,CH,CH,);Sn][allyIB(C¢Fs)3] (5.14).
To a solution of 5-allyl-1-aza5-stannabicyclo[3.3.3]Jundecané.13

® . . .
> (15.0 mg, 0.0510 mmol) in l-dchloroethane (0.5 ml) in a J. Young
<N—Sn7 [\/\B(CGF )3]6 ;
° NMR tube, was added tris(pentafluorophenyl)borane (26.1 mg, 0.0510

mmol). '"H NMR (CI(CH,).Cl, 300 MHz)l 6.70 (m), 4.55 (brd), 4.43
(brd), 2.59 (brm), 2.32 (brm), 1.99 (brm), 1.54 (brfi}; NMR (CI(CH,),Cl, 75 MHz){i 163.5, 71.2,
55.1, 24.0, 15.2%Sn NMR (CI(CH),Cl, 112 MHz){i 125.3;™B NMR (CI(CH,),Cl, 96 MHz) i i
14.2. HRMS (ESI) m/zcalcd. for G;HsBF;s (M'): 553.02393. Found: 553.02417; HRMS (+ESly
calcd. for GH;gNSn(M*): 260.04557. Found: 260.04553.
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General Experimental Procedure- Synthesis of Compounds 5.17 and 5.19

Ar
EWG
Y, = N (CH,Cl), , tt, 5h
N e/ AT — ~ EWG
() EWG L

(1.2 equiv) (1 equiv)

Benzylidene 1,3limethylbarbituric acids5.16 (0.21200 mmol) or benzylid
(5.18 (0.100 mmol) was added to a solutionSedillyl-1-aza5-stannabicyclo[3.3.3Jundecang.13
(36.0 mg, 0.120 mmol) in 1 mL of Xdichloroethane and the mixture was stirred at ambient
temperature for 5 h. All volatiles were evaporated under vacuum angrdtlect was purified by
flash chromatography (EtOAc:pentane) on silica gel.

1,3-Dimethyl-5-(1-phenylbut-3-en-1-yl)pyrimidine -2,4,6(H,3H,5H)-trione (5.17a).

Prepared according to the general procedure frérhenzylidenel,3

= o)
&LN/ dimethylpyrimidine2,4,6(H,3H,5H)-trione 6.163 (24.4 mg, 0.100 mmol);
o N/&o reaction was purified by flash chromatography on silica gel with EtOAc:pentane

(1:4 to 1:3) and isolated as a white s
'"H NMR (CDCl;, 300 MH2)ti7 . 2571 7.24 (m, 3H), 6.9876.9B=(m, 2H
17.1 Hz, 1H),5.13 (d,J = 10.2 Hz, 1H), 3.74 (d] =3.0Hz, 1H)3. 6 0T 3. 54 (m, 1H) ,6 =
3.02 (s, 3H), 3.007 2. 9% NVR(CDQ,HpF MHzPU. 189 167.16 5 ( m,

150.9, 137.7, 135.2, 128.5, 128.3, 127.3, 118.6, 53.3, 50.3, 35.9, 28.1, 27.9. HRM®/@Eal¢d
for CieH1960sN, (M+H)": 287.13902; Found: 287.13828.

5-(1-(3-Methoxyphenyl)but-3-en-1-yl)-1,3-dimethylpyrimidine -2,4,6(1H,3H,5H)-trione (5.17b).

> 5 Prepared according to the general procedure frof(3-
MeO\&I”\N/ methoxybenzylidene},3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione

o N/&o (5.16h (27.4 mg, 0.100 mmol); reaction was purified by flash
chromatography on silica gel with EtOAc:hexanes (1:4) and isolated as a
white solid (30.0 mg, HNVR D@L 300 MHy)U7.1¥ (1, = 8.16H2,1 6 4 AC;

1H),6.76 (ddJ= 8.4, 2.4 Hz, 1H), 6.5576.32170M2H2H), 5.
1H), 5.12 (dJ = 10.2 Hz, 1H), 3.72(s,4H3 . 557 3. 49 (m, 1H), 3.05 (s, 3
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(m, 1H), 2. 7"CINMR E€BCL(7MHZ)Li BH6p.1, 1671, 159.8, 151.0, 139.4, 135.2,
129.5, 119.5, 118.6, 113.3, 55.2, 53.2, 50.2, 36.0, 28.1, 28.0. HRMSniE2RQIcd for G;H,,04N,
(M+H)™: 317.14958; Found: 317.14993.

5-(1-(4-Chlorophenyl)but-3-en-1-yl)-1,3-dimethylpyrimidine -2,4,6(1H,3H,5H)-trione (5.17c).
Prepared according to the general procedure Bedichlorobenzylidene)
1,3-dimethylpyrimidine2,4,6(H,3H,5H)-trione  6.169 (27.9 mg, 0.100
mmol); reaction was purified by flash chromatography on silica gel with

EtOAc:hexanes (1:5) and isolated as a colorless oil (32.1 mg, qtigatita

yield); *H NMR (CDCk, 300 MHZz)t17.21 (d,J =8.1 Hz, 2H),6.93(d)= 8. 1 Hz, 1H),
(m, 1H), 5.21 (dJ = 17.1 Hz, 1H), 5.11 (dl =10.2 Hz, 1H),3.72(d= 3.0 Hz, 1H), 3.
1H), 3.08 (s, 3H), 3.05 (s, 3°8NVMR (D 75NH2)8 6
168.8, 166.9, 150.8, 136.634.9, 134.1, 128.8, 128.7, 118.8, 52.9, 49.1, 36.1, 28.2, 28.0. HRMS
(ESI)ym/zcalcd for GgH1g0sN,Cl (M+H)™: 321.10005; Found: 321.09915.

(m,

5-(1-(3-Fluorophenyl)but-3-en-1-yl)-1,3-dimethylpyrimidine -2,4,6(1H,3H,5H)-trione (5.17d).
Prepared according to the general procedure fe(@fluorobenzylidene)
1,3-dimethylpyrimidine2,4,6(HH,3H,5H)-trione 6.16d (26.2 mg, 0.100
mmol); reaction was purified by flash chromatography on silica gel with
EtOAc:hexanes (1:4) and isolated as a colorless oil (29.5 mg, 97% yield):;
NMR (CDCk, 300 MHz)U7 . 221 7. 17 1H), 6.961716.90(m( m,
1H), 5.23 (dJ =17.1, 1.5 Hz, 1H),5.12 (d,J = 10.2 Hz, 1H), 3.72 (d] =3.3 Hz, 1H)3 . 6 21 3.
(m, 1H), 3.07 (s, 3H), 3.05 (s, “C3NWR,CD@L B6T 2.
MHz) 0 168.8, 166.9, 162.8 (der= 245.9 Hz), 15@®@, 140.7 (dJcr= 6.9 Hz), 134.8, 130.1(dcr=

8.3 Hz), 123.2 (dJor = 2.9 Hz), 118.8, 115.1 (dcr = 20.9 Hz), 114.42 (dlcr = 21.7 Hz), 52.9,

49.5, 49.4, 35.9, 28.1, 27.9. HRMS (E&#)z calcd for GgH1g03NF (M+H)™: 305.12960; Found:
305.13068.

(m,
55

1,3-Dimethyl-5-(1-(naphthalen-2-yl)but-3-en-1-yl)pyrimidine -2,4,6(1H,3H,5H)-trione (5.17e).
procedure frbr&dimethyl5-

Prepared according to the general
(naphthaler2-ylmethylene)pyrimidine2,4,6(H,3H,5H)-trione 6.16¢ (29.4

mg, 0.100 mmol); reaction was purified by flash chromatography on silica
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gel with EtOAc:hexanes (1:5) and isolated as a colorless oil (33.6 mg, quantitative Vi¢INyIR

(CDCl;, 300 MHZz)G7 . 771 7. 70 (m, 3H), 2=4817.,43.6GmHz3H)LH)
(m, 1H), 5.26 (dJ = 15.6 Hz, 1H),5.12(dJ= 10. 2 Hz, 1H), 3.81713.72 ( m,
2. 8471 2. 7 5%%C NMR, (CDCHK J5;MHz) & 169.1, 167.2, 150.7, 135.235.2, 133.2, 132.9,

128.2, 127.7, 127.5, 126.6, 126.5, 126.3, 124.8, 118.6, 53.3, 50.3, 36.2, 28.1, 27.9. HRMSZESI)

calcd for GoH210:N, (M+H)™: 337.15467; Found: 337.15408.

4-(1-(1,3-Dimethyl-2,4,6trioxohexahydropyrimidin -5-yl)but-3-en-1-yl)benzonitrile (5.17f).

— S Prepared according to the general procedure #eifi,3-dimethyl2,4,6
/&I\LN/ trioxotetrahydropyrimidirb(2H)-ylidene)methyl)benzonitrile 516§ (26.9

NG o N/J%o mg, 0.100 mmol); reaction was purified by flash chromatography on silica

gel with EtOAc:hexanes (1:6) and isolated as a colorless oil (30.8 mg, 99%

yield); *H NMR (CDCk, 300 MHz)ti7.54 (d,J = 8.4 Hz, 2H), 717 ()= 8.1 Hz, 2H), 5.

(m, 1H), 5.20 (ddJ = 17.1, 1.2 Hz, 1H)5.11(dJ= 9.9 Hz, 1H), 3.76713.70 (

3.07 (s, 3H), 2.967 2. 8% NVR(CDALH/p MHzPU. 18821} 156.66 3 ( m,

150.6, 144.0, 134.5, 132.3, 128149.1, 118.2, 112.1, 52.5, 48.7, 35.8, 28.3, 28.1. HRMS (B&I)
caled for G;H1gNsO3 (M+H)™: 312.13127: Found: 312.13391.

1,3-Dimethyl-5-(1-(3-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)but-3-en-1-
yDpyrimidine -2,4,6(H,3H,5H)-trione (5.179).
Prepared according to the general procedure figsrdimethyl5-(3-

QLO Z 0 (4,4,5,5tetramethyll,3,2dioxaborolar2-yl)benzylidene)pyrimidine
o B\&Iu\N/
0 l}l/go

2,4,6(H,3H,5H)-trione 6.169 (3 © mg, 0.100 mmol); reaction was
purified by flash chromatography on silica gel with EtOAc:hexanes

(1:6) and isolated as a colorless oil (38.7 mg, 94% vyiel#); NMR
(CDCls, 300 MHZ)Ui 7.65 (d,J = 7.2 Hz, 1H), 7.37 (s, 1H), 7.23 {t,= 7.5 Hz, 1H), 7.04d,J = 7.5
Hz, 1H), 5. 857 5J=17.1 HzmH), 5118 {d],= 1G2 H2,4H),(3d2 (dl = 3.0 Hz,
1H), 3.5773.52 (m, 1H), 3.0072. 8% NVMR(CDOLHYS, 2. 72
MHz) U 169.2, 167.1, 150.8, 136.8, 135184.7, 133.5, 130.1, 127.8, 118.5, 83.9, 53.4, 50.6, 35.8,
28.0, 27.8, 24.8. HRMS (ESt)/zcalcd for GoHzBN,Os (M+H)™: 413.22423; Found: 413.22412.
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5-(1-(3-Bromophenyl)but-3-en-1-yl)-1,3-dimethylpyrimidine -2,4,6(1H,3H,5H)-trione (5.17h).

Prepared according to the general procedure BgBibromobenzylidene)
1,3-dimethylpyrimidine2,4,6(H,3H,5H)-trione 6.16h (32.3 mg, 0.100

mmol); reaction was purified by flash chromatography on silica gel with

EtOAc:hexanes (1:6) and isolated as a white solid (33.6 mg, 92% yield).

M. p. 9 7H NMMRAGDCE, 300 MHz)li7.37 (d,J = 7.8, 0.6 Hz, 1H), 7.16 (s, 1H), 7.11Jt=
7.8Hz, 1H), 691 (W= 7.8 Hz, 1H), 5. 82179, 008z (H)513(d1 ,
102 Hz, 1H),3.72(d) = 3.3 Hz, 1H), 3.58713.51 (m, 1H),

1H), 2.681

2°C 8IR (CDCE, 75LMHz);u 168.8, 166.9, 150.8, 140.3, 134.7, 131.4,

130.6, 130.0, 126.0, 122.7, 118.9, 53.0, 49.6, 35.8, 28.2, 27.9. HRMS IfZSI¢alcd for
Ci6H180sN,Br (M+H)*: 365.04953; Found: 365.05008.

2,2-Dimethyl-5-(1-phenylbut-3-en-1-yl)-1,3-dioxane-4,6-dione (5.19a)>*

Prepared according to the general procedure fsdmnzylidene2,2-dimethyt

5.

= o
&r% 1,3-dioxane4,6-dione 6.189 (23.2 mg, 0.100 mmol); reaction was purified
)V eluting with EtOAc:hexanes (1:5) and isolated as a colorless oil (24.9 mg, 91%

yield); *H NMR (CDCk, 300 MHz)U 7. 2371 7.22 (m, 3H),

5.8515.71
3.5913.53

(CDCl;, 75 MHz) 1 169.2, 167.1, 150.9, 137.8, 135.2, 128.5, 128.3, 127.3, 118.6, 53.3, 50.3, 35.9,

28.1, 27.9.

( mJ =17H)1,2 HA 1H),5.184, d & 10.2, 1H), 3.72 (d) = 3.3, 1H),
(m, 1H), 3.03 (s, 3H), 3.0 NVR,

5-(1-(3-Methoxyphenyl)but-3-en-1-yl)-2,2-dimethyl-1,3-dioxane-4,6-dione (5.19b).

7 0
MeO
© o)
o o)T

quantitative yield)H NMR (CDCkL, 300 MHz)ti7.18 (tJ = 7.8 Hz, 1H) , 6. 9017

(dd,J= 8.3,
3.87713.80

Prepared according to the general procedure froB(3-
methoxybenzylidenel,2-dimethyt1,3-dioxane4,6-dione(5.18b) (26.2 mg,
0.100 mmol); reaction was purified by flash chromatography on silica gel

with EtOAc:hexanes (1:4) and isolated as a colorless oil (30.3 mg,

3.

6 .

23
08

961

3H),

1.8 Hz, 1H), J5.1BI6HzEH)7522 (@n+ 9.9 HHIH,), 5.

NMR (CDCl, 75 MHz)U1 165.9, 164.6, 159.7, 141.2, 135.79%, 121.1, 118.6, 114.4, 113.4, 105.3,

122

6 .
22
(m, 1H), 3.76 (s, 3H), 3.09713.%1 (m,

8 6

(

(d

1H



55.2, 49.3, 45.2, 36.5, 28.1. HRMS (E®Wz calcd for G/H».0s (M+H)™: 305.13835; Found:
305.13818.

5-(1-(4-Chlorophenyl)but-3-en-1-yl)-2,2-dimethyl-1,3-dioxane-4,6-dione (5.19¢)**
Prepared according to the general procedure Bddchlorobenzylidene)
& 2,2-dimethyt1,3-dioxane4,6-dione 6.189 (26.7 mg, 0.100 mmol); reaction
)oV was purified eluting with EtOAc:hexanes (1:5) and isolated as a white solid
(30.9 mg, quantitative yid); '"H NMR (CDCk, 300 MHZ)Ui 7. 291 7. 22 ( m
4H), 5.83715.69 (m, 1H), 5.237159.=1®8.0Om,Hz2H)1,H)3. &9

(m, 1H), 2.78712.69 (m, “HMR (CRCL&EMHz)}I 1656 A4, 1. 34
138.0, 135.5133.5, 130.5, 128.7, 118.8, 105.2, 49.4, 44.0, 36.4, 28.1, 27.9.

5-(1-(3-Fluorophenyl)but-3-en-1-yl)-2,2-dimethyl-1,3-dioxane-4,6-dione(5.19d).
Prepared according to the general procedure BgBifluorobenzylidenep,2-
F\gj?\o dimethyt1,3-dioxane4,6-dione (5.18d (25.0 mg, 0.100 mmol); reaction was
)T purified by flash chromatography on silica gel with EtOAc:hexanes (1:5) and
i solated as a white solid™NMR(COCkng, 96 Y
300MHz)47.2817.122 (m, 1H), 7.091717.05 (m, 2H¥, 6.96]
17.1,1.2Hz, 1H)5.13(dJ= 9.9 Hz, 1H), 3.941383. B5HL{ m 1HMH), 330
1H), 2.7912.73 (m, 1HCNMA(CBCE 75 MHz)UBHO (d)c-E8581 ( s,
Hz), 162.8 (dJcr=241.9 Hz) , 142.2 (dcr= 7.1 Hz), 135.4, 130.0 (ds.¢= 8.2 HZ), 124.7 (dlcr=
2.9 Hz), 118.9, 116.0 (dcF = 21.7 Hz), 114.7, 114.4, 105.3, 49.3, 44.3, 44.3, 36.3, 281.7, 27.9.
HRMS (ESI)m/zcalcd for GgH160.F (M+H)": 293.11836; Found: 293.11890.

2,2-Dimethyl-5-(1-(4-nitrophenyl)but -3-en-1-yl)-1,3-dioxane-4,6-dione (5.19e)>*
Prepared according to the general procedure fBddrnitrobenzylidene)
= 0
5 2,2-dimethyt1,3-dioxane4,6-dione 6.18¢ (27.7 mg, 0.100 mmol); reaction
ON o o)v was purified by flash chromatography on silica gel with EtOAc:hexanes
2
(1:4) and isolated as a colorlesis (31.8 mg, quantitative yield)’H NMR

(CDCls, 300 MH2)1i8.12 (d,J = 8.7 Hz, 2H), 757 (= 8. 7 Hz, 2H), 5.82715.68
(m, 2H), 4.05713J9B7Hz,mH)316y]23983(td, 1H), 2.8471 2
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3H), 1.49 (s, 3H)*C NMR (CDCk, 75 MHz) ii 164.9, 164.0, 147.2, 147.1, 135.0, 130.3, 123.5,
119.3, 105.2, 49.3, 43.4, 36.0, 28.1, 27.5.

4-(1-(2,2-Dimethyl-4,6-dioxo-1,3-dioxan-5-yl)but-3-en-1-yl)benzonitrile (5.19f)*
Prepared according to the general procedure flb((2,2-dimethyt4,6-
& dioxo-1,3-dioxan5-ylidene)methyl)benzonitrile (5.18f) (25.7 mg, 0.100
)OV mmol); reaction was purified by flash chromatography on silica gel with
EtOAc:hexanes (1:5 to 1:3) and isolated as a white solid (28.1 mg, 94%
yield); '"H NMR (CDC}, 300 MHz)1i7.58 (d,J = 8.1 Hz, 2H), 750 (d) = 8. 4 Hz, 82H) ,

(m, 1H), 5. 2337958.1132. 9(2m,( @2=H)R2,HY, H3, 88 HJ d, 3. 067 2.

(m, 1H), 1.67 (s, 3H), 1.46 (s, 3HJiC NMR (CDCk, 75 MHz){i 165.0, 164.1, 162.8, 145.1, 135.0,
132.2,130.1, 119.2, 118.6, 111.5, 105.2, 49.2, &8.8, 36.0, 28.1, 27.6, 27.6.

2,2-Dimethyl-5-(1-(3-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)but-3-en-1-yl)-1,3
dioxane-4,6-dione (5.199).
Prepared according to the general procedure f&yBdimethyts-(3-

7%9 \éjjci (4,4,5,5tetramethyll,3,2dioxaborolar2-yl)benzylidene)l,3-dioxane
O/B O
o o/%

4,6-dione (5.189 (35.8 mg, 0.100 mmol); reaction was purified by flash
chromatography on silica gel with EtOAc:hexanes (1:5) and isolated as a
colorless oil (39.3 mg@8% yield);"H NMR (CDCk, 300 MHz)ti7 . 701 7. 65 ( dz812H) ,

5.8
96

7.47

Hz,AH), 7.29(tJ = 7.5 Hz, 1H), 5. @5188BHZ 1H),6.00,(AJ219PHz, 5. 20 ( d

1H),3. 947 3.88 (M= 2HY,H3, 7IHY{d,3.07712.96 (m, 1H),

1.31 (s, 12H), 1.23 (s, 3H)°C NMR (CDCk, 75 MHz) i 165.6, 164.7, 139.2, 135.9, 135.3, 134.1,
131.5, 128.1, 118.5, 105.2, 83.2, 49.5, 44.8, 36.2, 28.1, 28.00, 24.9, 24.1. HRMBWESIRd for
CoHsoOsB (M+H)*: 401.2180. Found: 401.21347.

Methyl 2-(4-bromophenyl)-2-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)pent-4-enoate(5.19h) **
Prepared according to the general procedure frathyl 2-(4-bromophenyh2-

0" o (2,2-dimethyt4,6-dioxo-1,3-dioxan5-ylidene)acetate 518h (36.9 mg, 0.100
© © mmol); reaction was purified eluting with EtOAc:hexanes (1:5) and isolated as a
CO,Me white solid (38.2 mg, 93% yield}H NMR (CDCk, 300 MHz)U 7.44 (d,J = 8.4

Hz, 2H),7.34(dJ= 8.4 Hz, 2H), 5.8615.72 (m,
124

1H) ,

(
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1H), 3.71 (s, 3H), 3.4673.39 (m, 19NMR(BDCL57 3.08
75 MHz)1u 172.3, 163.0, 162.8, 136.8, 133.7, 131.3, 129.6, 121.8, 1M A, 54.2, 52.9, 51.6, 39.0,
28.5, 26.4.
Methyl 2-(3-chlorophenyl)-2-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)pent-4-enoate(5.19i).
Prepared according to the general procedure frathyl 2-(3-chlorophenyh2-
o><o (2,2-dimethyt4,6-dioxo-1,3-dioxan5-ylidene)acetate 5 18) (32.5 mg, 0.100
o 0 0 mmol); reaction was purified eluting with EtOAc:hexanes (1:5) and isolated as a
Con? white solid (35.2 mg, HNGR(CHOL S80dHz) M. p .
a7 45 (s, 1H), 7.341717.23 (m, 3H), 5.871
(s, 1H), 3.71 (s, 3H), 3.447 3. (m, "AMMR, 3. 151
(CDCls, 75 MHZz)11172.2, 163.0, 162.6, 140.1, 134.2, 133.8, 129.3, 127.9, 127.7,129.8, 104.8,
54.2,53.0, 51.4, 38.8, 28.5, 26.5. HRMS (E8/}calcd for GgH,00:Cl (M+H)": 367.09429; Found:
367.09500.
Methyl 2-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)-2-(3-methoxyphenyl)pent4-enoate(5.19j).
Prepared according to the general procedure frithyl 2(2,2-dimethyt4,6-
o><o dioxo-1,3-dioxan5-ylidene}2-(3-methoxyphenyl)acetate 5.(18)) (32.0 mg,
o 0 0.100 mmol); reaction was purified eluting with EtOAc:hexanes (1:4) and
e COZM: isolated as a white solid (36.2gm quantitative yH el d).
NMR (CDCl, 300 MHz)4 7.27 (dJ= 8. 4 Hz, 1H), . 0417 7 .
(d,J= 8.1, 1.2 Hz, 1H), 5.9515.81 ( m, 1H), 5.1271/!
3H), 3.5073.43 (m, 1H), 3. 18%C3MREDGL@ASMH)H) , 1. 8
172.6, 163.3, 162.7, 159.4, 139.8, 134.5, 129.1, 119.4, 11D442, 112.0, 104.6, 55.2, 54.3, 52.8,
51.3, 38.7, 28.5, 26.5. HRMS (ESt)zcalcd for GgHx0; (M+H)™: 363.14383; Found: 363.14423.
Methyl 2-(4-chlorophenyl)-2-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)pent-4-enoate(5.19K).
Prepared according to the General Procedure B ffinethyl 2(4-chlorophenyl)
o><o 2-(2,2-dimethyt4,6-dioxo-1,3-dioxan5-ylidene)acetate5(18K) (32.5 mg, 0.100
0 o mmol); reaction was purified eluting with EtOAc:hexanes (1:5) and isolated as a
tome| Wwhite solid (38.2 mg, HNER(CHCOLSOMHZ) M. p.
= U 7.40 (d,J =87 Hz, 2H), 728 () = 8.7 Hz, 2H), . 867 E
5.12(m™m,0@8H), 4.63 (s, 1H), 3.71 (s, 3H), 3.461 3.
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(s, 3H);**C NMR (CDC}, 75 MHz)1i 172.4, 163.0, 162.8, 136.2, 133.7, 129.2, 128.3, 119.7, 104.8,
54.1, 52.9, 51.6, 39.0, 28.5, 26.5. HRMS (E8/}calcd for GgH,¢OsCl (M+H)™: 367.09429; Found:
367.09436.

Methyl 2-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)-2-(naphthalen-2-yl)pent-4-enoate(5.191) >

>< Prepared according to the General Procedure B frathyl 2-(2,2-dimethyt
o 0 4,6-dioxo-1,3-dioxan5-ylidene)2-(naphthaler2-yl)acetate %.18) (34.0 mg,
0.100 mmol); reaction was purified eluting with EtOAc:hexanes (1:4) and
OO Con? isolated as a white solid (38.0 mg, quantitative yielt);NMR (CDCL, 300

MHz) G 791 (s 1H), 7.837 7. 7W8=90ml.8 H3,HH), 7.59 (d
7.4817.43 (m, 2H), 5.99715.85 (m, 1H), 5.1675.08 (
1H), 3.3273.25 (m, 1HCNMR(CBGCh 79MHz)U01¥H?), 163.4,1688 (s, 3H
135.5, 134.4, 133.0, 132.4, 128.4, 127.7, 127.3, 126.7, 126.4, 126.1, 125.1, 119.5, 104.7, 54.6, 52.9,

51.4, 38.8, 28.5, 26.5.

6-((1-Aza-5-stannabicyclo[3.3.3]Jundecarb-yl)oxy)-1,3-dimethyl-5-(1-phenylbut-3-en-1-
yDpyrimidine -2,4(1H,3H)-dione (5.20).
Prepared according to the general procedure frofnenzylidenel,3

= o

Ph N dimethylpyrimidine2,4,6(H,3H,5H)-trione 6.169 (24.4 mg, 0.100 mmol);
<ﬁ;_o lN/&O the solvent was removed after 5 Hyrotary evaporation and the crude
L compound wasdried on vacuum It was characterized without further

purification; *H NMR (CDCl, 300 MHz)ti 7.42 (d,J = 7.2 Hz, 2H), 7.19 (1)
= 7.8 Hz, 2H), 7.0977.04 (m38HAIIH),486(Wd859.BHz71 (m, 1
1H), 4.03 (brs1H), 3.23(s,6H)3 . 1171 2. 91 (m, 2H), 2.43 (b'ct, 6H),
NMR (CDCl;, 75 MHz) 11 163.7, 161.6, 152.8, 145.6, 139.3, 128.1, 127.8, 125.3, 114.6, 94.6, 55.0,
41.4,36.9, 23.3, 11.3!%n NMR (CDC}, 112 MHz)ii27.3.

6-((1-Aza-5-stannabicyclo[3.3.3]Jundecarb-yl)oxy)-5-(1-(4-chlorophenyl)vinyl)-2,2-dimethyl -
4H-1,3-dioxin-4-one(5.22).

Prepared according to the general procedure &gf(4-chlorophenyl)ethyh
2,2-dimethyt1,3-dioxane4,6-dione 6.21) (28.2 mg, 0.100 mmol); the reaction

Cl

o solvent was removed after Sbly rotary evaporation and the crude compound
A 126
<N(2ﬁ—o o)v




was dried on vacuunit was characterized without further purificatioH NMR (CDCl;, 300 MHz)i
7.3317.16 (n=12A94Hz,2H)52.46@ =( &,. 4 Hz, ©6H), 1.85171.80
6H), 1.00 (t,J = 6.6 Hz, 6H)*C NMR (CDC}, 75 MHz)1i171.8, 161.2, 142.3, 131.7, 128.8, 127.9,
127.7,117.0, 102.5, 101.0, 55.0, 25.8, 23.2, £4°6n NMR (CDC}, 112 MHz)ii21.9. HRMS (ESI)

m/zcalcd for GaH3,0,NCISn (M+H): 539.0692 Found: 539.09619.
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Chapter 6

Conclusi onsWoarkd Futur e

6.1 Conclusions

Syntheses of tricarbastannatrane complexes from the reaction of-tidarbastannatrane and
silver salts have been described. In addition, it was demonstrated that cationic tricarbastannatranes
could be generated through the reactietwieenalkyl-tricarbastannatrane aB{CgFs)s. The structure
of a number ofricarbastannatrane complexes in solution and solid state hasdiebhished, namely
[N(CH,CH,CH)sSn][BF], [N(CH,CH;CH,)sSn][SbF], [N(CH2CH,CHy)3SnL[(SbR;)sCl],
[[N(CHCH,CH,)3SNLClo 0.4 [B[3,5-(CFs).CeH3]a], [(N(CH,CH,CH,)sSnyOH][MeB(CsFs)s], and
[(N(CH2CH,CH,):Sn][allyl(B(CeFs)s]. The structureswere characterized byX-ray diffraction
analyses, multinuclear NMR spectroscopy, and mass spectroniaigy.to the intramoledar
nitrogeri tin interaction in the atrane frame, the pentacoordinated tin atotheise complexes has a
distorted trigonal bipyramidal molecular geomet&tability and a weak Lewis acidity are important
features ofN(CH,CH,CH,)sSn] moietyin thesecomgexes (Scheme 6.1)

Schemeb.1. Syntheses of tricarbastannatrane complexes

® ®

e pox [ | B [,

N=sZ| x© ﬁ N Sh-R W N—Sn [RB(Cer)ale
U allyl

Furthermore, the construction of carboarbon and carbédhydrogen bonds using
tricarbastannatranesas described in this thesisThe B(GFs)sl promoted conjugate alkylation of
benzylidene Mel dr umds a waschsiedwwsd undey ild canditions.rThea st anna't
structure of the reactiGhssymmetrical bisstannatrane intermediateas determined by NMR
spectroscopyand mass spectrometry. Moreovehng tB(GFs)si catalyzed conjugate reduction of
benzylidene 1,8limethylbarbituric acidswas presentd by applying readily availablePr-
tricarbastannatrane as ansitu hydride source. The reduced adducts were obtained in good to
excellent yield. In addition, isopropyl group transfer fréntricarbastannatrane fuished alkylated
products as lgroducts under the reaction condioifhe reduction mémnism was investigated by

NMR and mass spectrometigchniquesin addition,conjugate allylations of activated olefins using

128



benchtop stable allytricarbastannatrane weexplored,andthe allyldion products were obtained in
excellent yields. The tin enolate intermediate of the reagtgscharacterized by NMR spectroscopy
(Scheme 6.2).

Scheme6.2. Reactivity of tricarbastannatranes

O%)/go s o><o o o><o

7

al SN-SH AN g SN ——
R = alkyl B(CF-)~ (1 equiv ) o-3" 0 0
allyl (CeFs)3 (1 equiv) K) U
2-butynyl A o Arm R
benzyl [RB(CgFs)al
vinyl o
o

<®7 Ar ® <
N Sn-R N—Sn\o/ = o-Sn—N  —— o o
U R = iSOprOpyl B(C6F5)3 (15 mOlo/o) K)
S}

R = allyl 070 0 o
R'=H,COMe L__R” A _ <Q7 .
0 o ) o o
Ar R Ar R,R

6.2 Future work

A catalytic method for conjugate addition of methghd allyttricarbastannatranes to carlbon
carbon double or triple bondsat beaistrongly electrorwithdrawing substituents remains a desirable
process.Future work on this methodology should focus on screening and developing alternate
catalystsfor additions of organotricarbastannatranes to unsaturated ¢adsbon bondsin this
regard, Pg{dba)™ and Ni(cod)® have been observed to be efficient catalysiallylstannylation of
alkynes (Section 5.1.3). Therefore, conjugate addition of-wibdrbastannatrane to activated olefins
can be examined in the presence of various Pd(0) or Ni(0) catalyst. Furthermore, addition of allyl

tricarbastannatrane to alkg®m can beinvestigatel under thesesets of conditions. Different
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regioisomers can be formed after allylcarbastannatration of an alkyne (Scheme 6.3). These adducts

can be applied in further transformations, such as Stille-cagsling reactions.

Scheme6.3. Proposed future work: Addition of aliticarbastannatrane to alkeysnd alkynes in the

presence of Ni(0) or Pd(0) catalyst.

four possible regioisomers

Transmetalation of organostannanes wigHadium® and rhodiuni’ catalysts have been reported.
Intramolecular coordination of the nitrogen atom to the tin atom in tricarbastannatrane backbone
selectivelyactivaes the apical alkyl group towards transmetalatioBonjugate addition of alkyl
tricar bast a-{unmsaturated saebonyl compdynfls can be stuitiedhe presenceof

palladium or rhodium catalyst.

Scheme6.4. Proposed future work: Conjugate additioratdyl-t r i c ar b a st aunsataratada n e

carbonyl compounds the presence opalladium orhodiumcatalyss

RWO
Iy R? R! 0
N Sn-Me -----------------
Pd or Rh
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Appendi x

Crystallographic Data

X-Ray Data for Comple®.4
Frompentane/1,2lichloroethane [

Table 1. Crystal data and structure refinement for Conplex

Identification code AK245a Oma_a
Empirical formula C9H18 BF4 N Sn
Formula weight 345.74
Temperature 273(2) K
Wavelength 0.71073 A
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Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodnesf-fit on P

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Orthorhombic

Pnma

a=12.0744(14) A a = 90°.
b =8.3741(10) A b =90°.
¢ =12.7457(15) A g=90°.
1288.7(3) B

4

1.782 Mg/n}

2.004 mmt

680

0.200 x0.060 x 0.020 mrh

3.197 to 25.993°.
-14<=h<=14,9<=k<=10,-15<=I<=15
9916

1355 [R(int) = 0.0455]

99.7 %

Semiempirical from equivalents
0.7460 and 0.6615

Full-matrix leastsquares on#
1355/32/86

1.145

R1 =0.0694, wR2 = 0.1284

R1 = 0.0950, wR2 = 0.1430

n/a

1.650 and1.442 e .3

Table 2. Atomic ccordinatesx(10%) and equivalent isotropic displacement parametets (&)

for AK245a_0ma_a. U(eq) defined as one third of the trace of the orthogonalizetkhkor.

X y z U(eq)

Sn(1) 1548(1) 2500 5102(1) 68(1)
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N(1)
C@)
C(2)
C@)
C(4)
C(5)
C(6)
B(1)
F(1)
F(2)
F@3)
H(1A)
H(1B)
H(2A)
H(2B)
H(3A)
H(3B)
H(4A)
H(4B)
H(5A)
H(5B)
H(6A)
H(6B)

2937(8) 2500
2248(12) 4680(20)
3225(12) 4950(15)
3570(11) 3930(18)

560(12) 2500
1346(14) 2500
2459(16) 2500
-350(20) 2500

-51(12) 2500
-1393(13) 2500

-46(15) 3648(16)
1724 5538
2435 4633
3152 6010
3838 4998
4331 3621
3563 4547

93 1559

93 3441
1176 1571
1176 3429
2747 3429
2747 1571

3961(7)
5579(12)
4969(11)
4136(14)
3696(12)
2817(11)
2969(12)
7144(19)
6186(11)
7152(15)
7619(13)
5472
6318
4671
5461
4268
3493
3671
3671
2392
2392
2605
2605

55(2)
152(6)
114(4)
168(7)

88(4)

94(5)
193(12)
101(6)
246(8)
287(11)
310(8)
182
182
137
137
201
201
106
106
112
112
231
231

Table 3. Bond lengths [A] and angles [°] for AK245a_0ma_a.

Sn(1}C(1)
Sn(1}C(1)#1
Sn(1}C(4)
Sn(1yN(1)
Sn(1}F(1)

2.098(14)
2.098(14)
2.152(13)
2.219(9)

2.374(11)
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N(1)-C(6)
N(1)-C(3)#1
N(1)-C(3)
C(1)}C(2)
C(1}H(1A)
C(1}H(1B)
C(2}C(3)
C(2rH(2A)
C(2-H(2B)
C(3}H(3A)
C(3}H(3B)
C(4)yC(5)
C(4yH(4A)
C(4)H(4B)
C(5)-C(6)
C(5yH(5A)
C(5yH(5B)
C(6)}H(6A)
C(6)H(6B)
B(1)-F(3)#1
B(1)-F(3)
B(1)-F(2)
B(1)-F(1)

C(1)}Sn(1}C(1)#1
C(1)}Sn(1)C(4)
C(1)#1:Sn(1}C(4)
C(1)}-Sn(1}N(1)
C(L)#:Sn(1}N(1)
C(4)Sn(1}N(1)
C(1)}Sn(1}F(1)
C(L)#:Sn(1)}F(1)
C(4)Sn(1)}F(1)

1.390(19)
1.438(13)
1.438(13)
1.431(17)
0.9700
0.9700
1.424(17)
0.9700
0.9700
0.9700
0.9700
1.47(2)
0.9700
0.9700
1.36(2)
0.9700
0.9700
0.9700
0.9700
1.195(19)
1.195(19)
1.26(3)
1.27(2)

120.5(9)
117.7(5)
117.7(5)
83.4(4)
83.4(4)
82.7(5)
99.2(4)
99.2(4)
91.9(6)
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N(1)-Sn(1}F(1)
C(6)yN(1)-C(3)#1
C(6)}N(1)-C(3)
C(3)#E:N(1)-C(3)
C(6)-N(1)-Sn(1)
C(3)#:N(1)-Sn(1)
C(3)N(1)-Sn(1)
C(2-C(1)}Sn(1)
C(2-C(1}H(1A)
Sn(1}C(1)H(1A)
C(2}-C(1}H(1B)
Sn(1}C(1)H(1B)
H(1A)-C(1)-H(1B)
C(3yC(2)}C(1)
C(3)-C(2)H(2A)
C(1}-C(2)H(2A)
C(3}-C(2)-H(2B)
C(1}-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(2)-C(3¥N(1)
C(2}C(3)}H(3A)
N(1)-C(3)-H(3A)
C(2)-C(3}H(3B)
N(1)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(5)FC(4)Sn(1)
C(5)-C(4)H(4A)
Sn(1}C(4)H(4A)
C(5)-C(4)H(4B)
Sn(1}C(4)H(4B)
H(4A)-C(4)-H(4B)
C(6)-C(5)-C(4)
C(6}-C(5)H(5A)

174.6(5)
111.2(10)
111.710)
112.8(16)
106.4(10)
107.5(7)
107.5(7)
108.3(8)
110.0
110.0
110.0
110.0
108.4
123.3(11)
106.5
106.5
106.5
106.5
106.5
117.4(10)
108.0
108.0
108.0
108.0
107.2
106.1(9)
110.5
110.5
110.5
110.5
108.7
122.0(13)
106.8
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C(4)-C(5)H(5A) 106.8

C(6)}-C(5)H(5B) 106.8
C(4)-C(5)H(5B) 106.8
H(5A)-C(5)}H(5B) 106.7
C(5)-C(6)}N(1) 122.7(15)
C(5)-C(6)-H(6A) 106.6
N(1)-C(6)-H(6A) 106.6
C(5)-C(6)H(6B) 106.6
N(1)-C(6)-H(6B) 106.6
H(6A)-C(6)-H(6B) 106.6
F(3)#1B(1)-F(3) 107(3)
F(3)#1B(1)-F(2) 107.8(14)
F(3)}-B(1)-F(2) 107.8(14)
F(3)#1-B(1)-F(1) 113.4(13)
F(3)}-B(1)-F(1) 113.4(13)
F(2)-B(1)-F(1) 107(3)
B(1)-F(1)-Sn(1) 142.1(17)

Symmetry transformations used to generate equivalent atoms:
#1 x;y+1/2,z

Table 4. Aisotropic displacement parametéiéx 10°) for AK245a_0ma_a. The anisotropic

displacement factor exponent takes the for@p? h? a*2U1+ ... + 2 h k a* b* U?]

Ull U22 U33 U23 U13 U12
sn(l)  57(1) 97(1) 48(1) 0 15(1) 0
N(1) 55(5) 56(5) 53(5) 0 10(4) 0
C(1)  117(10) 175(13) 163(13)  -129(12) -12(7) 12(8)
C(2)  136(10) 71(7) 134(10) -23(7) -39(7) -28(7)
C(3)  123(10) 111(11) 271(17) -70(11) 105(10) -71(9)
C(4) 59(7) 115(13) 91(7) 0 -27(5) 0
C(5)  116(10) 113(13) 52(6) 0 -26(6) 0
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C(6) 100(9) 430(40) 46(6) 0 10(6) 0
B(1) 118(11) 58(10) 127(13) 0 84(12) 0
F(1) 156(11) 450@30) 133(8) 0 90(9) 0
F(2) 126(10) 520(40) 219(18) 0 65(10) 0
F(3) 429(18) 188(12) 313(14) -106(12) -22(16) -99(13)
Table 5. Hydrogen coordinates (  x¥l@nddisplacenent parameters @k 10%)
for AK245a_0Oma_a.

X y z U(eq)
H(1A) 1724 5538 5472 182
H(1B) 2435 4633 6318 182
H(2A) 3152 6010 4671 137
H(2B) 3838 4998 5461 137
H(3A) 4331 3621 4268 201
H(3B) 3563 4547 3493 201
H(4A) 93 1559 3671 106
H(4B) 93 3441 3671 106
H(5A) 1176 1571 2392 112
H(5B) 1176 3429 2392 112
H(6A) 2747 3429 2605 231
H(6B) 2747 1571 2605 231
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X-Ray Data for Complef.6a
Frompentane/1,Alichloroethane [<N—Sn7

F4A

F3A
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Table 1. Crystal data and structure refinementémmplex4a

Identification code AK-SbF6_0Om

Empirical formula C18 H36 F12 N2 Sb2 Sn2

Formula weight 989.37

Temperature 273(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2/c

Unit cell dimensions a=14.5513(3) A a=90°.
b =13.96263) A b=93.7219(9)°.
¢ =15.0103(3) A g=90°.

Volume 3043.27(11) A

z 4

Density (calculated) 2.159 Mg/n¥

Absorption coefficient 3.463 mmt

F(000) 1872

Crystal size 0.340 x 0.260 x 0.060 mm

Theta range for data collection 1.402 to 27.994°.

Index ranges -19<=h<=19-18<=k<=18,-19<=I<=19

Reflections collected 31318

Independent reflections 7352 [R(int) = 0.0250]

Completeness to theta = 25.242° 100.0 %

Absorption correction Semiempirical from equivalents

Max. and min. transmission 0.7460 and 0.5509

Refinement method Full-matrix leastsquares on#

Data / restraints / parameters 7352/0/325

Goodnesf-fit on P 1.019

Final R indices [I>2sigma(l)] R1 =0.0473, wR2 = 0.1241

R indices (all data) R1 =0.0627, wR2 = 0.1379

Extinction coefficient n/a

Largest diff. peak and hole 1.715 and1.097 e.A3
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Table 2. Atomic coordinates ( x49Gand equivalent isotropic displacement parametets (&F)
for AK-SbF6_0m. U(eq) is defined as one third of the trace of the orthogonalizedddr.

X y z U(eq)
Sn(1A) 3822(1) 1320(1) 1285(1) 53(1)
N(LA) 4541(4) 2411(4) 2142(4) 62(1)
C(1A) 4635(6) 1847(6) 267(5) 76(2)
C(2A) 5075(6) 2738(7) 625(5) 86(2)
C(3A) 5315(7) 2757(8) 1609(6) 102(3)
C(4A) 4389(7) 327(6) 2242(6) 90(3)
C(5A) 5097(7) 849(8) 2788(6) 101(3)
C(6A) 4873(7) 1857(8) 2966(6) 97(3)
C(7A) 2603(5) 2076(7) 1574(6) 83(2)
C(8A) 2896(6) 2734(7) 2320(8) 98(3)
C(9A) 3839(6) 3132(6) 2326(7) 91(3)
Sb(1A) 2590(1) -231(1) .690(1) 67(1)
F(1A) 3057(6) -69(6) 465(4) 145(3)
F2A) 2714(6) -1500(5) -665(9) 205(5)
F(3A) 1430(4) -364(5) -313(6) 150(3)
F(4A) 2104(9) -235(10) -1845(6) 236(6)
F(5A) 2477(5) 1128(9 _728(6) 137(2)
F(6A) 3782(4) 57(5) -1043(5) 130(2)
Sn(1B) 8922(1) 3277(1) 971(1) 62(1)
N(1B) 9610(4) 2251(4) -1831(3) 59(1)
C(1B) 9619(7) 4340(6) -1688(6) 88(2)
C(2B) 9947(7) 3826(7) -2487(6) 95(3)
C(3B) 10296(6) 2818(7) -2299(5) 83(2)
C(4B) 9675(6) 2557(6) 87(4) 79(2)
C(5B) 10383(6) 1963(7) -353(5) 87(2)
C(6B) 10031(7) 1516(6) -1235(5) 84(2)
C(7B) 7691(6) 2694(8) -1559(7) 100(3)
C(8B) 7979(6) 1782(8) -2006(7) 99(3)
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C(9B) 8866(6) 1848(7) -2450(5)

Sh(1B) 7475(1) 5205(1) 366(1)
F(1B) 8299(7) 4256(7) 226(6)
F(2B) 7942(6) 5363(6) 1525(4)
F(3B) 6703(11) 4420(14) 762(10)
F(4B) 6806(12) 6278(10) 453(8)
F(5B) 7059(8) 5066(8) -796(5)
F(6B) 8426(11) 5969(10) -2(9)

85(2)

67(1)
209(5)
149(3)
373(13)
291(9)
198(5)
273(7)

Table 3. Bond length}]] and angles?] for AK-SbF6_0m.

Sn(1A)C(1A) 2.123(7)
Sn(1A)C(4A) 2.124(8)
Sn(1A)C(7A) 2.133(8)
Sn(1A}N(1A) 2.213(5)
Sn(1A}F(1A) 2.518(6)
N(1A)-C(9A) 1.473(10)
N(1A)-C(3A) 1.504(10)
N(1A)-C(6A) 1.512(11)
C(1A)-C(2A) 1.485(11)
C(1A)-H(1AA) 0.9700
C(1A)-H(1AB) 0.9700
C(2A)-C(3A) 1.496(12)
C(2A)-H(2AA) 0.9700
C(2A)-H(2AB) 0.9700
C(3A)-H(3AA) 0.9700
C(3A)-H(3AB) 0.9700
C(4A)-C(5A) 1.468(14)
C(4A)-H(4AA) 0.9700
C(4A)-H(4AB) 0.9700
C(5A)-C(6A) 1.473(14)
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C(5A)-H(5AA)
C(5A)-H(5AB)
C(6A)-H(6AA)
C(6A)-H(6AB)
C(7A)-C(8A)
C(7A)-H(7AA)
C(7A)-H(7AB)
C(8A)-C(9A)
C(8A)-H(8AA)
C(8A)-H(8AB)
C(9A)-H(9AA)
C(9A)-H(9AB)
Sb(1A}F(2A)
Sb(1A}F(3A)
Sb(1A)F(4A)
Sb(1A}F(1A)
Sb(1A}F(6A)
Sb(1A}F(5A)
Sn(1B)C(7B)
Sn(1B)C(4B)
Sn(1B)C(1B)
Sn(1B)}N(1B)
Sn(1B)}F(1B)
N(1B)-C(6B)
N(1B)-C(3B)
N(1B)-C(9B)
C(1B)-C(2B)
C(1B)-H(1BA)
C(1B)-H(1BB)
C(2B)-C(3B)
C(2B)-H(2BA)
C(2B)-H(2BB)
C(3B)-H(3BA)

0.9700
0.9700
0.9700
0.9700
1.489(13)
0.9700
0.9700
1.479(12)
0.9700
0.9700
0.9700
0.9700
1.781(7)
1.825(6)
1.829(8)
1.835(6)
1.862(6)
1.905(7)
2.108(9)
2.123(8)
2.129(9)
2.210(5)
2.477(7)
1.469(9)
1.486(10)
1.491(9)
1.502(13)
0.9700
0.9700
1.517(13)
0.9700
0.9700
0.9700
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C(3B)H(3BB)
C(4B)-C(5B)
C(4B)H(4BA)
C(4B)H(4BB)
C(5B)-C(6B)
C(5B)H(5BA)
C(5B)H(5BB)
C(6B)H(6BA)
C(6B)H(6BB)
C(7B)-C(8B)
C(7B)-H(7BA)
C(7B)-H(7BB)
C(8B)-C(9B)
C(8B)-H(8BA)
C(8B)-H(8BB)
C(9B)H(9BA)
C(9B)H(9BB)
Sh(1B)F(3B)
Sb(1B)}F(4B)
Sb(1B)}F(1B)
Sh(1B)F(5B)
Sb(1B)}F(2B)
Sh(1B)F(6B)

C(1A)-Sn(1A)C(4A)
C(1A)-Sn(1A}C(7A)
C(4A)-Sn(1A}C(7A)
C(1A)-Sn(1A¥N(1A)
C(4A)-Sn(1A¥N(1A)
C(7A)-Sn(1A¥N(1A)
C(1A)-Sn(1A)-F(1A)
C(4A)-Sn(1AXF(1A)
C(7A)-Sn(1A}F(1A)

0.9700
1.507(12)
0.9700
0.9700
1.522(11)
0.9700
0.9700
0.9700
0.9700
1.511(14)
0.9700
0.9700
1.494(12)
0.9700
0.9700
0.9700
0.9700
1.703(9)
1.796(9)
1.808(7)
1.818(7)
1.840(6)
1.859(10)

120.2(4)
119.0(4)
118.5(4)
85.2(2)
84.7(3)
84.8(3)
99.5(3)
88.2(3)
97.6(3)
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N(1A)-Sn(1A)F(1A)
C(9A)-N(1A)-C(3A)
C(9A)-N(1A)-C(6A)
C(3A)-N(1A)-C(6A)
C(9A)-N(1A)-Sn(1A)
C(3A)-N(1A)-Sn(1A)
C(6A)-N(1A)-Sn(1A)
C(2A)-C(1A)-Sn(1A)
C(2A)-C(1A)-H(1AA)
Sn(1A)C(1A)-H(1AA)
C(2A)-C(1A)-H(1AB)
Sn(1A)C(1A)-H(1AB)
H(1AA)-C(1A)-H(1AB)
C(1A)-C(2A)-C(3A)
C(1A)-C(2A)-H(2AA)
C(3A)-C(2A)-H(2AA)
C(1A)-C(2A)-H(2AB)
C(3A)-C(2A)-H(2AB)
H(2AA)-C(2A)-H(2AB)
C(2A)-C(3A)-N(1A)
C(2A)-C(3A)-H(3AA)
N(1A)-C(3A)-H(3AA)
C(2A)-C(3A)-H(3AB)
N(1A)-C(3A)-H(3AB)
H(3AA)-C(3A)-H(3AB)
C(5A)-C(4A)-Sn(1A)
C(5A)-C(4A)-H(4AA)
SN(1A)C(4A)-H(4AA)
C(5A)-C(4A)-H(4AB)
Sn(1A)C(4A)-H(4AB)
H(4AA)-C(4A)-H(4AB)
C(4A)-C(5A)-C(6A)
C(4A)-C(5A)-H(5AA)

172.8(2)
115.7(7)
112.7(6)
112.8(7)
105.8(4)
104.7(4)
103.7(5)
106.1(5)
110.5
110.5
110.5
110.5
108.7
116.1(7)
108.3
108.3
108.3
108.3
107.4
112.6(7)
109.1
109.1
109.1
109.1
107.8
106.3(6)
110.5
110.5
110.5
110.5
108.7
114.8(8)
108.6

145



C(6A)-C(5A)-H(5AA)
C(4A)-C(5A)-H(5AB)
C(6A)-C(5A)-H(5AB)
H(5AA)-C(5A)-H(5AB)
C(5A)-C(6A)-N(1A)
C(5A)-C(6A)-H(6AA)
N(1A)-C(6A)-H(6AA)
C(5A)-C(6A)-H(6AB)
N(1A)-C(6A)-H(6AB)
H(6AA)-C(6A)-H(6AB)
C(8A)-C(7A)-Sn(1A)
C(8A)-C(7A)-H(7AA)
SNn(1A)C(7A)-H(7AA)
C(8A)-C(7A)-H(7AB)
Sn(1A)C(7A)-H(7AB)
H(7AA)-C(7A)-H(7AB)
C(9A)-C(8A)-C(7A)
C(9A)-C(8A)-H(BAA)
C(7A)-C(8A)-H(8AA)
C(9A)-C(8A)-H(8AB)
C(7A)-C(8A)-H(8AB)
H(8AA)-C(8A)-H(8AB)
N(1A)-C(9A)-C(8A)
N(1A)-C(9A)-H(9AA)
C(8A)-C(9A)-H(9AA)
N(1A)-C(9A)-H(9AB)
C(8A)-C(9A)-H(9AB)
H(9AA)-C(9A)-H(9AB)
F(2A)-Sb(1A}F(3A)
F(2A)-Sb(1A}F(4A)
F(3A)-Sb(1A}F(4A)
F(2A)-Sb(1A}F(1A)
F(3A)-Sb(1A}F(1A)

108.6
108.6
108.6
107.5
113.8(7)
108.8
108.8
108.8
108.8
107.7
104.9(5)
110.8
110.8
110.8
110.8
108.9
117.2(7)
108.0
108.0
108.0
108.0
107.2
113.3(7)
108.9
108.9
108.9
108.9
107.7
89.2(4)
92.9(6)
89.1(5)
94.1(5)
90.7(4)
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F(4A)-Sb(1AYF(1A)
F(2A)-Sb(1A)F(6A)
F(3A)-Sb(1A)F(6A)
F(4A)-Sb(1A)F(6A)
F(1A)-Sb(1A)F(6A)
F(2A)-Sb(1AYF(5A)
F(3A)-Sb(1A}F(5A)
F(4A)-Sb(1AYF(5A)
F(1A)-Sb(1A)-F(5A)
F(6A)-Sb(1A}F(5A)
Sb(1A}F(1A)-Sn(1A)
C(7B)-Sn(1B)C(4B)
C(7B)-Sn(1B)C(1B)
C(4B)-Sn(1B)C(1B)
C(7B)-Sn(1B)N(1B)
C(4B)-Sn(1B)N(1B)
C(1B)-Sn(1B)N(1B)
C(7B)-Sn(1B)F(1B)
C(4B)-Sn(1B)F(1B)
C(1B)-Sn(1B)F(1B)
N(1B)-Sn(1B)F(1B)
C(6B)N(1B)-C(3B)
C(6B)N(1B)-C(9B)
C(3B)-N(1B)-C(9B)
C(6B)-N(1B)-Sn(1B)
C(3B)-N(1B)-Sn(1B)
C(9B)-N(1B)-Sn(1B)
C(2B)C(1B)-Sn(1B)
C(2B)}-C(1B)-H(1BA)
Sn(1B)C(1B)}H(1BA)
C(2B)-C(1B)-H(1BB)
Sn(1B)C(1B)}H(1BB)

H(1BA)-C(1B)}-H(1BB)

173.0(5)
92.4(4)
177.8(4)
92.4(5)
87.6(4)
179.0(4)
91.8(3)
87.0(5)
86.0(4)
86.6(3)
133.0(3)
120.9(4)
118.5(4)
117.9(3)
84.9(3)
84.2(3)
84.7(3)
100.1(4)
85.1(3)
101.0(4)
169.2(2)
113.1(6)
111.9(7)
112.9(6)
106.5(4)
105.9(4)
105.7(4)
104.8(6)
110.8
110.8
110.8
110.8
108.9
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C(1B)}C(2B)}-C(3B)
C(1B)}C(2B)-H(2BA)
C(3B)-C(2B)-H(2BA)
C(1B)C(2B)H(2BB)
C(3B)-C(2B)H(2BB)
H(2BA)-C(2B)-H(2BB)
N(1B)-C(3B)-C(2B)
N(1B)-C(3B)-H(3BA)
C(2B)-C(3B)-H(3BA)
N(1B)-C(3B)-H(3BB)
C(2B)-C(3B)-H(3BB)
H(3BA)-C(3B)-H(3BB)
C(5B)-C(4B)-Sn(1B)
C(5B)-C(4B)-H(4BA)
Sn(1B)C(4B)H(4BA)
C(5B)-C(4B)H(4BB)
Sn(1B)C(4B)H(4BB)
H(4BA)-C(4B)-H(4BB)
C(4B)C(5B)-C(6B)
C(4B)-C(5B)-H(5BA)
C(6B)C(5B)-H(5BA)
C(4B)-C(5B)-H(5BB)
C(6B)-C(5B)H(5BB)
H(5BA)-C(5B)-H(5BB)
N(1B)-C(6B)-C(5B)
N(1B)-C(6B)-H(6BA)
C(5B)-C(6B)-H(6BA)
N(1B)-C(6B)-H(6BB)
C(5B)-C(6B)-H(6BB)
H(6BA)-C(6B)-H(6BB)
C(8B)-C(7B)-Sn(1B)
C(8B)-C(7B)-H(7BA)
Sn(1B)}C(7B)H(7BA)

114.5(7)
108.6
108.6
108.6
108.6
107.6
110.8(7)
109.5
109.5
109.5
109.5
108.1
105.5(5)
110.6
110.6
110.6
110.6
108.8
113.9(7)
108.8
108.8
108.8
108.8
107.7
110.3(6)
109.6
109.6
109.6
109.6
108.1
105.0(5)
110.8
1108
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C(8B)-C(7B)-H(7BB)

Sn(1B)C(7B)H(7BB)
H(7BA)-C(7B)-H(7BB)

C(9B)-C(8B)-C(7B)
C(9B)-C(8B)-H(8BA)
C(7B)-C(8B)H(8BA)
C(9B)-C(8B)-H(8BB)
C(7B)-C(8B)-H(8BB)

H(8BA)-C(8B)-H(8BB)

N(1B)-C(9B)-C(8B)

N(1B)-C(9B)-H(9BA)
C(8B)-C(9B)}H(9BA)
N(1B)-C(9B)-H(9BB)
C(8B)-C(9B)H(9BB)

H(9BA)-C(9B)-H(9BB)

F(3B)-Sb(1B)F(4B)
F(3B)-Sb(1B)F(1B)
F(4B)-Sb(1B)F(1B)
F(3B)-Sb(1B)F(5B)
F(4B)-Sb(1B)F(5B)
F(1B)-Sb(1B)F(5B)
F(3B)-Sb(1B)F(2B)
F(4B)-Sb(1B)F(2B)
F(1B)-Sb(1B)F(2B)
F(5B)-Sb(1B)F(2B)
F(3B)-Sb(1B)F(6B)
F(4B)-Sb(1B)F(6B)
F(1B)-Sb(1B)F(6B)
F(5B)-Sb(1B-F(6B)
F(2B)-Sb(1B)F(6B)
Sh(1B)F(1B)-Sn(1B)

110.8
110.8
108.8
114.8(8)
108.6
108.6
108.6
108.6
107.5
111.06)
109.4
109.4
109.4
109.4
108.0
97.9(10)
91.5(9)
170.5(8)
94.6(6)
90.6(5)
89.6(4)
87.7(6)
90.0(4)
89.4(4)
177.6(5)
173.2(9)
87.7(8)
82.8(7)
89.1(6)
88.6(5)
139.9(5)
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Table 4. Anisotropic displacement parameterd x(A0® for AK-SbF6_0m. The anisotropic

displacement factor exponeakes the form:=-2p? h? a*2Ull+ ... + 2 h k a* b* U?2]

Ull U22 U33 U23 U13 U12
Sn(1A)  56(1) 54(1) 49(1) -2(1) 6(1) -9(1)
N(1A)  57(3) 68(3) 62(3) -17(3) 9(2) -11(3)
cA) 7705 100(6) 52(4) 1(3) 10(3) -19(4)
C2A)  82(5) 97(6) 81(5) 12(4) 16(4) -33(5)
C(3A)  84(6) 118(8) 104(7) -34(6) 18(5) -47(6)
C(4A)  117(7) 66(5) 88(6) 24(4) 29(5) 27(5)
CGA)  112(7) 116(8) 74(5) 24(5) -5(5) 28(6)
C(6A)  88(6) 137(9) 64(4) -26(5) -13(4) 21(6)
C(7A)  50(4) 93(6) 105(6) 1(5) 4(4) -3(4)
C(BA)  69(5) 82(6) 145(8) -30(6) 32(5) 7(4)
C(9A)  88(6) 67(5) 119(7) -32(5) 8(5) 7(4)
Sb(1A)  57(1) 74(1) 70(1) -20(1) 4(1) -12(1)
F(1A)  190(7) 158(6) 82(4) 4(4) -16(4) -87(5)
F2A)  148(7) 64(4) 409(16) -28(6) 58(9) 8(4)
F3A)  69(3) 145(6) 241(9) 24(6) 46(4) -15(4)
F(4A)  255(12) 326(15) 120(6) 16(8) -54(7) -120(11)
F5A)  114(5) 96(4) 205(7) 33(4) 30(5) 3(3)
F6A)  91(4) 129(5) 179(6) -9(4) 66(4) 0(3)
Sn(1B)  56(1) 71(1) 61(1) -9(1) 6(1) 12(1)
N(1B)  50(3) 74(4) 54(3) -11(2) 2(2) 6(2)
C(1B)  93(6) 72(5) 98(6) 11(4) -5(5) -3(4)
C(2B)  95(6) 109(7) 81(5) 33(5) 5(4) -9(5)
C(3B)  70(5) 111(7) 69(4) -5(4) 24(4) -2(4)
C@4B)  101(6) 91(5) 45(3) 2(3) -4(3) -14(5)
C(5B)  87(6) 97(6) 75(5) 11(4) -22(4) 16(5)
C(6B)  94(6) 76(5) 80(5) -5(4) -2(4) 28(4)
C(7B)  51(4) 142(9) 105(6) -12(6) 0(4) -2(5)
C(8B)  75(6) 123(8) 96(6) -14(6) -15(5) -33(5)
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C(9B)
Sh(1B)
F(1B)
F(2B)
F(3B)
F(4B)
F(5B)
F(6B)

81(5)
64(1)
247(11)
169(7)
342(19)
410(20)
227(10)
320(16)

103(6)
69(1)
220(9)
185(7)
520(30)
259(13)
257(11)
233(13)

71(5)
70(1)
159(7)
90(4)

268(15)

198(10)
101(5)

267(13)

-30(4)
-10(1)
-63(7)
-22(4)
-19(16)
-64(9)
-49(6)
66(10)

-6(4)

5(2)

1(7)
-18(4)
84(13)
-52(11)
-59(6)
22(12)

-11(5)
15(1)
159(9)
31(6)
-340(20)
237(14)
51(8)
-154(12)

Table 5. Hydrogen coordinates (  x4@and isotropic displacement parameter3x(40 3)
for AK-SbF6_0m.

X y z U(eq)
H(1AA) 5099 1381 128 91
H(1AB) 4252 1981 -272 91
H(2AA) 4663 3270 478 103
H(2AB) 5633 2845 320 103
H(3AA) 5476 3406 1788 122
H(3AB) 5852 2356 1742 122
H(4AA) 3915 91 2612 108
H(4AB) 4659 -213 1948 108
H(5AA) 5668 828 2488 121
H(5AB) 5202 519 3354 121
H(6AA) 5417 2170 3237 117
H(6AB) 4401 1877 3393 117
H(7AA) 2361 2433 1057 99
H(7AB) 2133 1636 1754 99
H(8AA) 2467 3266 2311 118
H(8AB) 2840 2394 2877 118
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H(9AA)
H(9AB)
H(1BA)
H(1BB)
H(2BA)
H(2BB)
H(3BA)
H(3BB)
H(4BA)
H(4BB)
H(5BA)
H(5BB)
H(6BA)
H(6BB)
H(7BA)
H(7BB)
H(8BA)
H(8BB)
H(9BA)
H(9BB)

3849
3995
9205
10135
10437
9443
10417
10870
9971
9271
10592
10909
10538
9580
7260
7404
8033
7496
9044
8783

3636
3418
4858
4601
4197
3795
2505
2846
3013
2151
1456
2365
1216
1026
2558
3133
1278
1598
1215
2252

1882
2905
-1871
-1325
-2727
-2943
-2857
-1933
499
412
53
-456
-1517
-1126
-1108
-1993
-1561
-2448
-2643
-2975

110
110
106
106
114
114

99

99

95

95
105
105
100
100
119
119
118
118
103
103
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X-Ray Data for Comple.6b
Frompentane/1,ichloroethane
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Table 1. Crystal data and structure refinement for conybex

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
VA
Density (calculated)

Absorption coefficient

AK_236_0m

C36 H72 CI F18 N4 Sb3 Sn4
1778.43

200(2) K

0.71073 A

Cubic

123

a=13.78560(10) A a=90°.
b = 13.78560(10) A b= 90°.
¢ = 13.78560(10) A g=90°.
2619.85(6)A3

2

2.254 Mg/n}

3.545 mmt
154































































































































































