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Crosscouplingreactiong CCRs)are one of the most versatile methods for the
formation of GC bonds.Traditionally, palladium and nickel are broadly used as the
catalyst in this type of transformatioHowever, due to the low cosbw toxicity, and
high natural abundance, iron has becomaltamnativemetal catalyst foCCRs.

The first ron-catalyzedasymmetriccrosscoupling reactiorwas reported by
Nakamura in 2016ut the mechanismemainedunknown. Since then, our l&@as been
working on 1) the elucidation ¢tfiemechanisnusingquantum mechanical calculat®n
and experimental probes; and 2) thaonaldesign and development of new types of
iron-catalyzed crossoupling reactions.

Quantum mechanical calculat®rwere applied to study the mechanism
(Chapter 1). With multiplepossiblepathwaysomputed and extensive conformational

search, waletermined that thiewest energypathwayproceeds viaadical formation

by Fe(l) radical additiorto Fe(ll), andreductive eliminatiorirom Fe(lll) to form the



desired crossoupled product. With the mechanism in hand, we then designed and
developed many new types of irgatalyzed CCR¢Chapter 2-5), thatincluded an
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cascade/annulation reactidfnally, in Chapter 6, we introduced the [1.1.4jopellane
as thel-type radical acceptor in the threemponent difunctionalization of iren
catalyzed crossoupling reaction

These reactions showaashe potential ofron-catalyzed CCRs and eapded

the toolbox for organic synthesis.
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Chaptler€alt:al yz-€du g€riosg Reacti ons

The following work has been publish@éidee, W.; Zhou, J.; Gutierrez, O. Am. Chem. Soc.
2017 139, 1612616133)

1.1 CrossCoupling Reactions

Crosscoupling reactions (CCRs) are one of the most powerful methods in
organicchemistryfor the construction of € bondst In this vein, @lladium and
nickekcomplexesare by far the most popular transition metals for this type of
transformation for gplications in industry and acadeniiglowever, due to the rising
costs of precious transition metals (i.e., palladi4ff)the investigation on other
transition metals for CCRs becomes crucial. In this context, iron is an inexpensive,
abundant, and benignetal that can serve as an alternative catalyst to promote these
transformations. Notab)yiron complexesare weltknown for the coupling of nen

activated alkyl halides that are difficult using traditionmlladiumbasedcross

The first Fecatalyzed crossoupling reaction was reported by Kharasch in

1941 (Figure 1.1). In particular, the authors reported the CJsp(sp) coupling

. a)

between phenyl magnesiur B MBI Fecl, O
+ —_—

bromide and bromobenzehe C C ether

More than hirty years later,

RIXBr 4+ R2mgBr Fecly R R
Kochi expanded the scope @  «oovvooioiieiieeeeeee T
M A Me AN Ve

this reaction andeported the

. . Figure 1.1. (a) First ironcatalyzed crossoupling
coupling of alkenyl halides reaction by Kharasch in 1941. (b) Alkeny! halide
with Grignard reagents reported by Kochi in 197

with aryl Grignard reagents$.

1



More recently, there been numerous reports ©Ghaill Bedford!?>'® and
Nakamur&*1>16.17(among others) that udsisphosphine as ligands Fe-catalyzed
crosscoupling reactionsNotably, the use of bisphosphine ligands such as SciOPP,

dppe, and Xantphda combination with simple iron salts (e.g., F&Qlas accelerated

| OTBS
Sonogashira cat. Fe/SciOPP
Br
Cl/\/\/ . Ar
TBSO> — mgar 73% yield P PT
— Ar ‘Ar

. Ar = 3,5-tBu,Ph
Negishi cat. Fe/dppe - :
SciOPP
75% yield —\
‘(@7 ’ P N
Ph* “Ph
Suzuki-Miyaura

CN
cat. Fe/Xantphos dppe
P —
Br [NBURB]MgX] nBu

in g Me Me
(in situ) 64% yield ”
Kumada I (6) I
cat. Fe/Xantphos Ph. Ph
Me nBu " ’
Me Br —_— \/H\/ P P,
\’e\);/ nBuMgBr 7 Ph Ph
82% yield Xantphos

Figure 1.2. RepresentativEe-bisphosphine catalyzed cressupling reactions.

the development of practical methods for Kumddalegisht,'>'*Sonogashirg'® and

SuzukiMiyaura typé81’crosscoupling reactionsKigure 1.2).



In 2010 and 2014, Fdand Bian'® respectively, reported the Kumatige
asymmetric crossoupling reactions betwees-halo-esters with Grignard reagents

with nickel and cobaltatalyst Figure 1.3). Subsequently, Nakaméfaeported the

¢ NiCLAglyme (7 mol %) 0 O\P<I/O
R . ligand L1 (9 mol %)
§)LR 6 + ArMgBr . > R\:)LR 6 S/lN N|\)
Br DME, -604C Ar Wi :
RO Ro
R®= Ph: L1
o ~ Col (10 mol %) o) Rg B L2
R . ligand L2 (12 mol %) R
})LO R6 + ArMgBr > ﬁ)Lo RO
Br THF, -80AC Ar
tBug ; 2 ~Me
0 REL
R Fe(acac)s (3 mol %) 0 Me tBu
\g)l\o RO + Amgsr 19andL3 (6 mol%) R\:)Lo ~6 s
cl THF, O0AC Ar
e.g. R =Me, Ré=tBu, Ar = Ph
Figure 1.3. Representative lefirst row asymmetric Kumada crossupling
reactions.

first iron-catalyzed enantioselective cressupling reaction. This method promoted the
coupling between a wide variety @f-chloroesters with Grignard reagents using
catalytic amounts of iron inombination with chiral bisphosphine ligahd to deliver
asymmetric CCR product with high yields (up to 92% vyield) and modest
enantioselectivity [up to 90% enantiomeric excess (e.e.)]. Ovenltrary to well
established nickeland palladiuncatalyzedasymmetric crossouplings, asymmetric
iron-catalyzed crossouplings reactions remain extremely rare. To this end, my goal
Is to use a computational and experimental approach towards the rational design and
development of irortatalyzed asymmetric mulbenponent crossouplings reactions.
Although several catalytic cycles have been proposed in the liter&igred

1.4), in general, the mechanisms and, in particular, moleteNat information of the
3



carboncarbon bond formation of irecailyzed crossoupling reactions remain

unknown. Moreover, until my report, there were only a few reports using transition

cl
cl 4
/7 I-n':el,l,
LnFe!! “Cl

Cl
ArMgX
ArMgX l

Ar X&R

. 4
R-Ar L,Fe'-Cl ArMgX L Fel ‘
""X R
X & Clor Br
X =ClorAr
X &ClorBr

Cl

I X0 X 0
LoFe"—R Ln Fe” e [
| LnFe, L.Fe'l—Ar
Ar X " )l(
/\ ArMgX
R Ln Fe”
R-Ar R
Fe()/Fe(l)/Fe(lll) Fe(Ily/Fe(lll)/Fe(l)
Norrby Nakamura
Bedford Neidig

Figure 1.4. Commonly poposed mechanissrfor iron-catalyzed crossoupling
reactions with Grignard reagents

state calculations to gain insights into the mechanisms ofcmtalyzed cross
couplings?t?2 The lack of moleculatevel informatio limits the rational design of
substrates and ligands for irgatalyzed crossoupling reactions. Therefore, | began

to use transitiosstate calculations to investigate the mechanism of-catalyzed
asymmetric CCRs with bisphosphine ligands in order to 1) understand the mechanism
of these transformations and 2) gain insights into the factors controlling reactivity and

enantioselectivity.



1.2 Computational Method Used to Study the Mechanism

In order toelucidate the mechanism of asymmetric ioatalyzed cross
coupling, | began to explore the fremergy reaction pathway using trebustand

well-studied unrestricteB3LYP?3 functional with a modest basis sét31G(d). To

S 2S+1 (82) = S(S+1)
Unpaired electrion = Spin (number) = multiplicity =~ Spin state total spin

0 0 1 singlet 0

1 1/2 2 doublet 0.75

2 1 3 triplet 2

3 3/2 4 quartet 3.75

4 2 5 quintet 6

5 5/2 6 sextet 8.75
Table 11. Relationship between spin state dinel expectationaluetS2x

determine the spin state obah intermediate and transition state structure t
expectation values aS2xwereusedas a diagnostitool. For example, based on the
0520 equation (S2X=S(S+1)), accordingly a singlet will have 826=0. While a
doublet, triplet, quartet, quintet, aséxtet will havedSXivalues of 0.75, 2, 3.75, 6,
8.75 respectivelyTable 11).

Frequency calculations were subsequently preformed at the same level of theory to
verify nature of stationary points and acquire thermal corrections. However, due to the
well-known erors* associated with B3LYP including systematic bias for fégn
structures in iron complex&8°¢ and failure to account well for dispersion
interactiond* (crucial aspects to assess competing pathways in iron catalysis and in
accounting for stereoselectivity), a range of DFT functionals (UMSGIPBEPBEZ®

and UM06") and large basis sets-881+G(d,p)SDD (for Fe) and/or 811+G(d,p)

with SMD?® continuumsolvation model in implicit THF solvenwvere used. These
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methods are routinely used to study organometallic sy$teamsl irorcatalyzed
transformations including CCR&3! As such we refined all energies and assessed the
relative barriers for all compeiy pathways by performing singpmint energy
calculations at the UM06L/811+G(d,p)SDD (for FeYTHF(SMD), UPBEPBE/6
311+G(d,p)SDD  (for Fe}THF(SMD), UMO06/6311+G(d,p)SDD (for Fe)
THF(SMD), and UM06/6311+G(d,p)THF(SMD) levels of theoryor comparisonin

our calculations, we considered all commonly proposed pathways (shdviguire

14) , including stepwi goeming events,caodncongutadeald Ci1 C |
low, medium, and high spin states in determining the lowest free energy pa@mhay

the bwest energy spin states and conformers are shown and discussed in the text and
the rest of the pathways are presented in @tepter 7 (Figure 7.1, 7.2).
Unsurprisingly, we found that the absolute barriers varied significantly with the DFT
functional butthe overall conclusions of the reaction pathway remain the Jaqe¢

7.1, 7.2). All calculations were performed using Guassiatt®and structural figures

were generated using CYLviet#?

1.3 Competing Pathway Leading to Biaryl Formation

In the process of mapping possible mechanism pathways, the truncated and

symmetrical 1,2 bis(tetramethylphosphineo)benzene ligand was applied in the

calculation Figure 15) to reduce Q truncate
tBug oMe
me P Prgy

= e v
Me*

computational cst and accelerats Me

mapping of competing pathwaysVe
Figure 1.5. Computational truncated
hypothesize thathis truncatiorwould be | ligand.




appropriate becausthe tert-butyl group presumably,mainly would affect the
enantioselectivity but not the reactivitotably, our overall mechanisthusing this
truncated model agrees well with the mechanism repartpdrallel to our studielsy
Nakamura and Morokuma using the full §ymmetric chiral ligand®

Although the mechanism of ireratalyzed crossoupling reactions are not

known, there is evidence for the participation
Q,Me

tBu
NP P

P
alkyl radical intermediaté% (presumably <P e 7

originating from single electron haloge (E';Fe‘:cp:lh (E}Fe‘;‘ig

. . . Ph-Cl Ph-Ph
abstraction or via single electron transf P Fe(
Figure 1.6. Possible iron active

followed by halide dissociation promoted K .
species

Fe(l) or Fe(ll) intermediates). Further, in th

bisphosphinaron-catalyzed crossoupling reactions, two possibleon complexes

(i.e., chlorephenytiron(ll) and diphenyron(ll) complexes) are commonly proposed

as the active species and similar species have been isolated, characterized, and their
reactivity explored FKigure 1.6)%%4% Naturally, we initiated our Bthanistic
investigation by examining the barriers for halogen abstraction using both Fe(l) and
Fe(Il) complexes with various coordination spheres. Energies are shown with four
different methods with the lowest energy spin state found.

(STOP)For clarity, I will discuss the results based on calculations using the
method UPBEPBE/6311+G(d,p)SDD(Fe}SMD(THF)/UB3LYP/6-31G(d) since
these were found to best correlate with experimental results (see b&shown in
the free energy reaction coandie inFigure 1.7, halogen abstraction by diphenyl

iron(ll) Fe(ll)P™Ph is ca. D.7 kcal/molleading toalkyl radical andrivalent iron(ll1)



Fe(lll) PPh-Cl downhill in energy(3.9 kcal/mol) Next, rather than radical addition

agGrel (kecal/mol)
A

Me
A
cl

(Plé wPh Me\/E_I ¥

P~ " ph ; 1%

P., 1 Ph Me E

Y (P’FeNPh { " ph
28.4 (318.5) (F",,F'e_;—P

[120.7)528.6 B-TS

4.1.7 (*-7.4)
MEYE [“17.5]42.5 Lot
CI P.,l .Ph 4.5(°-4.4)
(P¢F6~Ph [413.2]43.3
Fe(lll Ph-Ph-CI
(P"'Fe“‘Ph ah Ph /4
P” ““ph Me\g,E g Me. E
Fe(”)Ph-Ph \r
(P.,,F wPh Ph
A p” €~ph 4.5.8(4-15.3) b
50.0 (30.0) 4012216 [261%7.3 (L zFe-ph
[30.0]50.0 B [40.4] 4-14.1 e
4.6.4 (*13.1) g, O
[4-3.9]4-7.2
P1
4.27.2(*-41.2)
[+31.2]4-27.8

P
= Me Q Me  E=cCO,Me O
( P PT 2

Me

e,

Me*
UMO06/6-311+G(d,p)-SDD(Fe)-SMD(THF) Biphenyl
UMO06L/6-311+G(d,p)-SDD(Fe)-SMD(THF) (italics in parenthesis) 4.36.2(4-51.2)
UPBEPBE/6-311+G(d,p)-SDD(Fe)-SMD(THF) [italics in brackets] [4-38.0]4-37.3

UMO06/6-311+G(d,p)-SMD(THF) italics

Figure 1.7. Energy diagram of the reaction with dipheirgh(ll) complex Fe(l1)P"™
Phleads to biphenyl side product. Numbers shown are four methstisgle point
energ calculationfrom UB3LYP/6-31G(d) optimized structure

(29.1 kcal/mol see S)to the Fe(lll) PP*Cl to form Fe(V) intermediate, the alkyl

radical species favors to interact with another Fe(ll) species B&tép B-TS).
Specifically, the alkyl radical can adddaaothemolecule of iron(ll) diphenyFe(Il) P
Phto formintermediateC with the barrier of 21.4 kcal/méilom B. However, the barrier
for the reductive elimination to form the desired C(gp(sp®) crosscoupling product
(P1) is muchhigher than C(sp)-C(sp) reductive elimination that would lead toe

undesired biphenyR2) product by D.6kcal/mol(12.8. vs. 2.2 kcal/malOverall, our



calculations suggest that if dipherig(l1) P"Phis present in the solution, bipheny! will
be the major product. Experimglly, if Grignard reagens added rapidly, significant
formation of biphenyis observed. We speculate that rapid addition of phenyl Grignard
leads to the formation of diphenyl Fe(ll) specwsich could quickly trap the alkyl
radical and undergo sela@ and undesire€(sp)-C(sp?) bond formation Overall
thesecomputationalesults ruleagainsthe formation of diphenyiron(ll) complex as

the active species in the formation of the desiredg:S(spF) crosscoupling reactions

(under slowaddition of Grignard).



1.4 Productive Pathway Forming the Cre€®upled Product

Fe(l) has been implicated in many iroatalyzed crossoupling reactions
although there is no evidence that this species is responsible for catalytic attivity.
Nonetheless, | investigated the energy barriers starting with phren{l) comgex

(Figure 1.8). Phenyliron(l) Fe(l)°" species can promote halogen abstraction (barrier

aGrel (kcal/mol)
A

Me)\ —I i
e F +
Pt
MeYE (P;Fe_Ph ,\J/l\ej
ol =
P, Nouihs (P" Fesg
(P,’Fe—Ph 3.0 (5.0
Feqypn [ [89728 DO-TS
6.18.4 (5-8.5)
A0 [64.2] 6-18.4
40.0 (%0.0) P. T s
[40.0] 40.0 / ..
BO-TS o N
4-3004 (*23.3
P.,_ Ph 4 (723.3)
(P¢Fe‘~C| [%46.2] 4-30.7
Fe(I)P""C | Rebound to
Iron(l1)
Me E
BO 4.34.9 (4-32.4) \I/
5.36.4 (5-29.5) [#-19.0] 4-36.5 Ph
[°-19.6] 536.6
-
P.
P _ “Fe—
Me.ﬂp P':,Me Fe(|)C|
UMO06/6-311+G(d,p)-SDD(Fe)-SMD(THF) PO
UMO6L/6-311+G(d,p)-SDD(Fe)-SMD(THF) (italics in parenthesis) 4.59.2 (4-58.7)
UPBEPBE/6-311+G(d,p)-SDD(Fe)-SMD(THF) [italics in brackets] [4-53.7] 4-60.1
UMO06/6-311+G(d,p)-SMD(THF) italics

Figure 1.8. The lowest energy pathway starting with monophamyl(l) complex
that leads to the crog®upling product.

ca. 8.9 kcal/mol) to form chlosphenytiron(Il) complexFe(I) P*C'. In turn, the radical
can rebound to iron(llffe(11) P"¢! (via radical additionBO-TS) via a barier of ca. 13.4
kcal/mol to form intermediat€0. Finally, intermediat€0 will undergo a very rapid

reductive elimination to generate the desired &{§¢sp) crosscoupling product and
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the chloreiron(l) complexFe(l)©. Chlorciron(l) complex can r@enerate the phenyl
iron(l) complexFe(1)°" by transmetalation with phenyl Grignarglagent (detasl are

still under debafé). Given that the reaction is highly exergoni&3.7 kcal/mol),
calculations suggest that once the product is formed, the readliitve irreversible at

room temperature. Further, closer inspection of this pathway, by comparing the two
transition states corresponding to radical addition and reductive elimination, reveals
that the radical addition step is more likely to be the endetermining step because

of its higher energy barrier@.2 vs.-13.0 kcal/mol) but calculations using full chiral

ligand are necessary to determine the enantioselectivity determining step (more below).

Interestingly, there is an alternatipathway we explored and found a different
transition state that also leads to the &(}sp) crosscoupling product (i.eDO-TS,
Figure 1.8). This transition state corresponds to the concerted process in which the
radical, instead of adding toon, is undergoing outespherearylation (pathway
highlighted in blue) leading to the experimentally observed LE(EP) cross
coupling product. However, this transition state is only found in the sextet spin state
and the energy is much higher (4@akmol) therefore not expected to be productive.
This example highlights the importance of spin state on the reaction mechanism (inner
sphere vs. outesphere) in irorcatalyzed cross oupl i ng reacti-ons

st at e r e akHadxidationsbyyiran catatystse

11
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1.5The Origin of Enantioselectivity

We carefully examined the two lowest energy diastereomeric transition states
(radical addition and reductive elimination) to gain insight into the origin of

enantioselectivity using the full chiralsphosphine ligandzigure 1.9 shows the four

Me\/a :t
(P,,, F e“‘Ph
P "Sci
e  [Spa1-R =128
" TS3,2-R = 11.3 Me E_l T
. TS:,1-S = 10.6 Y
I o P.,: _-Ph
,‘:“.“TSRAz S$=10.3 (P¢ Feg,
) e TSp2-S=9.5
N / — TSpc]-R = 8.4
'I,',_ TSrel-S=7.7
,'I:I: | TSgre2-R=7.3
“l‘\\“—’,/,",ﬁ'nt-z-s =14
 ——, int-1-R = 0.9
e nt-1-S = 0.8
‘e  n-2-R=0.0
Me.q.E . Me._E
% stereodetermlnlng
step Me. _E Ph
(P"Fe“‘Ph P,,T‘\Ph - (P,,,F -l
P* "Scl reversible g (P’Fe‘u irreversible pre
Relative free energies (a85; kcal/mol; 298.15 K) p Q
UPBEPBE/6-311+G(d,p)-SDD(Fe)-SMD(THF)//UB3LYP/6-31G(d) (p T Bug [ Me E=COMe
Me " tBu
Figure 19. Relative free energies (kcal/mol) for the quartet spin state isome
radical addition and reductive elimination transition states.

lowest energy diastereomeric transitistates (two of the isomers will lead to t8e

black and green, configuration product; the other two will lead t&ted and blue,
configuration product) corresponding both the radical addition and reductive
elimination steps. In all, the radical addition step is higher in energy than the reductive
elimination. Therefore, these calculations further support the hypothesis that radical

addition is the stereodetermining step. Finally, we performed a Boltzmanbutistri
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(Table 1.2) using various computational methods extensively used in the study of

UPBEPBE/6-311+G(d,p)-SDD(Fe)-SMD(THF)  UMO6L/6-311+G(d,p)-SDD(Fe)-SMD(THF)

Radical addition Reductive elimination Radical addition Reductive elimination
S:Rratio | 0AC (273 K) 91:9 31:69 98:2 41:59
25/C (298 K) 89:11 32:68 97:3 41:59

Table 12. Boltzmann distribution of radical addition and reductive eliminatior
that predict different configuration products.

organometallic system@JPBEPBE, UMO6L, and UMO06) and, in general, all the
methods predict the major enantiomer as observed via experiment.

Specifically, Boltzmann distribution with the lower transition structures we
located, the radical addition predicts the majardoict in S configuration, which is
consistent with Nakamurabs experi ment al re
the reductive elimination would predict the configuration different from the
experiment. Therefore, these calculations provide stropgast for radical addition as

the stereodetermining step.

13



Calculations with the full ligand system provides us information of the
noncovalent interactions involved in controlling the enantioselectivity. We find that
both electronic and steric effects influence the enantioselectivity. Specifically, as

shown inFigure 1.10, the TSS, which leads to the major experimentally determined

=1tBu

major —_— minor
S-S —» (S) enantiomer UEAR —> (R) enantiomer
&G = 0.0 kcal/mol &G = 1.0 kcal/mol

Figure 110. Model for stereoinductiaon

Senantiomer, is ~1 kcal lower in energy than theRr @&hich will lead to the opposite
(and minor) enantiomer. We attribute the energy differencetothe A AA "n.i nt er ac
This interaction will stabilize the transition structure of the radical addifibaos, the
energy barrier becomes lower in the pathway of forming S configuration product. In
contrast, the transition structure that will lead to the R enantiomer isrhiiglenergy
because theert-butyl group on the chiral ligand is interacting with the methoxy group

on the substrate that destabilizes the structure.
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1.6 Overall Catalytic Cycle

Based on all the studies above, the mechanism that we proposed is shown in

Figure 1.11. Started with iron(l) species, phery(l) complex will abstract the

R E
ClMgBr \l/
Cl
%/ e
PhMgBr 4Fe(1)Ph R\8/E
,Fe—Cl P. Ph
p’ llll
(porely,
4Fe(|)CI 5Fe(”)Ph-CI
R_E R\8/E
Ph Me. E
(P"'F Ph = CO,Me
P* o5 Q
AFg(lI1)Ph-Cl-alky! (E _ tBu\‘P PI/Me
Me** "tBu
Figure 1.11. Catalytic cycle of Kumadgypeiron-catalyzed
asymmetric crossoupling reaction.

halogen from the substrate and foaomloro-phenytFe(ll) complex that allows the
radical to rebound to iron by radical addition. And then the reductive elimination can
occur to release the C&¢C(sp’) crosscoupling product. At the same time, chlero
Fe(l) complex is generated. ChlelFe(l) complex can go through transmetalation by
phenyl Grignard to regenerate FePlh and repeat the cycMlith this information in

hand, | next focus on modulating the relative rates of radical addition to the Fe(ll)
versus reductive elimination to designwnenulticomponent irorcatalyzed cross
coupling reactions. Further, | also focused on the chiral environment posed by the chiral

ligand to allow multicomponent asymmetric iroatalyzed crossoupling reactions.
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ChaptRardiCt:ablHal-Bst eMschaPi clh é €
f oBr sphot&mlatnhel Gro€duplReagti ons
Excerptsfrom this chapter were publishéd Liu, L.; Lee, W.; Zhou, J.; Bandyopadhyay, S.;
Gutierrez, OTetrahedron2019 75, 129 136.

2.1 Mechanistic Probe of Radical Formation

In  the previous @

chapter, through the CIMBr

(lz,Fe Ph
investigation of quantum PhMgBr ae(Ph Ry
mechanical calculations, th

E=COzMe
mechanism  of  chiral  ([Fe-c P

_ P‘ ~cl
. . . 4E()C! (P - tBu\ ~Me
bisphosphine iroratalyzed 0 ve P P,  CFe()™

) RE

C(sp)-C(sp’) crosscoupling S Ry e
reations was discussed. Ou N,'fYEPh

(peFely
study* (Figure 2.1 A) and dpe(liyPChal

S| ®

NakauraMo r o k (? sty R E —
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P, Cl
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e M (DR CIMgBr
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catalytic cycles for this

(P';Fe—d

- P P'Fe‘d
transformation. Although tre()® sre()
evidence for the participation r_E

Bh R\8/E
of alky radical is strong, the e &
P, | Ph

factors that control alkyl (perelq

4Fe(l | |)Ph-CI-aIkyI

radical (e.g., ircage or out Figure 2.1 Similar catalytic cyclesf iron-catalyzed

asymmetric crossoupling

of-cage) arylation are no
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known. Previously, Nakamura uskédandlb as mechanistic probes in the asymmetric

iron-catalyzed crossoupling reaction using chiral bisphosphine ligaBdnzP*

Q o
OR Fe(acac)s (3 mol%) Q
BenzP* (6 mol%) OR OR
Cl + PhMgBr > Ph +
| (2.0 eq) THF, O¢ C1h | Ph
R R= Theptyl RO RO
la R6=H
1b R&= Me
B 0 via o 1 2a:12% yield 3a: 40% yield
or radical cyclization 85:15er racemic
> OR
— Q1. irreversible or
| reversible? 2b: 7% yield 3b: 37% yield
RO RO 87:13 er racemic
Q2. In-cage or
L out-of-cage? ]
Figure 2.2 Mechanistic probe used that indicaties participation of alky radical

(Figure 2.23Under$ andard conditions (e.g.,-

chloro esteflaformed a mixture of the acyclic (enantioenriched) eydic (racemic)

crosscoupled product?2a and3ain low yields, 12% and 40%, respectivelyiqure

s |

2.2). Moreover, a firsorder relationship between the ratio of acyclic/cyclic cross

coupled productda/3a) and catalyst concentration supported a competirtgf-cage

radical pathway in which apparent radical lifetime is inversely proportional to the

degree of radical clock rearrangemé®bstratelb that bear pendant olefin with Z

stereochemistry also provided a mixture of the corresponding acyclidi(eraiched)

and cyclic (racemic) crossoupled products2b and 3b respectively. Moreover, the
observation that both acyclic cressupled produc2b and recovered starting material

1b retainedZ stereochemistry suggests that after cyclization occurgitheess is

irreversible Figure 2.2 . Her ein

, we Us e -halo estarsr ase s

ow

of

mechanistic probes together with quantum mechanical calculations to elucidate at the

fate of the alkyl radicals in bisphosphineiron catalyzed ecospling reactias.
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Implications for the rational design of irmatalyzed enantioselective tandem radical

cyclizationarylation reaction are discussed.

2.2 Computational Study of Radical Cyclization

We began our study by cqmting the energetics for radical cyclization of the
alkyl radicals 2a and 2b, presumably formed directly from probds and 1b,

respectively, via halogen abstraction by ironfligure 2.1). All energies discussed are

— |—l
‘3aA-TS-anti’ { 3aATS-syni
: \ ! 5687
+ 5789 : v
pr—. |80 (11.3) ;83aLS)
i 3bA-TS-anti ! \ ! | —
D 46(78) i\ ' : 4 3bATSsyn'
¢ 7.5(10.8) * | ' ‘ 39(7.0) °
: v 7.6(107)
o e
2ado (0 mmmR=H '
0.0 (0.0) [
: 2bA0©0) mmm R=Me sah-syn
— 0.0 (0.0) -10.7 (-8.2) '
3aA-anti -4.1 (-1.6) \—
! -10.9 (-9.4) 3bA-
! 5.3 (-3.8) il 121 (S-)s;ng)
3bA-anti 56(-3.3)
-13.0 (-11.3)
-6.9 (-5.1)
0
0 o} i
O)kovsu Ot-Bu O Ot-Bu
P | >
R = R
3A-anti 3A-syn
2 A
Figure 2.3 Energetics for radical cyclization té (red) andLb (blue) calculated
at the (U)DLPNGCCSD(T)/def2TZVPP//UB3LYP/631G(d) and UB3LYP/6
31G(d) [italics] level of theory. Enthalpies and free energies are in kcal/mol.

for singlet spin states (for ndrarsition metals) were performed at the (U) DLPNO
CCSD(T)/def2TZzVPP//UB3LYP/631G(d) level of theory. DFT optimizations were

performed using Guassian®9and (U) DLPNGCCSD(T) single point energy
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calculations were performed using OREAor simplicity, primaily (U)DLPNO-
CCSD(T) energies will be discussed. As showifrigiure. 2.3, for the unsubstituted
probe 1a, the lowest energy barrier for radical cyclizatio® afid5.7 kcal/mol (via

3 a-RS-anti), which will lead to the formation & a-d&nti (downhillin energy by 10.9
kcal/mol). This barrier is in excellent agreement with the experimental activation
barrier ~6 kcal/mol (rate constantk &} f or t h eradal RI=Eyandi s U
allows us to calibrate our computational methotot surprisingy, the cyclization
barrier for the methysubstituted Z olefir2 b (om probelb) is significantly lower

(~2 kcal/mol; via3 b-¥8-syn) and more exergonic (12.1 kcal/mol) reflecting the
additional stability provided by the methyl to the incipient cyclizzdical. Notably,

the lowest energy barrier to undergo reversible cyclization (i.e., &rdrsdnto 2 b) A

is only 16.0 kcal/mol. Given both acyclic cressupled producb and recovered
starting materialb retainedZ stereochemistry, these computational results suggest that
1) the barrier for direct (kwage) arylation must be in thé % kcal/mol range (i.e.,
relatively similar in magnitude as radical cyclization); and 2) downstream arylation (in
cage or oubf-cage)of the cyclized radical must be faster than the reverseopeging

barrier (less than ca. 17 kcal/mol).

2.3 Synthesis of New Mechanistic Probe

We hypothesize that a more sensitive radical clock substrate could lead to the
exclusive formatia of cyclized product(s) by outcompeting the direct-qage)
arylation of acyclic alkyl radical and, in turn, define the upper limit fezage arylation

in these systems. Newcomb andworkers have measured the rate constants for
23



substituted alkyl radals to undergo-8xo cyclizations in the range of k =51A0° s'1

(at room temperaturé)These studies also show that the rates for radical cyclization
are faster for substrates that bear groups that stabilize the incipient cyclized radicals.
For instane, the rate for &xo cyclization of ethyl hegé-enoate radical is 1.4 10°

s Ywhile that of the corresponding radical ethyl-@ijpihenythept6-enoate is more

than two orders of magnitude faster (i.e., k = 80’ s'1). As such, Dr. Lei Liu and |
synthesized a series Ofalkyl esters with pendant estei&{(c; Figure 2.4A) using a

short and highly versatile synthetic rougégure 2.4B). We chose these substrates due

OtBU  cat. Fe OtBu OtBu OtBu OtBu
X
Ph
I PhMgBr
COtBU co tBu tBuO C COztBu tBuO c
7a (X=Cl)

)

7h (X=Br)
7c (X=1)
B)
(0]
y DPaE e | Bngze oot
eq
cx4 (5.0 eq) DMAP (5 mol%) OtBu gy acrylate @ed . 7a(Cl) = 82%
7b (Br) = 80%
2010 - h DCM it, 2h
| 0to-20to0-78 (C ether, rt, 3h

Nal (1.2 eq)
7c (1) = 49%
acetone, reflux, 6h

Figure 2.4 Synthetic route for the mechanistic proteec.

to ease of synthesis, presumed barrier lowering of #veo5adical cyclizationg £o
9 YAby the ester moiety via stabilization of the incipient radical, and potential for
pendant ester group to induce asymmetry in the tandem cyclizatitaiion reaction.
As shown inFigure 2.4, Dr. Lei Liu and | synthesized the desilgtialo esters
in 31 4 steps from commercially starting materials in modest to good yields. To the best

of our knowledge, the effect of pendant ester moiety-erdbradical cyclizations has

24



not been determined. Therefore, | computed the energeticsefar Eadical cyclizabn
starting from8 fpresumably formed directly from halogen abstractionalkgl esters

7a-C) to explore the effect of the ester group. As showhigure 2.5, the barrier for

(0}

OR
— l
B . N —
;9 Aanti-Ts s COR .43 Aoym TS
1.8 (5.5) 5A 1.6 (5.8) k
;0 53090 0.0 (0.0) 6.1(10.3)
h 0.0 (0.0) ‘\‘
B ' (0]
H |
Q : , O J\OR
G)LOR L9
i \——
R . 9 Asyn-
—— -14.9 (-12.7)
9 Aanti -7.9 (-5.6)
-17.8 (-14.2)
-10.5 (-6.9)

Figure 2.5 Energetics for radical cyclization ofA§R = tertbutyl)
calculated at the (U)DLPN@CSD(T)/def2TZVPP//UB3LYP/631G(d)
and UB3LYP/631G(d) [italics] level oftheory. Enthalpies and fre
energies are in kcal/mol.

5-exo radical cyclization of estsubstituted8 As much lower (~R4 kcal/mol)in

energy than of previous used radical probesahd2 b (Kigure. 2.3) and also &7
kcal/mol more exothermic. We attribute the lower barrier and larger exothermicity to
the resonance stabilization of the incipient radical by ester group. These computations
suggest that the relative rate e&%o radical cyclization o8 Ahould be at kest 100

times faster than direct @cage) arylation leading to the corresponding cyclized
radicals® Moreover, since the barrier for cyclization 8fAs much lower than
previously explored systemBi¢ure 2.3, we hypothesize tha& Avill quickly cyclize

(to 9 Yrather than undergoing direct {@age) arylation. Ultimately, cyclic radic8l A

will undergo arylation to forn®. Alternatively, if acyclic produd is observed, it will
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suggest that subsequerit@bond formation of the cyclized radicals is minadgher in
energy than the combined energy penalty to undergo reversepaming (1619

kcal/mol) followed by €C bond formation of acyclic radical A

2.4 Different Ligands and Alkyl Halides

With mechanistic probes in hardy. Lei Liu subjected/a-c to standardron-

catalyzed crossoupling conditionsKigure 2.6). In agreement low barrier for radical

(6]
Fe(acac)s (6 mol%) 2 e
7 PhMgBr Ligand (12 mol%) OtBu OtBu OtBu
a-rc (2.0 eq) > Ph + +
racemic slow addition 2h  THF-d8, 0 (T, 10 min | Ph H
COztBU tBquC tBUOzC
8 9 10
Entry 7 ligand yield 8 (%) yield 9 (%) yield 10 (%)
1 7a BenzP* NA 28 (1:4:1.5:1.5) 30 (1.5:1)
2 7a NA NA NA 25 (1.5:1)
3 7a QuinoxP* NA NA 62 (1.4:1)
4 7b QuinoxP* NA 16 (1:4:1.5:1.5) 52 (1.6:1)
5 7b NA NA NA 41 (1.4:1)
6 7c QuinoxP* NA 38 (1:2:1:1) 55 (1.5:1)
7 7c NA NA 34 (1:6.7:2:1.7) 56 (1.5:1)
;/ \2
tBu, Me —
P P, tBu, Me
) ‘ P P,
Me tB;u Me* ‘tBu
(R.R)-BenzP (R,R)-QuinoxP*
Figure 2.6. Mechanistic experiments bfsphosphine iroitatalyzed cross
coupling reactions

cyclization of8 AFigure 2.5), the formation of acyclic crossoupled produc8 was

not observedpresumably from direct (ksage) arylation. Instead, the tandem radical

cyclizationarylation produc® as a mixture of four diastereomers was found, albeit in
low (28%) yield (entryl). Nonetheless, these results indicate that the radical

cyclization outcompetes {icage arylation 08 And sets the upper limit for the rate of

26



direct arylation a8 At ~10 1. Notably, Dr. Lei Liu also found 30% yield of the
cyclized protonated produl0 (entry 1). Control experiments without bisphosphine
ligand (entry 2) show similar yields @D but no formation of the cyclic crosoupled
product8. Overall, these results indicate that formation of cyclized protonated product
10is likely a result of ferrate chemistry (e.g., dehalogenation, conjugate addition, and
protonation) although the mechanism is not well elucidted.

Previously, Nakamura reported that chiral ligarBenzP* and QuinoxP*
deliver nearly identical enantioselectivities albeit slightly lower yiélflsus, we also
explored the reactivity and selectivity of this ligand with mechanistic prodes To
our surprise, changg the ligand fronBenzP*to QuinoxP* completely shut down the
tandem cyclizatiorarylation pathway while still formindikely via ferrate chemistry)
product 10 in 62% vyield (entry 3). Notably, we were able to turn back on the reactivity
of the tandem cylization-arylation pathway by switching the substrate fromhloro
7ato Ubromo estei7b (entry 4), which resulted in the formation ®falbeit lower
yields than thdJ-chloro 7a and BenzP* ligand combination. Moreover, as with
chloro esters, control geriment (entry 5) revealed that the bisphosphine ligand is
crucial to promote tandem cyclizati@mylation reaction witH}bromo 7b. Notably,
iodo ester7c provided both9 and 10 in 38% and 55% yield, respectively (entry 6).
However, the observed reactiiwith iodo probe (i.e., the formation 8fand10) is
likely a result of ligandess (e.g., ferrate) chemistry as evident from nearly identical
results in the absence of bisphosphine ligand (enttyGyerall, these results suggest
that the reactivityof the tandem cyclizaticarylation is highly dependent on subtle

changes to the bisphosphine ligand and nature of alkyl halide. Notably, model
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calculations FFigure 2.7) revealed no effect of the ligand electroni@&erizP* vs.

QuinoxP*) or halogen on thergation step(i.e., radical addition or reductive

Me\/E
Pt Ph
(P,Fe;
0 X Me, E
@Fe';ih /10.7 (114, (E/ ef .
S 11.4(11.3) N Fez--Ph
* 0 12.0(115) X
EgMe :, —
/s % , 6.2(6.3)
— N Me_E . 73(63) °
0.0 (0.0) P.,,T‘Ph S 12(84)
0.0 (0.0) \prfesy,
0.0 (0.0) RO // pe
-6.2 (-6.0) \ o -
2.7 (-6.9) <P’Fe X
-3.9 (-4.1) \ +
X Me
Me, Me Me, Me \“ Ph)\E
X= Cl (Green) P P N. P (S
X= Br (Red) ( = ©: ©I \I -33.6 (-31.2)
X=1 (Blue) P R N p -33.4 (-35.7)
Me Me ve Me -35.5 (-37.6)
(energy in parenthesis)
Figure 2.7. Halogen and ligand effect on the iroatalyzed GC bond formation
step via quartet spin state. Free energies are in kcal/f0d)PBEPBE/6
311+G(d,p)SDD(Fe,CI,Br,3} THF(SMD)//(U)B3LYP/6:31G(d}
LANL2DZ(CI,Br,l).

elimination). These results are consistent with the formatiddg-alky! radicals (i.e.,
halogen abstraction) as the raigterminingstep and more sensitive to the nature of the
ligand and the alkyl halide in the tandem cyclizationarylation reaction (vide infra).
Calculations are underway to explore the effect of ligand and halide in the formation

of alkyl radicals and determining thariers for @ C bond formation using the full

cyclized systems.
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2.5Introducing Vinyl Cyclopropane to the Mechanistic Probe

We envisioned probing the effect of reversibilitye%o cyclization of iron

catalyzed cross coupling reactions usit®jas a mechanistic probé&igure 2.8).

A
[>—cHo COH
NaHMDS nBuLi, DIPA, CCl,
+ >
THF, -20to -78 (L, 18 h {/ THF, 0to -20 to -78 (C
® 55h
HO,C” """"Pph, AV
Ogr 11 (53%)
Z.E=351
O
CO,H
OtBu
cl | Cl
| tBuOH, DCC, DMAP v
v D ether, r.t., 3h
13 (54%) 12 (94%)
Z.E=35:1 Z.E=3851
o}
OtBU  Fe(acac)s, BenzP* OtBu Q—OtBu OtBU
PhMgBr Ph
uc, 1 O-'\—\' &
14 15-anti-E 15-anti-Z
ZE = 3 5:1 ND 60% 25%
Figure 2.8 Synthesis of the desiré#ichloro ester with pendant vinyl cycloprop
group (mechanistic prodks).

Specifically, we hypothesized that radical cyclization should follow +opgning of
the cyclopropyl group to form the thermodynamically more stable cgogeopened
alkyl radical thus increasing both the thermodynamic drive and barrier for reverse
reaction. Using aimilar synthetic routeRigure 2.4), we synthesized the desired
chloro ester with pendant vinyl cyclopropyl group mechanistic prbBeas an
inseparable 3.5:1Z(E) mixture Figure 2.8A). As shown irFigure 2.8B, the reaction

with 13 formed nearly excisive cascade cyclizatienmg-openingarylation products
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(85% combined yield)! Specifically, we found the formation of the corresponding anti
cyclic/ring-opened productd5-anti-E in 60% yield and 25% vyield oi5-anti-Z.
Notably, this result provides fimer support for the participation of cyclic alkyl radicals
before (owtof-cage) arylation. The lack of acyclic cressupled producii4 implies

that the direct (ircage) arylation is slower than the cascade radical cyclization, ring
opening, arylation prass (vide supra). To gain insights into the reversibility of the
radical cyclization in this system, we turned to quantum mechanical calculations. As
shown inFigure. 2.9 the barrier for Eexo radical cyclization is only cd. kcal/mol

and exothermic by ca. I35 kcal/mol leading to both syrand anticyclic alkyl
radicals154¢-anti and 15&2-syn. Further, although radicdl3&z (from probel3) is
analogous to radic2bA the barrier for cyclization df3is slightly lower (0.2 kcal/mol)
thanradical cyclization o2bA . N olib Borimedydirect arylation produ@b (from
2bA) whi | e naupled producttwasmbserged witB (from 1342). This
result implies that by lowering the barrier for radical cyclization, it is possible to
outcampete (and even shut down) the directqage) arylation pathway. Finally,
cyclopropyl ringopening will lead to the much more thermodynamically stable ring
opened product$ 5-Anti-E/Z and1 5-8yn-E/Z (either directly froml 5 Aadti and

1 5 &yh or from rotation tol 5 Zafi and 1 5 Ay followed by ringopening).
Importantly, the barriers for the reverse reaction (ca. 21 kcal/mol) to get basdR to
are insurmountable at experimental conditions and therefore, contrary to previous
probes, convincinglyrieversible (not under a Curtitdammett scenario). Although,

1 5-&nti-E and1 5-d&nti-Z can interconvert (under Curtilammett scenario) via the

3-member ring closing/ring opening. Experimentally, we observed-therfber anti
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as the major products (up to 85% yield) and only observed minor amounts of the syn
(A)

15-Z-syn-TS
3.7 (7.5)
7.4 (11.1)

132

H  ——
! /' 15+ -syn-Z-TS \‘

0.0 (0.0) ;350(?0.61))
0.0 (0.0) ' . 5 . . .'Ts' -syn-E-TS . ———
15- -synsrota-E-TS'. o 5.7 (21) /i
‘ . . N 1.5(5.1) -6.4 (-2.1)
6. (-2.3) N 1.3 (5.6)
0.6 (4.4) . HEAN
A ! ‘\‘“\ ', (0]
15-syn-E-Z-TS < ! SR
15Zsyn 435 (8.8) v Ol
(B) -13.4 (-9.9) -6.3 (-1.6) v
-5.4(-1.9) 5-Esyn = /
b -13.8 (-11.0) L
Nom 6.9 (-4.2)
: \—
H 15+ -syn-E 15+ -syn-Z
17.0 (-14.9) -16.5 (-14.0)
i -9.3(-8.1) -7.8(-5.4)
0 15--Z-anti-TS

3.8 (7.3)
6.5(10.1)

13-2

—
0.0 (0.0) pr—— 15 -anti-Z-TS ™\
0.0 (0.0) 115+ -anti-E-TS ™ ;51 ((70-73)
-5.8 (-3. 99 (7 Prm—
0.7 (f-,_ 5;0, 15 *anti-rot-E-T3 15- -anti-rot-Z-
',' -6:6 (-4.0) 6.7 (-3.7)
-0.9‘(\1.7) 0.0 (3.0)
09
W O)LOR
oolas  IsEant ' 9
15-Z-anti - . -13.6 (-12.2) . ! / OR
-14.7 (-12.5) -7.0 (-5.5) ]
-8.2(-6.1) 4
J
N ——
15- -anti-E
-17.4 (-15.8) ™
AH (AG) -10.3 (-8.7) -
(U)DLPNO-CCSD(T)/def2-TZVPP 1157' [;a(nf's-i )
(U)B3LYP/6-31G(d) e

Figure29 Energetics f or r ad itBupchlculatgdcat i
the (U)DLPNOCCSD(T)/def2TZVPP//UB3LYP/631G(d) level of theory and

UB3LYP/6-31G(d) [italics]. Enthalpies and free energies (in parenthesis) are
kcal/mol.
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5-member cyclized products. This observatis more consistent with the B3LYP
computations, which predict a ca. 1 kcal/mol lower barrier for thecgnolization (54
Z-anti-TS) in comparison to the syeyclization. Overall, the observed product
distributions can be rationalized based on the peefse for the irreversible anti 5
member cyclizatiofring-opening and subsequent relative barriers for the competing

Ci C bond formation of the cyclic/ringpened alkyl radicals 5-&nti-E/Z.

2.6 The Radical Competing Pathways

Through the syiesis of new radical clock mechanistic probes and quantum
mechanical calculations, we have bracketed the rate for alkyl radical arylation to ca. 5
kcal/mol at the (U)DLPNOCCSD(T)/defZVPP//UB3LYP/631G(d) level of
theory. Taken together, we propose therking hypothesis presentedfigure 2.1Q
in which competing ircage and oubf-cage arylation pathways are operative. (A) For
shortlived alkyl radicals [e.g., at this level of theory, when the barrier for radical
cyclization is higher than 5 kcal/mol], direct{@age) arylation of alkyl radical Awill
form acyclic crossoupled producA wi t h apparent Aretentiono
[probe 1laand1b]. Nonetheless, although the strength of the cage (e.g., local viscosity
of solvent) is likely to play a significant role in the efficiency of direct arylation (i.e.,

from rapid, radical rebountf) the rate of diffusion should be much faster=(k10°
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s )2 and thus some leakage of alkyl radicals will inherently occur. For alkyl radicals

(0}

in cage

k ~x105s?

B For short-lived
alkyl radicals

diffuse out | k ~x10°s?
of cage (REF 12)

M For long-lived
alkyl radicals
(i.e., pendant olefins)

fast out of cage ¢
k ~x10°st l slower

WL

Figure 2.1Q Working hypothesis.

without pendant olefins, crogoupled products from competing@age (direct) and
out-of-cage arylation will form thesame acyclic arylated product. The competition
between ircage and oubf-cage is consistent with the firgtder relationship between
the ratio of acyclic/cyclic crossoupled products and catalyst loading. (B) As the
barrier for radical cyclization lowsr(e.g., by tuning the properties of the pendant
olefin) a higher concentration of acyclic radildvill (in-cage) cyclize to (more

thermodynamically stable) cyclic radical thus increasing the apparent lifetime of the
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radical [probe8]. As such, thigersistent cyclic alkyl radicklcan escape the solvent
cage and capture the transient aryl iron species to unde@danhd formation. Given

the structural similarities betwedrdandBA we can assume that the relative barriers
for Ci C bond formation a similar. Therefore, combined with the fact that the cyclic
radical is thermodynamically lower in energy than acyclic radBalwill undergo,
preferentially faster, outf-cage radical arylation leading to the formation of cyclic
crosscoupled producB. As the thermodynamic drive for cyclic radicals increases
(non-CurtinrHammett scenario) to prevent reversible cyclization (e.g., with pendant
cyclopropyl group) only cyclic crossoupled products will form from arylation of

downstream alkyl radicals [preli3].

2.7Summary

The mechanism of chiral bisphosphine weatalyzed C(sf)-C(sp’) cross
coupling reactions has been studied via the synthesis of novel raldickimechanistic
probes and DLPNECSD(T) calculations. From a broader perspectthese results
indicate that, in principle, alkyl halides can participate in selective tandem cyclization
arylation reactions, which remain a challenge in iron catalysis. We next explored the
scope of this transformation and the development of enaldnbise

tandemcyclization/arylation reactions and reported in the next ch&ftapter 3).
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ChaptlenrtarBdt er mol €atuadlay z &
Di carbofunctMio®dd!lica@mntomaned

Excerpts from this chapter were published.iu, L.; Lee, W.; Yuan, M.; Acha, C.; Geherty,
M. B.; Williams, B. Gutierrez, OChem. Sci202Q 11, 3146 3151.

3.1Vinyl Cyclopropanes Used in Ire@Gatalyzed Radical Cascade Reactions

Iron-catalyzed CC crosscoupling reactions have attracted much attention due
to the higher abundance, cost effectiveness, and lower toxicity of ioomiparison to
precious transition metalsMethods for liganesupported (e.g., Meterocycles,
bisphosphines, and diamines) and ligéree systems for irocatalyzed CC cross
coupling reactions using C(sp), Cfspand C(sp) partners have been developdd
particular, bisphosphineon systems have emerged as highly versatile and promising
candidates for the formation of newi € bonds with a range of organometallic
nucleophiles including MgKumada)? Zn- (Negishi)# B- (Suzuki Miyaura); and AP
reagents with alkyl halides and redox active estéEectrorpoor vinyl cyclopropanes
have al so b-eoepling pastreed in deatalyzed C(sPi C(sp’) bond
formation figure 3.1A). In particular, Furstner used low valent iron ferrates to
promote tadem ringopening/monoarylation of electrggoor vinyl cyclopropanes
(VCPs) using aryl Grignard reageriti a related study, Plietker used a low valent,
electron rich  ferrate  complex  (EM[Fe(CO}(NO)]) to  promote
ringopening/monoarylation daflectrondeficient VCPs with acidic pronucleophilés.
Despite these advancements, to the best of our knowledge, there were only two reports
of asymmetric irorcatalyzed crossouplings: between aryl Grignard reagents or
lithium aryl borates as nucleophilasn dhaldesters as electrophilésgdure 3.1A).910

Further, despite the use of vinylcyclopropanes as useful reagents in organic synthesis,
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the application of VCPs in Featalyzed conjunctive crog®uplings is not known.

A) Relevent studies to this work
Furstner (2009)
| CO-R MgBr cat. Fe @ @
kv< e . C
COzR @ Limited to activated VCP H
Low regioselectivity ROLC CO,R RO,C CO;R
Plietker (2012)
R! R? 1
R R?2
H cat. Fe R3 3
2 - ke -,
CO2R R'R2R”  Limited to activated vCP H
Limited to soft nucleophiles CO,R
with low pKa RO,C COR ROC :
High regioselectivity
Nakamura (2015)
MgBr Alk__CO,R Q
Alk __CO,R cat. Fe/L* tBl
h + > Me.,; pe u
Br Limited to 2Ualpha halo esters tBu’ Me
L*
B) This work
SN .-RIR?
RL R? R3 5 MgBr cat. Fe/L I\__ R?
Y R4 R = @
X N =
>F L R
X =Cl, Br L R®
Figure 3.1 Design and development of-Eatalyzed intraand intermolecular
difunctionalization of vinyl gclopropanes via a new radical cascade react

Thus, in this chaptet, will discuss my efforts to develop rrew (asymmetric) iron
catalyzed radical cascade/C{8|C(sp) crosscoupling reactiond! In particular we

used a mechanistically guided approach to design and develop a new and selective Fe
catalyzed intraand intermolecular dicarbofunctionalization of synthetically versatile
vinyl cyclopropanesKigure 3.1B).123 Overall this work establishes the use of readily

accessible vinyl cyclopropanes in-Eatalyzed conjunctive cros®upling reactions.
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3.2Proposed Mechanism

Contributing to the scarcity of irecatalyzed asymmetric reactions is likely the
fact that mechanistic details of irmatalyzed crossoupling are not well understodd.

Pioneering mechanistic studies by Kdéhn the 1970s and more receeports by

_ P.,,
X-MgBr CPisporn OYO
P

X

Ar-MgBr

radical cage pair ,"

radical

.
P, P AT —escape > eeee]
sFeX P NV/RS
P R4

—_— intra- and inter-
O\/O molecular radical
- cascade
Ar
Pl \“Ar

Prior Work

oy

This Work

Figure 3.2 A proposed mechanism of ir@matalyzed crossoupling reactions.

Bedford!® Nakamural’ Norrby 2 Furstnert® Tonzetich?°Koszinowski?*and Neidig?

have led to a greater understanding of these transformafisndiscussed first in
Chapter 1, n 2017, parallel quantum mechanical studies in ouf®laimd by
Morokum&* were reported on the mechanism of chiral bisphosphine-cmgsing
react i on shloesterserdraryl Grignard reagents. These studies revealed a
mechanism involving halogen abstraction by an aryl Fe(l) complex, leading to an alkyl
radcal and halo aryl Fe(ll) specie§igure 3.2). In turn, these two species could

combine, leading to an Fe(lll) intermediate which will then undergo reductive
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elimination, leading to the desired crassupled product. More experimental studies

(i.e., speabscopic and kinetic) are needed to assess the validity of the computational
models, and the mechanism likely depends on subtle changes to the alkyl halide,
Grignard, and ligand structures. Nonetheless, based on these mechanistic studies, we
hypothesized hte possibility ofdiverting the reactivity from the Fe radical cross
coupling catalytic cycle (black) to a programmed inmad intermolecular radical
cascade (red) with vinyl cyclopropanes, leading to a new alkyl radical that could then
re-enter the catgtic cycle and undergo stereoselective GYisp(sp’) bond formation.

Given that most of the transitienetal catalyzed cascade reactions terminate with C

H bond formatio® and fail to control the stereoselectivity at the termination step, if

successfulthis approach could lead to a rapid increase in molecular diversity.

3.3 Computation of IntraVolecular Dicarbofunctionalization of VCPs

Li's group demonstrated the use of cyclopropyl olefins to promote a radical
alkylation, ringopening, intramolecular arylation cascade reaction under photoredox
conditions?® Fu and ceworkers reported that chiral nickel catalysts could achieve
enantioseletive crosscoupling of a wide range of racemic alkyl halides (as radical
precursors) with organometallic nucleophifesincluding those involving
stereoconvergent radical cyclization/arylatiniVe hypothesized that upon radical
formation and in the presce of a pendant vinyl cycloproparkégure 3.2andFigure
3.3 right, red), we could divert reactivity from the crassipling cycle to promote an

intramolecular radical cascade reaction. Specifically, we envisageex-tig
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cyclization outcompetingadical rebound to an aryl Fe species and divert reactivity
towards Fecatalyzed 1,5licarbofunctionalization of vinyl cyclopropanes.
Indeed, as shown iRigure 3.3 quantum mechanical calculations by Mingbin

Yuan and | support our hypothesis. Specifically, the barrier for radigatob

cross-coupling pathway radical cyclization & ring opening 8 cross-coupling pathway

< N D

[r—

TSapr * p PMe,
131 ! C =
: PMe,

__-//.-_--_--...-----

AA
0.0
H ¥
! P., Ar
e Curel
H P X
Ar H
E
E: )
h radical =~
—_— formation
P1 Ar
-33.5
CP,, cl E
“Fe—Ar
v |

Figure 3.3 Energetics for the #eage (black) and owdf-cage (red) arylation
computed at th&PBEPBE/6311+G(d,p)SDD(Fe} THF(SMD)//UB3LYP/6
31G(d) levels of theory.

cyclization (viaTSa-g) to formB As 6.0 kcal mdll lower in energy than the barrier
for the radical rebound transition stdt8a-r1 that will lead to crossoupling product
P1(7.1 kcal moi 1 vs. 13.1 kcal mdlL, respectively). In turn, the kinetically favored
cyclic alkyl radical B Awill then undergo radical ringpening (the barrier is only 1.6
kcal mol 1) to form the thermodynamically favored alkyl radi€afFinally, C Aould
then reenter the iron crossoupling cycle and undergo C&pC(sp) bond formation
(via TSc-pz; the barrier is 14.8 kcal midl fromC Rleading, after reductive elimination

(not shown), to the radical cascade prodR&ZtOverall, these calculations suggest that

41



the radical cyclization/ringpening/crosgoupling pathway (leading tdP2) is
kinetically favored over crossoupling (leading td®1). Moreover, we anticipate that
the chiral aryl iron species could control the final radical coupling step @viifand

permit highlevels of stereocontrol.

3.4 Stereoselective Intedolecular Dicarbofunabnalization of VCPs

Gratifyingly, we found that we can divert reactivity towards the asymmetric
intraamolecula 1,5-difunctionalization of vinyl cyclopropanes usirfj4.a as the

substrateKigure 3.4). Speciically, using the standard conditions foréea t al-y z e d

CO,tBu

E
Fe(acac); (6 mol%) 04 OH CO,tBu
cl BenzP* (12 mol%) DCM/MeOH +
> —_—
E ArMgBr (2.0 eq) NaBH, (10 eq) E
slow addition (1h) -78°Cto rt, 1h Ar HO
THF, 0°C E7
3.4 r 3.4.c 34.c
N a 3.4.b 80% vyield 77% yield
racemic ir; si.tu er=82:18 racemic
E:Z=5:1 (alkene) trans : cis = 4:1
trans : cis = 10 : 1 (cyclopropyl)
E = CO,Bu

CO,tBu COLtBu COtBu &
Ar =
. — (J
E
via E £

Figure 3.4 Design and application of asymmetric-¢atalyzed
intramolecular dicarbofunctionalization of vinyl cyclopropanes.

arylation?® the reaction 08.4.awith 2-napthylmagnesium bromide gave a mixture of
diastereomeric radical cascade prod@ctsh. At this moment, noting that most of the
transitionmetal catalyzed cascade reactions terminate with kbnd formatio?® and

fail to control stereoselectivitgt the termination step, we were primarily concerned

with determining if the chiral iron species controlled the stereochemistry of the
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terminating C(spiC(sp’) arylation. As a proebf-concept, to determine
stereochemistry at the terminating@bond foming step, Dr. Lei Liu subjecte?i4.b

to a onepot procedure of ozonolysis followed by reduction with NaBtat led to the
corresponding producB.4.c in good yields and enantioselectivities. Notably, as
expected from the radical cyclization event indbsence of chiral iron specié¢sdqure
3.3), the corresponding racemic cyclopentane fragradntdwas isolated in 77% yield

in 4:1 dr. Having established, as a proofcohcept, that we could control the
enantioselectivity at the terminating step in tascade reaction, we examine the aryl

Grignard reagent scope in this transformation and its effect on enantioselectivity. As

OH
o)
OH
o]
P00 LA
BuO,C O ! O
3.4.c 3.4d (S)-3.4.e
80%, 82:18 er 81%, 82:18 er 98%, 80:20 er
OH o OH
BuO,C
BuO,C Bu0,C
cl
OMe cl
3.4.1 349 3.4.h
73%, 85:15 er 65%, 83:17 er 72%, 85:15 er
OH OH OH
Me
{BUO,C 1BuO.C F BuO,C
F
F H F
3.4. 3.4, 3.4k
82%, 87:13 er 50%, 88:12 er 46%, 90:10 er
Figure 3.5. Scope of the nucleophile.

shown inFigure 35, the aryl Grignard reagent scope is broad. Both elegtomnand
electronrich aryl Grignard reagents participate in the divertedc&mlyzed intra
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molecular difunctionalization of vinyl cyclopropanes to give the desired products in
good yields (up to 8298.4.i over three steps) and enantioselectivities (up to 90 : 10
er). We established the absolute stereochemistr§)dsofn the cyclized lactones)-
3.4.efrom 3.4.d. Notably, Grignard reagents that failed in the asymmetricatalyzed
crosscoupling reactions were compatible reagents in these radical cascade/cross
coupling transformations. Specifically, highly electdeficient (i.e.,3,4,5
trifluorophenyl3.4.j) and even sterically congested (eagtho-methyl aryl3.4.k) aryl
Grignard reagents formed the desired products with good enantioselectivities (90 : 10

er) albeit in lower yields46%). However, at this moment, this method is limite8-to

exo-trig radical cyclization.

Lengthening the tether with an exti

methylene group leads to th

formation of theFe radical cross E 12l
\ Illl “\
coupled product and no produc O,E
from diverted 6exotrig radical T AR 2
0.0 £
. . % s
cyclization are observed —
E = CO,tBu -4.4

Presumably, the much higher enert 0qepge/s-311+6(d p)-THFSMDYIU)B3LYPI6-316(d)-gas

barrier to undergo radical€xotrig | Figure 36. Energetics for the-8xo-
cyclization.

cyclization in comparison to-8xo-

trig radical cyclizationigure 3.3) prevents the formation of radical cascade/arylation

(Figure 3.6).
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3.5Design of the InteMolecular Dicarbofunctionalization of VCPs

Given the scarcity of stereoconvergent transition negtdlyzed radical
cyclizationarylation cascades and under utilization of vinyl cyclopropanes in transition
metatcatalyzed conjunctive cros®uplings, our proedf-principle results with
intramolecular functionalization of VCPEigure 3.4) represent an attractive strategy
towards this unmet neétl Specifically, we envisage that by tuning the properties of
alkyl halides, we could divert reactivity towards regioselective intermoleculgs ri
opening/dicarbofunctionalization of VCPs. Specifically, we hypothesize that sterically
hindered tertiary alkyl halides will lead to higher barriers for Fe radical coufaigg

two component crossoupling)and, instead, favor intermolecular radicddaion to

MgBr Fe(acac)s (5 mol%) R3 R2

R2 d [© R -
1 R3 5 cpe (20 mol%) 7
R\I/ + R4 R + /: > {AI’-\
Br ',Ar'] THF, 0 °C, 4h _
NS Hi
35.a 35b 35.c Cy,p POV 35d RS
dcpe

|
5 [

Figure 3.7. Proposed mechanism for irgatalyzed three
component crossoupling reaction.

the vinyl cyclopropaneRigure 3.7). In turn, the incipient radical could then undergo
cyclopropyl ringopening and renter the Fe radical cressupling cycle to undergo
(stereoselective) C(3p C(sp) arylation at the least sterically hindérsite(i.e., three
component crossoupling) Previous work byrurstnerand Plietker using iron as the

catalyst  with vinyl cyclopropanes (VCPs) resulted in  +ing
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opening/monocarbofunctionalization, required electuleficient VCPs, and
terminated in protoation Figure 3.1A).”® Thus, with our success, this approach
expanded the range of featalyzed transformations using vinyl cyclopropanes as
valuable synthons in chemical synthesis. Also, this work represents the first example

of (asymmetric) Featalyzed Scomponent crossougding.
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3.6 Scope of the InteMolecular Dicarbofunctionalization of VCPs

We initiated our optimization studies using stericdlipdered terbutyl 2-
bromo2-methylpropanoate3.6.a (1-cyclopropylvinyl}benzene3.6.b and aryl 4
fuorophenyl magnesium bromide3.6.c as model substrates. Gratifyinglyften

extensive ligand screening using bisphosphine, monophos@mdealiamine ligands

MgBr
Fe(acac)s (5 mol%) 1BuO,C, Me F
Me COzl‘Bu . JW _ L{omo%) mol% Me
Br THF, o°o 4h _
Ph
3.6.a 3.6.b 3.6.c 3.6.d
4 Y
Me, .tBu P(Tol)3 P(Ph)3
sdiios e e el
P., o
Bu* ‘Me tBu’ “Me PPh, PPh, P(Cy)s
L1 L2 L3 L6
PPh, ENMez [PMez [PEtz EPCyz EPPh2
: :Pth NMe; PMe, PEt, PCy, PPh,
L7 L8 L9 L10 L11 L12
_ dcpe )
Entry Ligand Yield(%) E:Z
1 L1 92 3.3:1
2 L2 70 3.3:1
3 L3 0 NA
4 L4 0 NA
5 L5 0 NA
6 L6 0 NA
7 L7 40 2.5:1
8 L7 (room temp) 34 1.4:1
9 L7 (6h) 40 2.5:1
10 L8 55 3.8:1
1 L9 0 NA
12 L10 0 NA
13 L11 73 3.7:1
14 L11 (20 mol%) 82 3.6:1
15 L12 0 NA
16 none (no Fe) 0 NA
17 none (with Fe) 0 NA
Table 3.1 Screening of ligands for irecatalyzed
intermolecular difunctionalization of vinyl cyclopropane.

47



(Table 3.)) and optimization studies, we identified acyclic -1,2
bis(dicyclohexylphosphino) ethane ligardcpe) L11 to be suitable to promote the
desired and highly selective rigpening/1,5alkylarylation of vinyl cyclopropanes,
forming compound.4.din 82% isolated yield and 3.6 :BE/Z ratio (Entry 14). With
optimized conditions in hand, we next investigated the reaction scope of this

transformation. As shown iRigure 3.8, the scope of this Featalyzed component

Fe(acac)s (5 mol%)
R MgBr  depe (20 mol%) R! R2
1 3 >
R\|/R * R3JW v THF, 0°C, 4h /Ar\
Br Ar ] PCy =
- csz/\/ 2 _}_I
dcpe
Me_ CO,tBu F Me_ CO,fBu Me_ CO,tBu Me_ CO,fBu
e Qﬁ er er
Ph -
3.6.d 3.6.f
82%, 3.6:1 EIZ 81%, 3 6 1E/IZ 84%, 3.5:1 E/IZ 81%, 3 3 1EIZ
Me_ CO,tBu Me CO,tBu BuO,C Me R F Me_ CO,fBu Me
Me Me Me Me
pOMe p F Me
Ph o Ph o Ph - Ph o Me
3.6.h 3.6.i 3.6.j 3.6.k
86%, 3.4:1 EIZ 79%, 3.6:1 E/Z 65%, 3.0:1 E/IZ 61%, 2.4:1 E/IZ
Me, CO,B Me CO,Bu Me CO,tBu
Mze u BuO,C Me Mé M2e
CR& RS
p oMe P —/=<Me pH
3.6.1 3.6.m 3.6.n 3.6.0
92%, 4.0:1 E/Z 73%, 2.9:1 E/Z 70%, 3.0:1 E/IZ 65%, 3.0:1 E/Z
Figure 3.8. Reaction scope of the aryl Grignard reagent htdtalyzed
intermolecular dicdbofunctionalization of vinyl cyclopropanes.

dicarbofunctionalization is broad with respect to the Grignard nucleophile.
Specifically, the reaction tolerated both electwaithdrawing and electredonating
aryl nucleophiles, forming the desired-Bikylaryl products in 6092% yield. Notably,

the reaction tolerated sterically hinderedho-substituted aryl Grignard reagents
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(3.6k, 3.61, and3.6m) that proved to be problatic in previous direct Featalyzed
crosscoupling reactiong! To highlight the versatility of this method, we also used
both vinyl and heteroaryl Grignard reagents and, gratifyingly, obtained the desired
products3.6n and3.60, in good yields, 70% and 65% yield, respectively. Next, we

explored the scope of vinyl cyclopropane and alkyl radical precurayaré 3.9).

Me CO,tBu Ph Me_ CO,Bu F Me CO,tBu

Me MiQ Me
— OMe
W
F 3.6.p MeO 364 3.6.r
74%, 3.6:1 E/IZ 90%, 3.7:1 E/IZ 87%,6.4:1 E/IZ
Me_ CO,tBu F Me_ CO,Bu

Me CO,tBu

.6.s 3.6.t
67%, 4.6:1 EIZ 34%, 3.3:1 E/IZ

NERE

Figure 3.9 Scope ovinyl cyclopropane.

Installing electrorrich or electrorpoor aryl groups in the vinyl cyclopropane moiety
(R% allows the formation of the desired products in good toliexteyields. Notably,

the reaction tolerates medicinally relevant pyridyl moieti@$.f). Moreover, the
substituted cyclopropanes YRvere suitable for this catalytic system, affordthg.s
and3.6.tin 67% and 34% yield, respectively. In contraspteviously reported Fe
catalyzed crossouplings, we found a wide range of alkyl bromides to be suitable
radical precursors in this Featalyzed conjunctive cros®upling Eigure 3.10).
Specifically, we found that alkyl fluorinated radical precursore#estive partners in

the Fecatalyzed intermolecular dicarbofunctionalization of VCPs, yielding the desired
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products3.4.uand3.4.vin 42% and 75% yield, respectively. Further, we observed a

much highelE/Z ratio for3.4.v(12 : 1E/Z), although the origin of this high selectivity

FEt

CO,Et

jegas

42%, 2 31 Eliz

3.6.v

Me Me

57%, 371 Elz

75%,12:1 EIZ

F
Me’p \{/\,
CO,Bu \l/\/““ CO,tBuU

99%, 661 Elz

Figure 3.10. Scope of Alkyl Radical Precursors

e

59%, 6 8 1E/Z

3.6.z
77%, 7.6:1 EIZ

is currently unknown. Finally, this method toleratgchple alkyl radical precursors

which led to the desed 3component products.6.w and 3.6.x Interestingly,

fluorinated andtert-butyl radical precursors in combination witimactivated vinyl

cyclopropanes led to the desired proddcésy, and3.6.zin excellent yields49% and

77%). Mingbin Yuan performed
guantum mechanical calculations (¢
the intermolecular
dicarbofunctionalization, and th
calculated results ammnsistent with
our hypothesis and the experiment
result Figure 3.11). Specifically,
tertiary alkyl radicals preferably
undergo inter-molecular radical

addition (with a barrier of 14.0 kca

Me
Me\l/ Me
H Me
C P,,,' II:e“‘ Ar J< Me
P Br " “Me
TS2 S
Ph
18.2 S
‘\‘ —
CP., Ar TS1
“Fel / 14.0
7z ON /
P Br \ Me
.‘Me Me . Ph
) .
v tBu A
G- o
Fiel

JAr

P.., P,
JFe—Ar + tBu-Br — C JFe',
C p” P Sbr

(U)PBEPBE/6-311+G(d,p)-THF(SMD)//(U)B3LYP/6-31G(d)-gas

Figure 3.11. A comparison of thenergetics
of the radical adding to vinyl cyclopropane
adding to the iron(ll) active spes.
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mol'?) to the vinyl cyclopropane over radical coupling with(f#éth a barrier of 18.2

kcal mol?).

3.7 Application of the InteMolecular Dicarbofunctionalization of VCPs

To demonstrate the synthetic versatility of the fdaebon unsaturated chdin
potentially useful transformatiomr. Lei Liu performed the grarscale synthesis of

3.7.a(1.37 g, 87% vyield) and performed several diversificatidigure 3.12). First,

Me, CO,Bu Me ,—OH
Me_ CO,Bu Me Me
Me Ho, PdIC p LiAIH, p
- — — —
MeOH, t, 24h ome | ERO- 120 py OMe

Ph
Ph OMe

3.7.a 3.7d
3.7.b 1.37 g, 87%1 41 E/IZ 95%, 4:1E/IZ
91%
TFA, DCM NBS, DCM
rt, 6h rt, 6h
Me_ CO,H
Me O__ph
- S z Br OMe
Ph OMe
3.7.c 3.7.e
94%, 4:1 EIZ 94%, 4:1 dr

Figure 3.12. Synthetic applications of fivearbon unsaturated chain ester.

redwtion of the alkene (Pd/C) provided the alkyl esti (). Next, he performed
hydrolysis of the ester to carboxylic ac8l{.9 which could be a useful substrate in
subsequent decarboxylative radical crosaplingreactions® Notably, derivatization

of 3.7.ato the carboxyliacid analo@.7.cpermitted facile separation and purification
of the major isomerE). Finally, reduction of the ester formed the corresponding
primary alcohol 8.7.d which could undergo bromocyclization with -N
bromosuccinimide(NBS) leading to the substituted tetrahydropyran with two

stereogenic center8.7.9.
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3.8Summary

In summary, Featalyzed intraand intermolecular dicarbofunctionalizations
of vinyl cyclopropanes have now been realized. In particular, we have used a
mechanistically driven (computational and experimental) approach to divert the
reactivity of the alkyl radical from the Fe radical crassipling cycle to undergo intra
and inte-molecular radical cascade reactions with activated and unactivated vinyl
cyclopropanes. In turn, the incipient alkyl radical thereméers the Fe crosoupling
cycle and undergoes (stereoselective) G(&(sp) bond formation. Finally, for the
first time, as a proebf-concept we show that VCPs can be used as effective
conjunctive partners in asymmetric -Eatalyzed 3Ztomponent crossoupling
reactions. We anticipate that the intermoleculaicoBiponent Featalyzed
dicarbofunctionalization reaction wilmpact the synthesis of medicinally relevant
molecules. However, at present, some drawbacks of this method are the use of Grignard
reagents that limits functional group incorporation into the nucleophile/radical
precursors along witk/Z mixtures Overal, these results represent the first examples
of an asymmetric Featalyzed conjunctive cros®upling.The next chapteiGhapter

4) will be showing thavork geared towards expanding this transformation.
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Excerpts from this chapter were published.iu, L.; Lee, W.; Youshaw, C. R.; Yuan, M.;
Geherty, M. B.; Zavalij, P. Y.; Gutierrez, Ghem. Sci202Q 11, 8301 8305.

4.1 Transition MetalCatalyzed Difunctionalization of Olefins

Olefins are ubiquitous in natural products and bioactive compounds and serve
as versatile commodity feedstocks.-tljfinctionalization of olefins represents one of
the most wilely used strategies to build synthetic complexity in organic synthesis and
serves as a platform to introduce concepts of chemegio, and stereoselectivity.
Recently, there has been a surge in the development ofciimggonent transition
metatcatalyzed difunctionalization that employs olefins because of its potential to
rapidly increase diversity in a single stepigure 4.1A).74 However, selective
transition metatatalyzed threeomponent alkylarylation of unactivated alkenes
without electronicall biased substrates or directing groups is Y&lereover, despite
the inherent attractive features of iron as a catalyst (Earth abundant, less toxic,
inexpensive, and environmentally benign in comparison to Pd or Ni) in pharmaceutical
settings, there areo general methods for irecatalyzed threeomponent 1,2
dicarbofunctionalization of olefin!2 Recently,as described in the prior chapter, our
group reported the use of a strained vinyl cyclopropanes to promote-admpenent
Fecatalyzed reactionleading to 1,8alkylarylation products Rigure 4.1B).145

Unfortunately, despite numerous attempts, thedifihctionalization products were

58



not observedpresumably due to much more rapid Fogening of the incipient alkyl

radical followed by CC bond formationln this chapterl will describe my efforts on

developing the

first irorcatalyzed 3tomponent dicarbofunctionadiion of

unactivated alkenes with both alkyl iodides and bromides withpridized Grignard

A) 1,2-Difunctionalization with electronically-biased olefins, using directing groups, stoichiometric
reductants, or photocatalysts (Engle, Sigman, Baran, Brown, Giri, Nevado, Molender, Aggarwal, Martin,

R-I/Br v

olefins.

Chu, etc.)
cat. M
R1-X + \/O + Y - R1’\‘/O
o (i.e., Pd, Ni, Cu, Ag)
conjunctive
reagent
X ' N X
XX X"Ep ~ @ \/go N X BR2 XAk
(0}
. . . . . Ni
Pd Pd, Ni Cu, Ag, Ni Ni Ni Ir, Ni (one report)
B) 1,5-Difunctionalization of vinyl cyclopropanes (Chapter 3).
R R2
R2 MgBr v 3
Ay —e— B
R4 + -
X (%) -
R4
X =Cl, Br conjunctive RS

C) Intermolecular Fe-catalyzed 1,2-dicarbofunctionalization of olefins (Chapter 4).

Figure 4.1. Transition metatatalyzed threeomponentifunctionalization of

reagent

NGt Mo —@—> AT

unactivated alkenes ﬁ;ﬁ"ﬂf;

nucleophiles leading to :@lkylarylation or 1,2alkylvinylation of alkenes with broad

scope and excellent regiand chemoselectivityFigure 4.1C). In additian, | will

discuss how weapplied this concept to develop a thammponent radical

alkylation/cyclization/arylation cascade leading to diverse (hetero)cyclic compounds.
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We anticipate that thiwork will lead to greater application of Fe as a catalystiagh

component difunctionalization of olefins.

4.2 Proposed Mechanism

As shown inFigure 4.2 , we hypothesize that alkyl halidewould react with
Fe specied to form the alkyl radicaht-1andB.*?3Due to the high barrier associated

with sterically hinderealkyl radicals and aryl iroB to undergo direct crossoupling,

X-MgBr Fe Ar

radical cage pair

radical rA N
__radical o
P, C , Re escape [R- t/\@]

D int-1

regioselective
intermolecular
R/m radical cascade
Y@ @
Ar P., | JAr
PLUIN
P
C

Figure 4.2. Proposed pathway to realize the-@li@arbofunctionalization of
alkenes using iron catalysis.

we anticipate thahe tertiary radicaht-1 (or a fast reactinglkyl radical) would favor
regioselective Giese addition to ble2 to form, in the absence of cyclopropyl groups,
a transiensecondary alkyl radicant-2.16 Then the longer lived (persistemt)yl iron
speciesB can trap the less sterically hindere®lalkyl radical int-2, and undergo
reductive elimination fronC to formthe desired 1;2licarbofunctionalization product

andD. Finally,facile transmetallation with aryl GrignaBdestarts theatalyticcyclel’
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Recognizing that the success of theadnponendicarbofunctionalization hinges on
driving the equilibriumtowards formation oint-2, presumably by favoring Giese
addition over addition to aryl irol, we initiated our studiesinder solentfree
conditions and at high concentrationsatifkenes.The challenge remains whether (a)
we can drive the kinetid®wards the Giese addition 20(b) int-2 is sufficiently long
lived to be intercepted by the persistent iron speBjesnd (c)C will undergo reductive

elimination to form the desired dicarbofunctionalization product.
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4.3 Reaction Optimization and the Scope of Grignard

Initially, we elected to use tebutyl iodide4.3.g3 4-phenytl-butene4.3.b, and

MgBr 5 mol% Fe(acac), Bu Ph
20 mol% Ligand L1
Bu-l + P+
0°C, 1h
OMe OMe
4.3.a 4.3.b 4.3.c 4.3d
Entry Deviations from above Yield [%)]

PCy,

C

PCy,
L1

None

L2 (20 mol%)

L3 (20 mol%)

L4 (20 mol%)

L5 (20 mol%)
Fe(OAc), (5 mol%)
FeBr, (5 mol%)
Fe(OTf), (5 mol%)
In THF (0.2 mL)
Fe(acac); (3 mol%) and L1 (12 mol%)
No Ligand

No Fe(acac); and no Ligand

[PEtQ [PMeg [PF’h2
PEt, PMe, PPh,
L2 L3 L4

PPh,
: :Pth

LS

86

<5

80

41

83

85

<5

The reaction was performed with tert-butyl iodide 4.3.a (0.1 mmol, 1.0 equiv.), 4-phenyl-1-
butene 4.3.b (14 equiv.) and meta-methoxy phenyl Grignard 4.3.c (1.4 equiv.) without any
additional solvent. Aryla Grignard 4.3.c was added dropwise via a syringe pump over 1 h.

Table 4.1. Evaluation of reaction conditions

metamethoxy phenyl

Grignard 4.3.c as model

substrates (Table 4.1).
Gratifyingly, under our
modified conditions for

radical crossoupling with

vinyl cyclopropanes (i.e.,
using Fe(aca as a
precatalyst and 1,2

bis(dicyclohexylphosphino)
ethane as a ligandj® we
observed the formation of
the desired 1,2-alkylaryl

product4.3.d in 86% yield

and complete regioselectivitwith unactivated olién 4.3.b (Table 4.1, entry 1.

Notably,other bisphosphine ligands commonly employed in diregtdftalyzedcross

coupling reactions with alkyl halid&ssignificantly decrease the yield (entrieis5®

Further, the use of thieon precatalyst bearing strongly coardiing ligands inhibits

the reaction (entry 6) while other precatalysts were less effi(gnties 7 and 8).

Moreover, the use of THF as solvent had a minor effect on the overall efficiency of the

3-component 1 2icarbofunctionalization (entry 9). Figlwe could alsgerform the
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reaction in high yield under lower catalytic loadi(entry 10). Control experiments
show that the Fe and ligand dxeth critical for the reaction (entries 11 and 12). With
a set of optimized reaction conditions in handegyloration of the reaction scope and
limitations of thisbisphosphine iroitatalyzed 3componentdicarbofunctionalization
was undertaken. As shown Figure 4.3, the reactiontolerated a wide range of
electronrich (e.g.4.3.di 4.3.j) and electrord€fi cientaryl Grignard nucleophiles (e.g.,
4.3.17 4.3n) forming the desired 1;alkylaryl productsFurther, various substituent
positions on the aryl nucleophilegere tolerated including meta and para masnad
disubstitutedaryl Grignard nucleophiles. Importantly, vinyl Grignaedgents are also

competent nucleophilic partners forming thegioseledve 1,2alkylvinyl product

3 mol% Fe(acac)s PCy,
12 mol% Ligand L1 [
Bu-l + \/\Alk + R-MgBr - tBu/\|/\A|k PCy,
0°C, 1h R
L1
T Nueleophile T
Ph ,Bu/é\/ Ph Bu Ph Bu Ph
Bu/é\\/
M
OMe Me OMe Ph
4.3.d, 85% 4.3.e, 79% 4.3.f, 73% 4.3.9, 87%
Ph Ph
Bl Bl
u u/é\\/ IBuj E ~-Ph Bu/é\/':h
OMe
M M
SMe OMe © ©
4.3.h, 72% 4.3., 47% 4.3, 79% 4.3k, 81%
Bu Ph Bu Ph B Ph Ph
u Bu
o Me
FsC CF Me
F cl 8 8
4.3.1,77% 4.3.m, 71% 4.3.n, 67% 4.3.0, 41%

Figure 4.3. Scope of the Grignard nucleophile in the@nponent

dicarbofuntionalization with unactivated alkenes.
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4.3.0in 41% yield. Thigepresents thirst example of transitiemetal catalyzed 1;2
alkylvinyl functionalization of unactivated dlas. Unfortunatelysterically hindered
Grignard reagents are not compatitdagents in thisransformation, presumably due

to the highenergy required to undergo inrgghere reductiveliminationt1?

4.4 Scope of Alkenes

Next, we explored the die scope using tetiutyl iodide 4.3.a and meta

methoxy phenyl Grignard.3.cas dicarbofunctionalizatiopartners Figure 4.4). In

Me = = Ne
Bu A Bug}/ Bu/ah/\Me Bu/é\\/&
M OMe OMe
OMe OMe
4.4.a,n=4,57% 44.c,n=2,77% 4.4.e,n=1,32% 4.4.q. 44%
4.4.b,n =6, 56% 4.4.d,n=4,1.38983% 448 n=261% 4.9, a4
Me
Bu 0" Ph Bu 0" Bu OF! N,
OEt Bu Boc
- Me
Me
oM oM
© © OMe
4.4.h, 39% 4.4.i, 37% 4.4.j,32% 4.4.k, 69%
o}
CO,Et ] A
Bu S x
Bu N Bu
M
OMe OMe OMe
4.41,73% 4.4.m, 66% 4.4.n, 43%
F F 1
R F FFFFFF R
Et R?
P A fo SO
FF:: FF := FF FFFF
OMe OMe OMe
1 2 _
4.4.0,53% 4.4.p, 74% R, R®=-CHz or -(CH,)4CH,
4.4.q, 46% (dr = 1.2:1)
Figure 4.4. Scope of alkenes in the reaction.

general, a wide range of unactivatedfiole partners were tolerated. Compatible
partnersinclude oldéins with tethered allpatic chains, alkeneslkoxy, protected

alcohols, aldehydes and amines, estersegaad pyridine and furan moieties producing
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the desired products 321 83% vyield @.4.da 4.4.n). Importantly, this Fecatalyzed
threecomponentmethod provides unique reactivity with dienes. In particular, we

found that the method is highly chemand regioselective fanonofunctionalization

MeO
MgBr 3 mol% Fe(acac)s O
12 mol% Ligand L1
Bu-l + Bu
0°C, 1h
OMe

Csz PCyz

0.2 mmol 2.0eq 1.5eq 34% NMR yield 3.3% NMR yiled

0.2 mmol 14 eq 1.5eq 83% NMR yield <2%

Figure 45. The selectivity for monofunctionalization of diene.

of less substituted alkened.4.ei 4.4.9 evenat lower concentrations of alkenes
(Figure 4.5). To showcaséhe practical application of this method, we also scaled up
thereaction that formed the monofunctionalized produdtdin 83% yield (1.38 g).
Furthermore, we also found that the{fl@ororated ralkyl bromides were competent
partners withunactivated cyclic alkened.@.oand4.4.p) yielding the desiregroducts

as single diastereoisomers in%and74% yield. For aliphatic chain internal alkene
(4.4.9) using the pefluororated ralkyl radical, we obtained the desired products as a

mixture of diastereomers (dr=1.2: 1) in 46% yield.
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4.5Scope of Alkenes and Alkyl Halides

As shown inFigure 4.6, contrary to current statef-the-art transition metal

catalyzed threeomponent dicarbofunctionalization, thigethod tolerates a range of

R2 3 mol% Fe(acac)s PCy2
R R® 12 mol% Ligand L1 RW\A"‘ [
+ \/\Alk + R-MgBr » R2 PCy,
X 0°C, 1h R" R
X =Br, | H
Ph Ph
B Bu
Bu Ph u Bu Ph
M
OMe Ph O
4.5.a, X = Br, 82% 4.5.b, X = Br, 85% 4.5.c, X =Br, 61% 4.5.d, X = Br, 79%
Ph Ph CO,Et -~
Bu B Bu 2 Bu 07 Ph
X Me - Me
E E Me Me OMe
4.5.e, X = Br, 62% 4.5.f, X = Br, 36% 4.5.g, X = Br, 35% 4.5.h, X =Br, 51%
Me Me
Ph Ph
Me Ph Me Ph F,C4Hs
Me
Ph
OMe OMe OMe OMe
N . . 4.5k X =1,63% - 9
45.i,X=1,31% 4.5.j, X = Br, 43% 451 X = Br. 61% 4.5.m, X = Br, 87%
Figure 4.6. Scope of alkenes in the reaction.

diverse radical precursors armperates under short reaction times and at low
temperaturesSpecfically, tertiary akyl bromides also form the desired aKylaryl
products4.5.ai 4.5.hwith similar efficiency to alkyl iodidesThese results represent
thefirst examples of using alkpromides in a transition metehtalyzed &component
intermolecularl,2-alkylarylation of unactivated oli;ms and caromplement existing
methods using reductive cressuplingsas reported by Nevadd-urthermore, other
tertiary alkyl iodides/bromides are compatible in this transformateiding the

desired products.5.i i 4.5.1in 311 63% yield. Finally,consistent with our hypothesis
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(Figure 4.2), we also found thgterfluororated ralkyl radicals (much more reactive
towards Giese addition to alkenég)were competent in this Featalyzedthree

componentdicarbofunctionalization reaction yieldirthe desired product$.5.min

L
L 3 mol% Fe(acac)s Ph
0 MgBr 12 mol% Ligand L1 o L
A~ )\/| + x~Ph o+ —_— + o
(0]
0°C, 1h AN
OM —\ (@) OM
© Cy,P  PCy; OMe
L1
0.2 mmol 14 eq 1.5eq <5% 64% NMR yield
3 mol% Fe(acac);
MgBr 12 mol% _12mol% Ligand L1 L1
R V2 N
O/ 0 C 1h
OMe Csz , Pov
0.2 mmol 14 eq 1.5eq <5% 94% NMR yield
3 mol% Fe(acac);
Bu—I MgBr 12 mol% ngand L1
+ AP+
0 C 1h
OMe CYzF’ , Pov:
0.2 mmol 14 eq 1.5eq 90% NMR yield
Figure 4.7. Comparison of 1;2alkylarylation and direct arylation.

87% yield. Unfortunatelygther primary and secondary alkyl halides are not compatible

in this transformation due to thmmpeting direct crossoupling formation Eigure

4.7,

4.6 Radical Cascade Cyclization/Arylation

To expand the synthetic utility of this featalyzed threeomponent
dicarbofunctionalization, we next explored thessibility of performing aadical
cascade cyclization/arylationith a series of 1;8lienes leading to the formation of
threecarbon carbon bonds in one synthetic stépgUre 4.8). We hypothesize that
regioselective Giese addition to the fokewill form the secondary alkyl radical

intermediateG AIf the rates ofFe-arylation are slower than the rate of rHolgsure,
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then weshould only observe the ringjosed arylated product (i.&8). However, if the

rate for Fearylation ofG As faster than the rafer Fe-arylation of radical Bexo-trig,

3 mol% Fe(acac)s

12 mol% Ligand L1 Bu X/\/
R‘R s \? f/ RMgBr (1.5 eq) _%f/ BUW .
0 C 1h OMe

Cy2P PCy, OMe
L1 4.6.a, X = CHy, 71% (dr = 4.0:1) 4.6.b, X = CH,, 9%
4.6.c, X =0, 95% (dr =4.7:1) 4.6.d, X =0, NA
4.6.e, X = C(COzEt)y, 51% (dr = 18:1) 4.6.f, X = C(CO,Et),, NA
4.6.9, X =NBoc, 57% (dr = 1.6:1) 4.6.h, X = NBoc, NA

Figure 4.8. Radical cascade cycligan/arylation.

then we should obsenanly the uncyclized product (i.e4,6.b). As shown inFigure
4.8 we found that this method delivered the desired carbocy@ein good yield
(71%). We also observed the uncyclized produt6.b presumably from direct
arylation ofG Aalbeit in low yield (9%)Notably, incorporation of heteroatoms (O or
N) or addition ofdiester linkage results in exclusive formation of the cygfimduct
Specfically, we found the desired formation of alligryl tetrahydrofurar.6.¢ di-
ester substituted carbocyeleés.e andpyrrolidine4.6.gin good to excellent yield (51
95%) and withoutthe formation of the uncyclized product. DFdalculations
[UPBEPBED3/6-311+G(d,p)CPCM(THF)//UB3LYP/631G(d)] using the tBu
radical and 1,6 eptadiene predict a barrier 8.2 kcal mdF for irreversible Giese
addition leading taG A 5.2 kcal mol* downhill in energy.In agreement with the
experimat, G Apreferentially favors radical cyclization leading to ais@mer, while
(irreversible) radical cyclization leading to a trassmer is only 1.2 kcal mdihigher

in energy(Figure 4.9A). However consistent with the experiment, the rates for r@dic
cyclizationfor X=0 substituted diene are faster and the energy diffelegieesen cis

and trans radical cyclization is much higher (#c@l mol; Figure 4.9B). However, at
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this stage, we cannot ruleut alternative mechanistic pathways such adirole

(A)

cis-cyclization cis-intermediate

[‘BU/Ul Bufg\

X —

Bu + \U ﬂ[’B“U}# ’B”’}Cj/ / [1.5] [11.1]
[0.0] [13.2] [5.2] BU/U]_, tBu’\l N

[2.7] [-14.6]
trans-cyclization trans-intermediate

cis-cyclization cis-intermediate
[tsu/? fl tBU/i—f‘
A —
Ao 0
Bu- + \Z f/ ﬂ['B“ i f/ }_> ’B“/ﬁf f/ [2.0] [16.0]
[0.0] [12.2] [6.1] B“’?_{l_, tBU/i—f\
o o

[-0.3] [-18.8]
trans-cyclization trans-intermediate

Figure 4.9. Calculationof radical addition and cyclization steps of
1,6-heptadiene v&-propenyl ether G ( kcal / mol ; 24

coordinationto the metal center preceding alkyl radical addition ormligratory
insertion of the iroraryl into the alkene. Future wodh elucidating the mechanism of
this transformation is ongoirand will be reported idue course. Given the prevalence
of saturated heterocyclic compounds (tetrahydrofurans ggdolidines) in
pharmaceuticals, we used an oxygensubstititerae as a model compound to explore
the reaction scope of this Featalyzed threeomponent radical cascade
cyclization/arylation. As shown iRigure 4.10, thisreaction is very robust with aryl
Grignard nucleophiles forminthe desired products in extsit yields, and the cis

isomer is themajor product. The use of stericalhindered, heteroaryl or vinyl
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nucleophiles was also toleratétl6.k1 4.6.n). Moreover, other tertiary alkyl iodides

and peffluorinated alkyl and tertiary bromides also work isttransformation

—i’f@ BUWQ _2_{@

4.6.i, 96% (dr = 4.8:1) 4.6.), 94% (dr = 5.0:1) 4.6k 51% (dr=6.7:1)
S
Bu Bu
Mé
(o) (0)
4.6.1, 48% (dr = 4.6:1) 4.6.m, 67% (dr = 5.4:1) 4.6.n, 52% (dr = 5.2:1)
4.6.0, 88% (dr = 4.5:1) 46.p, 7% (dr = 4.511) 4.6.9, X = CH,, 76% (dr =3.8:1)

46.r, X=0, 51% (dr = 4.2:1)

Me Me
)\( Bu AN OMe
Me Me

conjugated 1,3-diene 4.6.s, 43% (E:Z=7.6:1) 4.6.t, 60% (E:Z=11: 1)

Figure 4.1Q Scope of the &lical cascadeyclization/arylation

forming the radical cascade cyclization/arylatijproducts4.6.07 4.6.r in 51i 88%
yield. Finally, the method is regioselectiiog addition to conjugated l-@ene toform

1,4-alkylaryl products4.6.si 4.6.tin good yield (up to 11 : E : Z, Figure 10).

4.7 Summary

In summary, we have developed a thceenponent 1alkylarylation of
unactivated olefins using bisphosphine iron as the catalyst. Further, we demonstrated
that this protocol can forge three carboarbon bonds in one synthetic step leading to
a diverse set of carband heterocyclic compounds. We expect that this method will

be adapted by the pharmaceutical community for the synthesis of bioactive products,
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fine chemicals, and latstage diversification of promising leads. Although this method

is aurrently limited to the use of a large excess of olefins, preliminary experiments show

that the use of activated alkenes could circumvent the need for excess alkenes, and this

will be reported inChapter 5. Future work is ongoing to elucidate the mecharo$m

this transformation using computational, experimental, and spectroscopic tools. We
actively pursued other threammponentFe at al yzed r e a-acceptorsys wi t h
nucleophiles, and electrophiles including asymmetric variants and will reporg in th

following chapters.
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Chapt@anéer al Met hod for Multico
CascadeGdWploisssgs Enabl ed by I ro

Excerpts from this chaptareresubmitted andhe articleis under review.

5.1 Organoboron Compounds in Organic Synthesis

Organoboron compounds are valuable and highly versatile reagents widely
used in modern organic synthekla.particular, the inherent stability, easf handling,
and commercial accessibility of structuratliverse organoboron compounds have
established these reagents as the workhorseelec®on transition metalatalyzed
crosscoupling reactions (e.g., Pd catalysis) and constitutes one of tH@éomost
used reactions in drug discovery for the construction-6fiidbnds In the last decade,
significant efforts in the area of photoredox catalysis have expanded the utility of alkyl
organoboron compounds as versatile radical precursors for nusiearngformation3.
More recently, vinyl organoboron reagents have been used as effective lynchpins in
threecomponent nickel(photoredoxptalyzed crossoupling reactions leading to
valuable and versatile alkyl boryl scaffolds prime for further functinagon.4
Despite these efforts, the equivalent haatalyzed transformation remains highly
desirable in pharmaceuti cal research due

for new and complementary modes of reactivity to existing catalytic methods.

5.2The Expand Reaction Scope of MulticomponerE&mlyzed Cros€ouplings

Fecatalyzed crossouplings has enabled the union of diverse cadmariered
radicals and organometallic partnefsg(re 5.1A). However, while organoboron

reagents have found utility in Featalyzed twecomponent crossouplings (i.e.,
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SuzukiMiyaura), the use of iron catalysts in mudbmponent crossouplings with

organoboron reagents remains an elusive transformagiguaré 5.1B).>%7-8Herein we

A Iron-catalyzed cross-coupling of C-center radicals
Hal >
$n, cat. Fe | & 5. N
: : ‘A —R1+ [Fel—R?2 .
u."'xl:ﬂ RZ-X ‘72 ‘11.)<R1

Partner 1: Hal = 1, Br, Cl R = alkyl, aryl, alkoxy, ester (well-established)
Partner 2: X = Mg, Zn, etc. = boryl (not known)

B Strategies to transtion metal-catalyzed cross-coupling of a-boryl radicals

) R2
1" cat. Ni | R! + [Ni]-R2 1
Ai-RP oL \/?\BR2 [Ni] R
Z “BR, BR2

R2-X resonace stablized sp® boron
a-boryl radical reagents

Partner 1: RP = |, Br, BF3, CO,H, Si(cat),
Partner 2: X =1, Br, Zn
Partner 3: vinyl boronates limited to (photoredox)nickel catalysis

C Fe-catalyzed multicomponent radical cascade/arylation cascades (this work)

difunctionalization
— - 2
) R 2,
1 1
R1-Hal R\/KBRZ R\XBR
1l cat. Fe 2
v or + [FeFR? >  or
N Hal )\r R3
™ N
(\/h/o Y Yﬁ Rz\/9<,,7
2 $ H S
X R ¥ “‘Rs
Partner 1: Hal = | and Br annulation-cross-coupling

Partner 2: X = Mg
Partner 3: R3 = BR,, OR, SR, SiR, NR; and alkyl

Figure 5.1 A) Established methods for iraratalyzed
carboncarbon crosgoupling with alkyl radicalsB)

Unmet challenge in iron catalgsiC) Our report on the
use of bisphosphinreon complexes to promote radic
cascadarylation reactions.

report the successful realization of-Eatalyzed crossoupling of U-boryl radicals,
generated from selective radical addition to vinyl boronates, and organometallic
reagents to form the desired dicarbofunctionalized (DCF) compotigisé¢ 5.1C).
Further, to address a lorsanding challenge in multicomponent crassiplings, we
report a general Featalyzed multicomponent annulatianylation (MAC) protocol

that facilitates the practical synthesis of previously diffitadtnake
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tetrafluoroethylenecontaining carbocycles and derivativesinally, DFT and radical
probes, shed light into the mechanism of this transformation. More broadly, this work
provides a blueprint to expand the reaction scope of multicomponeratflgzed
crosscouplings and, in particular, intermolecular annulatgoplation reactions with
broad applications to the practical and lagmle synthesis of pharmaceuticals,

agrochemicals, pesticides, and materials.

5.3 Reaction Optimization

Based on recent multicomponent radical cresisplingst®twe hypothesized
that electrordeficient nature of vinyl boronates and the rapid kinetics of observed for
Fecatalyzed Kumada crossoupl i ngs coul d be ceoanpl ed to
radicals in selective thremomponent radical croguplings. If successful, this radical
cascade could lead to rapid construction of complex molecular structures and open new
opportunities for sustainable synthesis of alkyl boron reagents for flayinéhnetic
manipulations? In this vein, we first tested the proposed thceenponent radical
crosscoupling using a sterically hindered alkyl halide under slow addition of aryl
Grignard nucleophile to avoid competing t@womponent crossoupling and biarly
formation. After extensive experimentation, we identified Ee@0 mol%) in
combination with 1,zbis(dicyclohexylphosphino)ethahéd (20 mol%) as an effective

catal ytic sy s-bogymaditalsaptesumably fog eegiostlective Giese
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addition of tertbutyl radical to vinyl boronat@a (vide infra) to form the desired
productd4ain 90 % yield (entry 3Table 5.1 and, in stark contrast to existing nickel

systems, at low temperatures and exceeding fast reaction times (<1 hr). Precatalysts

MgBr tBu Bpin
tBu-X + X Bpin + ©/ Fe, Ligand -
THF,0°C,1h
OMe OMe
1a 2a 3a 4a
cy./ \ _Cy Me. /~ \ _Me Et. / \ _Et Ph. /~ \ _Ph
P P\’ P R P R P R
Sy L1 oy Me™ 12 Me Et” 13 Et Ph™ 14 Pn
Q Me /7 \ .Me
Ph_ _Ph N N,
Ph/P P\ Me Me
L5 Ph L6
entry X Fe Ligand Fe/L (mol%) yield (%)?
1 | Fe(acac)s L1 10/20 77
2 | FeBr, L1 10/20 80
| FeCls L1 10/20 90
4 I Fe(OTf), L1 10/20 27
5 | Fe(OAc), L1 10/20 36
6 | FeCl, L1 10/20 80
7 | FeCly L2 10/20 <5
8 | FeCls L3 10/20 <5
9 | FeCls L4 10/20 7
10 | FeCls L5 10/20 28
1 | FeCls L6 10/20 34
12 | FeCly no ligand 30/0 <5
13 | no catalyst no ligand 0/0 <5
14 Br FeCly L1 10/20 89
15 Cl FeCly L1 10/20 12
Table 5.1. Reactions werearried out on a 0.20 mmol scale
Grignard addition for 1 h, 0.2 mL THR, Determined by crude
1H NMR with CHBr2 as internal standard.

with weakly coordinating triflate or acetate groups diminished the efficiency of the
systemwhile halogen or acetyl acetone counterions had minor effect on the yields

(entries 16). Notably, 1,2vis(dicyclohexylphosphino)ethahd is uniquely effective
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in this radical cascade and all of the phosphine and amine ligands were less efficient
(entries 6:11). Control experiments demonstrate that both the ligand and iron salt as
crucial for the reaction (entries-13). Finally, in stark contrast to stadéthe-art (dual
photoredox) Nicatalyzed methods, both alkyl iodides and bromides also provide the
desired product under these conditions (~90% vyield) while diminished yields are

observed with alkyl chlorides (entries-18).
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5.4 Scope of DCF Reaction

Encouraged by these findings, we turned our attention to studying the generality

of the threecomponent radical cascade trimmation. As shown irFigure 5.2, we

Ligand L1

RI=X + PPN + R—MgBr — Fe—| i ~-°P" AN —
1 2 3 alkyl a-boryl 4 R? ﬁ")"’ P%

radical
Fe conditions: 10 mol% FeCls 20 mol% L1,
THF, 0°C,1h

Variation of the nucleophile (R?)

Bu o KM 54a75% Bpin Bu Bpin Bu e
OMe, 5.4.b, 64%
Ph, 5.4.c, 73% /5\
Me, 5.4.d, 71% OMe cl c
Cl

R Cl, 5.4.¢, 84%
X = Br F.5.4.f 69% g-z-g' ; = Fré;;% 5.4.0, X =1,76% 5.4.j, X = Br, 61%
4N X =1, o

. . . Bpin Bpin
B Bpin Bpin
Bu pin Bu pi Bu P Bu { Bu
F F Me Me OMe FsC CFs O

OMe
5.4.n, X = Br, 63% 4.0 X = B| 9
5.4k X=Br,81% 541, X=Br,84% 54m X=Br,66% 540 X=I,71% g 4.2’x iy go?,/f 7

limitations

B
pin Bpin Bpin Bpin Bpin .
in

~ _ 5.4.1, X = Br, 47% 54.w, X = |, 30%
5.4, X =1,53% 5.4.5,X = I, 42% 4, X =1, 409
° ° s4uX=l56% OV 0% 54x X=PBr <5%5.4.y, x—| <5%

Figure 52. Reaction scope (nucleophile) of threecomponent
dicarbofunctionalization of vinyl boronates using bisphospirioie complexes
as catalysts. Reactions were carried out on a 0.20 mmol scale at 0 °C f
performed withl (2.0 equiv.),2 (1.0 equiv.) Grignar® (2.0 equiv.), FeGI(10
mol%) andL1 (20 mol%) with THF (0.2 mL). Grignar8 was added dropwis
via a syringe pump over 1 h, isolated yield.

observed a wide range of organomagnesium compounds as suitableotnolesgy
partners with alkyl-boryl radicals. In particular, difunctionalization of vinyl boronates
proceeded with good yields and excellent redexseity with mone and disubstituted
aryl Grignard nucleophiles that varied with electron density at the pach meta

position 6.4.at05.4.q) and (hetero)aryls nucleophil®4.r). Further, in stark contrast
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to nickel(photoredo)catalytic systems, this protocol tolerates akenyl and alkynyl
nucleophiles§.4.sto 5.4.w), albeit on average lower yields were observed for alkynyl
nucleophiles in comparison to the aryl and vinyl counterparts. Unfortunately; ortho
substituted aryl Ggnard reagents were less efficient presumably due to increase steric
demand%.4.y). Having established the reactivity with-smd sp-hybridized Grignard

nucleophiles, we next probed the alkyl halide scépguie 5.3). In the tertiary alkyl

i i Bpin
RI=X + \/Bpln + R2—MgBr — Fe_|:R1/\9,Bpln RW/Y p

1 2 3 alkyl a-boryl 4 R? w P P‘\%

radical

Fe Conditions: 10 mol% FeClz 20 mol% L1,
THF, 0°C,1h

Variation of the alkyl halide (R')

Me
Me Me Me ) . Boi
i Bpin Bpin Bpin pin
Ve Bpin Me P P Me
Me Me
Ph
OMe OMe OMe OMe OMe

5.4.d°, X =Br, 30%
5.4.2’, X =Br,64% 5.4.b",X=Br,57% 5.4.c’,X=Br,83% 54.¢’ X=1,70%

! Me I\I/Ie
M ; N
Bpin ° Bpin tBu\O Bpin Me= S Bpin  E!
O/é\ % O F%\ N
OMe OMe OMe OMe

5.4.9', X =1, 39%? 5.4.h’, X =Br,89%  5.4.7", X = Br, 40%? 54, X=Br,62% 5.4k, X=Br, 39%

F F oo o OEtg F
in B
. p Bu 0 pin Bpin Bpin
F F
OMe

5.4., X = Br, 65% 5.4.m’, X = Br, 36% 5.4, X = Br, sw 540 X=85,61%

5.4.f X = Br, 60%

Bpin

R FR FFRF

Bpin
Bpin Bpin
E
F FF FF F
OMe
OMe

5.4.p’, X = Br, 56% 5.4.9’, X=Br, <5% 5.4.r', X=Br, <5%

Figure 53. Reaction scope (alkyl halide) of threecomponent
dicarbofunctionalization of vinyl boronates using bisphosphime complexes as
catalysts. Reactions were carried out on a 0.20 mmol scale at 0 °C fo
performed withl (2.0 equiv.),2 (1.0 equiv.) Grignar® (2.0 equiv.), FeGI(10

mol%) and_1 (20 mol%) with THF (0.2 mL). Grignar8lwas added dropwise vi
a syringe pump over 1 h, isolated yiedd1 (5.0 equiv.), Grignar@® (5.5 equiv.)
and 3h.
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scope, arange of acyclic and cyclic aliphatic electrophiles afforded the desired products
with good vyields %.4.a Go 5.4.f )6 Notably, secondary alkyl systemS.4.g Yoand
tertiary alkyl halides bearing aryl or heteroatoms atsonéd the desired products
(54.f and5.4.h p Finally, we were pleased to identify tertiddbromo esters as
competent substrates which formed the synthetically useful prédiict@earing both

an ester and alkyl boron as versatile synthetic handlegufther diversification.
Despite significant advances in the synthesis of organofluorinated comgdunds,
selective and catalytic C(®pCRR bond formation remains challengifi@nd is
exceedingly rare in Featalyzed crossouplingst®>'6 Further, thee are no reports of
transition metatatalyzed threeomponent radical dicarbofunctionalization of vinyl
boron alkenes that engage flueralkyl radical precursors. Presumably, the higher
reactivity towards Giese addition to alkene is also plagued éyintherent faster
reactivity to undergo Fatom abstractiof propensity to undergo single electron
transfer (SET), defluorination, and competing {@mnponent crossoupling®
Seeking to expand the alkyl radical scope, we question whether this protocol could
provide direct access to versatile fluorinated alkybmocompounds. Gratifyingly, as
shown inFigure 5.3, a wide range of fluoro alkyl radical precursors including those
containing alkyl, ester, silyl, heteroaryl, phenoxy, perfluroalkyl, and protected
aldehydes, are competent partners leading to the desiPealk§lfluorinatedaryl
organoboron product$4.j i 5.4.p YHin good to excellent yield. Owning to the unique
properties of & bonds®2%222%oupled with the versatility of the C&gB bond and

practicality of this method, we anticipate that timethod will lead to rapid access to
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fluoro alkyl boron building blocks with numerous applications in pharmaceuticals,

biology, materials, and agrochemistry.

5.5Tuning Reaction to Form MAC Product

With the aim at expanding the applicationsnaifilticomponent radical cross
couplings, we turned our attention to alkyl halides with pendant alkenes as bifunctional
coupling partners? Despite the utility of radicabased cyclization cascades and
transitionmetal catalyzed intranolecular cyclizatiorarylation in organic synthestg,
the analogous intanolecular threeeomponent radical cycloadditiearylations are
proven surprisingly elusive. Further while stitching-6Fs, C2Fs, and perfluoroalkyl
alkyl groups in medicinal research is commgynthetic methods for incorporation of
tetrafluoroethylene -CR-CF>-) moiety into cyclic compounds, especially for the
formation of fivemember carbocycles, remains virtually unknown. In addition,
traditional protocols to incorporaticl€ »-CF- in carbogcles suffer from the use of
hazardous tetrafluoroethyl ene gas (TFE) or
reagent) thus preventing broad applicatih&o solve this unmet need in chemical
synthesis, we envisioned that commercially available @ade to handle
tetrafluoroethylene alkyl bromid&o could serve as a general and practical lynchpin
for the construction of previously hato-make tetrafluoroethylene containing
carbocycles. Gratifyingly, similar conditions employed for thteemponent rdical
crosscoupling led to the multicomponent annulation/crosapling (MAC) product
5b albeit low yields due to competitive formation of dicarbofunctionalization product

4b (Figure 5.4A). Notably, after screening of conditions we found that by lowehag
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iron concentration and changing the catatggigand ratio we could shut down the

A FF cFF
Vi X Bpin MeO F
A Br e
+2 +3 —Fe—> F F
+
F F )
Bpin
4b
1b conditions OMe 5b
10 mol% Fe(acac)s, 20 mol% L1 22 % 29% (1.7:1dr)?
3 mol% Fe(acac)s, 12 mol% L1 <5 % 50% (2:1dr)
R FF F F
B FF F F F
\)S( + ..LL’/k('??, + R—MgBr —— Fe —3» s g or ;
FF DcF oY ¥ MAC
1b from int-1 from int-2
F F T
F ‘17,)\(.71, F F
radical \)Se Glese 5-exo cycllzatlon
formation
addition N i int.2

Figure 54. Lower concentration of iron increases the yield of the MAC prod
Reactions were caed out on a 0.20 mmol scale at 0 °C for 1 h, performed w
1b (1.0equiv.),2 (1.5 equiv.) Grignar® (2.0 equiv.), Fe(acac]3 mol%) and_1
(12 mol%) with THF (0.2 mL). Grignar8was added dropwise via a syringe
pump over 1 h, isolated yield and dr.

dicarbofunctionalization pathway and increase vyield of the MAC prodibct
Presumably, lower catalyst concentration allows for more efficieexobcyclization
(vide infra) leading tont-2 which in turn can undergo radical cressupling to form

the MAC productFigure 5.4B).

5.6 Scope of Alkenes in MAC Reaction

With optimized conditions in hand, we next turn to explore the generality of the
FeMAC transformations with rgeect to alkeneKigure 5.5). Overall, a broad and
impressive range of olefinic partners were found competent partners leading to
tetrafluoroethylene containing drilige scaffolds in one synthetic step. In particular,
in addition to bororsubstituted alkezs 5.6a, the list of suitable olefinic partners

includes acyclic and cyclic alkenes bearing oxygeitrogen, sulfur, and silicon
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hetereoatoms. Specifically, cyclic vinyl silanés@(b), ketene acetal(6.9, enols
(5.6.d), thioenols %.6.9. Further, we found that -4 5, and 6member

(hetero)carbocycles bearing eggclic alkenes %.6.f i 5.6.h) formed the

F F
F F . -, F E
X + "LL,)Y‘%’ *+  R—Mggr — Fe—3 R o
FF s s
1b 2 3 s
F F F F F F F F
F F F F F F F F
MeO MeO MeO MeO
o™ o
Bpin SiMeg U OfBu
5.6.a 5.6.b 5.6.c 5.6.d
41%, 2.1:1 dr 52%, 1.1:1 dr 91% 81%, 1.2:1 dr
F F
F F
MeO MeO MeO
SPh
5.6.e 5.6.f Bod
39%, 4.5:1 dr 75% 5.6.9 5.6.h
81%, 2.4:1 dr 93%
MeQO, F F
E F F FF F F
F F F F
MeO
MeO MeO
Me Me
5.6.i 5.6.f
77% 48%, 7.7:1 d 5.6.k 5.6.1
1029 % P ) ' 59%, 4:1 dr 45%, 13.6:1.9:1 dr

Figure 55. Reaction scope of thresomponent annulatiearylation reaction
sequence catalyzed by bisphosphkinoa catalystg¢Partl). Reactions were caed

out on a 0.20 mmol scale at 0 °C for 1 h, performed witli1.0 equiv.),2 (1.5

equiv.) Grignard (2.0 equiv.), Fe(acae}3 mol%) and_1 (12 mol%) with THF
(0.2 mL). Grignard3 was added dropwise via a syringe pump over $dlaied
yield and dr.

corresponding medicinally relevant arylated spirocyclic compounds in good to
excellent yields (up t®3 % yield). In addition, this method allowed the gracale
synthesis of functional spirocyclic compourisl6.i, which is a derivative of
sequosempervirin A, and fused bicyclic (hetero)cyclic structures using the
corresponding diand trisubstituted cyclic (hetero)alkenes with good yields and
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modest to higlregio- and diastereoselectivityp6.j 1 5.6.). Notably, acyclic olefins
bearing alkyl chains with pendant functional groups including &.if), primary
chlorides 6.6.n), alkenes %.6.9, unprotected alcohol$&6.p) were also competent

partners.Preliminary results also show that tesabstituted alkenes and terminal

MeO

5.6.m
59%, 8: 1 dr Ph

5.6.n
47%,5.4:1 dr Cl

44%,7.3:1dr

5.6.0

5.6.t
75%, 6:1 dr

5.6.r
40%"°, 8.4:7.9:1.3:1 dr

5.6.u
31%, >20:1 dr

5.6.v
44%P°9,10:1 dr

5.6.s
51%, 38:1:1 dr

OtBu

5.6.w
56%°9, 1.4:1 dr

Figure 5.6 Reaction scope of thremomponent annulatiearylation reaction
sequence catalyzed by bisphosphinoe catalystqPart Il). b, Alkene or alkyne
(14 equiv). cGrignard 3 (3.0 equiv.). d, No additional solvent.

alkynes can participate in this radical annulatoplation sequence yielding the
desired annulaticarylation products §.6.9) albeit lower yields. To demonstrate
potential for latestage modification fobioactive compounds, we applied this protocol

to natural products bearing alkene groups that provided the desired products in good to
excellent yields§.6.r and5.6.9. We also explored the alkyl radical scope and found
that other radical precursoam participate in the FRIAC transformation including

alkyl bromides with &Cl functionalities and alkyl substituted alkenB(tand5.6.u).
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Finally, we also found that neffuorinated tertiary alkyl halides bearing an allyl group

also formed the desideproduct §.6.vand5.6.w) by adding high equivalence (14 eq.)

of alkene

5.7 Scope of Nucleophiles in MAC Reaction

Having established a broad and general alkene scope-MABs, we next

explored the reaction scope in terms of nucleopkilgure 5.7). In general, we found

FF

\F Fo . . .

\)S( + -,,Ll)y"-;,, + R—MgBr — Fe—3» R 5
Y d
2 el

FF
1b 3

5.7.a, 78% 5.7.b, 86%

5.7.i, 56% 5.7.j, 50%

F F F F
F F F F F
Me
= =
Me [ -L“‘
(0] 0]

5.7.k, 39% 5.7.1, 42% 5.7.m, 51% 5.7.n, 39%

Figure 5.7. Reaction scopéucleophile)of threecomponent annulatiearylation
reaction sequence catalyzeddigphosphingron catalysts. Reactions were ¢adr
out on a 0.20 mmol scale at 0 °C for 1 h, performed wtt{1.0 equiv.),2 (1.5
equiv.) Grignard (2.0 equiv.), Fe(acac}3 mol%) and_1 (12 mol%) with THF
(0.2 mL). Grignard3 was added dropwise via a syringe pump over 1 h, isol
yield and dr.
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thatpara-substituted electron rich and poor aryl Grignard reagents formed the desired
products §.7.ai 5.7.9. In addition, we found good yields across the board with aryl
magnesium nucleophiles bearing electron withdrawingugs 6.7.f and 5.7.9),
sterically hinderedortho-substituted)systems %.7.h, 5.7.i, and5.7.¢g). Heteraryls

(5.7.k and5.7.1), and vinyl Grignard reagentS.7{.m and5.7.n) can also workGiven

the generality of this Featalyzed MAC transformation in terms of alkene and
nucleophile scope, the use of inexpensive catalysts, readily accessible adinon
reagents, latstage applications, and exceeding fast reaction times, we antitipaite
this general method will accelerate the exploration of perfluoroethylated carbocycles

in pharmaceutical, agrochemical, biology, and materials research.

5.8 Mechanistic Study by Experiment

To elucidate the mechanism of this multicomponenicéalyzed cross

coupling, we combined computationahd organic synthetic approadfirst, using

A intermediacy of alkyl radical R
S
: \Ar
via
FF
F F standard N\ F r 5.8.a, DCF
A Br conditions 64% vyield (3.4:1 E/Z)
+ + ArMgBr F >
Ar = m-OMeCgH, *
F F F Ar
1b 2vp 3a F F
1.0 equiv 1.5equiv 2.0 equiv
F
F
5.8.b, MAC
B stereoconvergence via alkyl radical C-C bond rotation <5%
Me\/\/\/\Me
7z Ar RF
(E)-4-octene standard F

RF

14.0 equiv conditions F
X Br + ArMgBr — or ——
M M
o \_\_/J e
1b 3a — Me' Me

1.0 equi 2.0 equi
equiv equiv (2-4-octene MAC-(E), 38%, 88:13:1:1 dr
Ar=m-OMeCgHy |_ 14.0 equiv - MAC-(2), 40%, 80:10:1:1 dr

Figure 5.8 Experimental insights into thmechanism
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vinyl cyclopropane as radical prob2/p (Figure 5.8A), we observe the 1.5
dicarbofunctionalizatio®.8.aproduct and no MAC produét8.bconsistent with alkyl
faster alkyl radical ringoppening (k ~ 10s?) than radical &xo cyclization (k ~ 19s
1.2 Second, consistent with the intermediacy of thelakgical, we also observed the
stereoconvergence in the thhre@mponent FMAC transformation leading to the same
product outcome using eith& or Z 4-octene, suggesting rapid equilibration (via

sigmabond rotation) prior to4&xo radical cyclization/atgtion (Figure 5.8B).

5.9 Mechanistic Study by Computation

Finally, to gain insight into the nature of carbcarbon bond formation, we
turn to broken symmetric DFT (BBFT) studies. Overglithe method is able to

replicate both experimental structural and electronic parametéguré 5.9.

/N /> o %
\\/j\<\/ W ‘\:;g
f N_QU/US\_“. 2.47 [ 2.47 2.47
/\I /\ P zug'\,
<// \__\> QD? S );’g

Fe-Br2 =237 Fe-Br2 =241}
Angle Br-Fe-Br = 1230 Angle Br-Fe-Br = 123U
UB3LYP-D3/6-31G(d)-THF(SMD) UB3LYP-D3/def2svp-THF(SMD)

Fe-Br2=2.38
Angle Br-Fe-Br = 1180
Crystal

Figure 5.9 The justification of the selected computational method. The UB3L,
D3/6-31G(dYTHF(SMD) and UB3LYPD3/def2svpTHF(SMD) can closely
predict the bond lengths and anglesmpared with the crystal structuiees
determined by Maria Camila Aguilera (Neidig group; Rochester University)

Consistent with these observations, DFT calculations supported radical formation from
distorted square planar bisarylated Fe(ll) species via halogaachmst (barrier ~20
kcal/mol) leading to Fe(lll) and tertiary radical. Notably, as showfiguire 5.10A7,

we find that radical addition to vinyl boronate is fast (barrier is ~11 kcal/mol) and
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Figure 5.1Q DFT calculations insights into the mechanidature of carbon

t

hi

controlled) to the corresponding tetrahedral monoarylated Fe(ll) species leading to

square pyramidal Fe(IHalkyl intermediate. Finally, subsequent reductive elimination

90



via quartet spin state will lead to the desired DCF product and Fe(l) species (barrier

~11 kcal/mol). We also located the competing esfgrere G@C bond formation viahte

sextet spin state but is less likely due to a much higher barrier (> 7 kcal/mol) in
comparison to the innephere stepwise-C bond formationKigure 5.10A, TS4vs

TS3). Overall, these mechanistic studies support the catalytic cycle shigure

5.10B. In particular, a distorted square planar bisarylated Fe(ll) sp&dgaesponsible

for halogen abstraction leading to alkyl radical formatienadical and Fe(ll)B. In

turn, al kyl radi cal can par t-iychpmahere i n t h
undergo innesphere & bond formation with an tetrahedral monoarylated Fe(ll)

species. Finally, disproportionation between FB(Bnd Fe(ll)B will lead to Fe(ll),

which under slow addition of Grignard reagent, could regenerate the catalytic cycle.

5.10Summary

In summary, we have documented the first reports otdtalyzed three
component alkylationand annulatiorarylation reactions of vinyl boronate esters
leading to highvalue and synthetically versatile alkyl boron compounds. Fyrie
extend this unique reactivity to permit -Eatalyzed annulatiearylation radical
cascade that engages a broad range of alkenes leading to previously-tificake
fluoroethylene containingyclic, spirocyclic, and fused bicyclic scaffolds. Tladient
features of this protocol are the use of inexpensive catalyst, low temperatures, rapid
kinetics, high atomreconomy, and environmentally benign side products (e.qg.,
magnesium dihalide). As such, we anticipate that this method will provide a practical

and general route to functionalization of electrmt and electromeficient alkenes
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with various alkyl and hetersubstituents, and application to |at@age

functionalization of bioactive molecules. These protocols expand the medicinal

chemistry toolbx and expect to have an immediate impact in the access of diverse

reagents and carbocycles.
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6.1 Biocyclo[1.1.1Pentatnes in Organic Synthesis

Bi cyc-l o] 1.
Cat al yz-€dmp anerdo uQrloisnsg

Bicyclo[1.1.1]pentanes (BCPs) are widely used in medicinal chemisgyre

6.1A) as an analogue of the phenyl rinigternal alkyne, and tertbutyl group® The

A)

Bicyclo[1.1.1]pentane cores in pharmaceuticals —_—

F:.,c—\—(cor\u-i2 %
0 F30—< H&\ N 0
o-N N-g=0 ,_/N_<o_s>_N
A\

F

Pfizer 2012 GSK 2016
(Alzheimer’s disease) (cardiovascular disease)

O AL
o Q,

Merk 2016 Calico Life Science 2017

B)
PhLi

Br Cl ether
Br -45t00°C,2.5h

Cl

then distill

Figure 6.1 (A) Examples of the BCP core appeari
in  bioactive compounds. (B)Formation of
[1.1.1]propellane.

fusion of this motif with
drugs often leads to
pharmacological benefits
including the enhancement
in solubility, membrane
permeability, and
metabolic stability* 1,3
disubstituted BChbearing
compounds can be
synthesized from
[1.1.1]propellane Kigure
6.1B).> Recent selected
studies of this type of

transformation has been

done by Knochel, Aggarwal® Anderson, MacMillan Uchiyama®? and Walsh?

(Figure 6.2A). However, the development and synthetic routes to BCP analogues in

druglike molecules are still fhited by many aspects such as the substrate scope and

reaction condition. Hereir,will describe my efforts towardhe first iron-catalyzed
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threecomponent crossoupling to generate the 1¢d¥uncationalized BChearing

compounds with short reaction &mild condition in the ongot reaction Figure

6.2B).
A)
ArMgX ArX, [Zn]
Knochel —_—> Ar MgBr ———— Ar*Ar‘
2017 100 °C [Pd]
ArMgX R-Bpin
Aggarwal —_— Ar MgBr —————— 3 AF*R
2020 100 °C [Pd]
R-I [Fe]
Anderson —_— R | —>» R Ar
2020 BEt3 (init.) ArMgBr
[Cu], [Ir]
MacMillan A —_— R*NRZ
2020 Blue LED
) SiR3-Bpin ArBr, [Cu] .
Uchiyama ——> R;Si Bpin————— > R3Si Ar
2020 [Pd], 60 °C
Ph _N._Ar

R= Ih ArBr, [Cu]
Walsh —> R Bpin ———— > R Ar
2021 XBpin [Pd], 120 °C

B)
. [Fe] One-pot
This Work > R Ar Mild condition
R-1, ArMgBr Fast reaction

Figure 6.2 Selected studies of the formation of-#lj8ubstituted BCPs from
[1.1.1]propellane.

6.2 Reaction Optimization

| initiated our study by optimizing the reaction condition ugergbutyl iodine
6.2.a with fresh propellané.2.b, and 3methoxyphenylmagnesium bromide2.c
under different conditions T@ble 6.1). | started the screening with thBis-

(dicyclohexylphospimo)ethangdcpe) ligand. Based on our previous experience, this
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ligand usially works well in the irorcatalyzed Kumada type cressupling reactions.

MgBr Fe (20 mol%) OMe
| A Ln (40 mol%)
% + +
THF, 0°C, 1h
MeO
6.2.a 6.2.b 6.2.c 6.2.d
entry 6.2.a 6.2.b 6.2.c (eq) Fe Ln 6.2.d (yield%)

1 1 1.1 1.2 Fe(acac); dcpe 29%
2 1 2 3 Fe(acac); dcpe 30%
3 1 4 3 Fe(acac); dcpe 7%
4 2 1 4.2 Fe(acac); dcpe 70%
5 2 1 22 Fe(acac); dcpe 29%
6 4 1 4.2 Fe(acac); dcpe 41%
7 2 1 4.2 NA dcpe ND
8 2 1 4.2 Fe(acac)z NA 13%
9 2 1 4.2 FeBry dcpe 34%
10 2 1 4.2 FeCls dcpe 9%
11 2 1 4.2 Fe(acac)z L1 67%
12 2 1 4.2 Fe(acac); L2 7%
13 2 1 4.2 Fe(acac); L3 ND
14 2 1 4.2 Fe(acac); L4 ND
15 2 1 4.2 Fe(acac); L5 ND
16 2 1 4.2 Fe(acac); L6 53%

PCy NMe /~\

E 2 [ 2 N N
PCy> NMe, <:) O
dcpe L1 L2
: PPh, [Pth [PEtz EPCVZ
PPh, PPh, PEt, PCy,
L3 L4 L5 L6
Table 6.1 Reaction optimization and the ligand screenil

Notably, by varying

the ratio of
compound
6.2.a6.2.06.2.c =

2:1:4.2, we were able
to obtain 70% vyield
(4 repeat in average)
in entry 6.2d
However, when we
tried to decrease the
Grignard loading in
entry 5, the yield
decreased. Also,
higher equivalence
of tert-butyl iodine
woul dnot

the yield (entry 6).
Next, | screened

different iron sakl

(entry 9 & 10) but they are not as good-agacagjin this reaction. Finallyi screened

different

diamine and bisphosphine
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dipiperidinoethandigand L2 alsolead to a high yield (77%) in entry 12. Therefdre,

decided to use both ligands in all reactions seel how they behave.

6.3 Scope of Nucleophiles

With optimized conditions in hand, the scope of this transformation was
examined. Shown inFigure 6.3 the scope of this Featalyzed BCP 1;3

difunctionalization is broad with respect to the Grignard nucleophile. In some of the

lllll P P
MgBr : t J
Fe(acac);, dcpe /L2 Ko dcpe
Bu-l + A + /A\] tBu*\Ar_} //\
b E THF, 0 °C, 1h ol N N
e m //ﬂ
L2
Variation of the nucleophile
6.3.f
°/ /6° 5%/7So 62% / 37% 43//50/
12//41/ 41//37/ 44//20/ 29//39/
AL M A AL tB”ﬂ
6.3.1 6.3.n 6.3.0 3.p
71% | ND 64 / / ND 52% / 58% 48% / 34% 58 / /1 67%

Figure 6.3 Reaction scope of the aryl Grignard reagent

casesdcpeandL? ligand lead to similar yields such 2.d 6.3.g 6.3.i, 6.3.n The
difference betweedcpeandL2 can be seen i6.3.ethat the condition with.2 has a
much better yield (45% vs 73%). However, in some extreme casebafnd6.3.m),

usingdcpeas the ligand can create product with 71% and 64% yield ovdr2hehich
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none of the product was observed. Currently we are using quantum mechanical

calculation to explore the difference in the electronic effect between these two ligands.

6.4 Scope of Alkyl Hlides

| then investigated the scope of the radical precursors. As shdviguire 6.4,

this method can be applied to a range of alkyl halides in a short reaction time and

MgBr : .....
R Fe(acac);, depe/L2  R! depe >,
R?l/ + + — » R2 Me
R THF, 0°C, 1h R® N
OMe m /ﬁ
L2

Variation of the electrophile

6.4.a 6.4.b 6.4.d
29% / 43% 29% / 32% 48% / 51 % 26% / 37%
Me3SI
4.9 6.4.h
BuBr |nstead of Bul BuCl instead of Bul
30/0/30/0 33/0/35/0 54% 1 71% 19% 1 12%

Figure 6.4 Scope of alkenes in the reaction.

temperature. In this part, the effect of different of radical precursor with two ligands is
less significant compared with the electronic groups on GrigeagentsBoth ligands
have tolerance with fluorinated alkyl halidés4.b, 6.4.d and6.4.9 andother tertiary
alkyl halides 6.4.3 6.4.G 6.4.f 6.4.g 6.4.h) forming the GC (sp-sp°) bond which is

rarely seen in other methods.
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6.5 Proposed Mechanism

A proposed mechanism is shown kigure 6.5 After the radicalint-1 is

generated by iron active speciBsThe radical escaped from the solvent cage to react

X-MgBr C “iFe-Ar R-X
1
Ar- MgBr A
radical cage pair 2
vy radical .
P Cz;Fe“\?(r R- esclape R: %}
B int-1
A
R
R*A& ? int-2
P Fe\
(o]
Figure 6.5 Proposed mechanism.

with the[1.1.1]propellan€. Through the right side in the figuiiaf-2 is formed ad it
reacts with compounB to form iron(lll) intermediateC. Finally, this iron(lll) species
will undergo reductive elimination and generate thedif@nctionalized BCP product
P. The iron(I}ymonchalide specie® can turn back to Iron(dinoncaryl speteesA by

transmetalation.

6.6 Summary

In summary] have developed an irecatalyzed thre@omponent reaction that
utilize [1.1.1]propellane to form 1;@ifunctionalized bycyclopentane using both
diamine and bisphosphine ligantialsodemonstrated that this protocol can create two
carboncarbon bonds, one on each side of the BCP, in-goteeaction that takes only
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an hour under low temperature (0 °C). The reaction can tolerate aryl Grignard with
substituents on thpara- and meta-position and different radical precursors. Further
study for the largescale reaction and the ladéage functionalization is ongoing in our
lab. Mechanistic study with DFT calculation is also progressing.- 1,3
difunctionalization of BCP is one of thexamples of irorcatalyzed crossoupling

reactions. There are more for us to explore in the future.
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Chapter 7: Suppl ement al | nf or mat

7.1 Chapter 1 Detailed Energy Diagram witlidffferent Methods
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UMO06/6-311+G(d,p)-THF(SMD) italics

Figure 7.1 Formation of biphenyl.
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Figure 7.2 Iron(l) Innersphere pathway forming the desired crosapled

product.
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7.2 Computational Method

Unless otherwise stated, all optimizations were carried out without constraints

at the UB3LYP/63 1 G( d) | evel of

implemented in Gaussian09. We considered low, medium, and high spin species for all
openshel intermediates and transition state structures. The expectation values of <S2>
were evaluated as a diagnostic value of the spin state of the systems. To refine

energetics, we carried out single point energy calculations using UN3QG/6G(d,p)
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in a polarzable continuum solvent (THF) with SMD as solvation model to account for
the condensed phase effects. We also carried out calculations using the uMO6L
functional, in conjunction with effective core potential basis set (SDD) for iron-and 6
311++G(d,p) basiset for all other atoms in implicit solvent (THEMD) for selected
structures. All structural figures were generated using CLYview. Vibrational
frequencies were computed at the same level to obtain thermal corrections (at 298 K;
enthalpic and free energghd to characterize the stationary points as transition states
(one and only one imaginary frequency) or minima (zero imaginary frequencies).
Exhaustive conformational searches were performed for all intermediates to map out
the lowest energy profile, andtrinsic reaction coordinate (IRCs) calculations were
undertaken for selected transition state structures to ensure they connected the

illustrated ground states.

7.3 Gener al Pr oc ed+HaleEsterein Chaptee2 Sy nt hesi s

O

CO,H
2 tBuOH DCC, DMAP OtBuU
ether rt., 3h | c

To a stirred solution of N,Mdicyclohexylcarbodiimide (DCC)1.24 g, 6

mmol) in diethyl ether (15 mL) was addekhalo hepts-enoic acid (5 mmol) at room
temperature. Then a mixedolution of the terbutanol (6 mmol) and -4
dimethylaminopyridine (DMAP) (36.7ng, 0.3 mmol) in diethykther (5 mL) was
added via syringe dropwise. Upon addition of mhized solution oftert-butanol and
DMAP, a precipitate began torm. After the addition was complete, the reaction

mixture wasmaintained for 3 h at the same tengiare then diluted witthexanes (20
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mL). The resulting mixturevas filtered through a celitpad and the filtrate was
concentrated under reduced pressure. diaee product was purified by silica gel

chromatography to yielthe -halo estersiexane:EtOAG 30:1).

7.4 General Procedure for the Irgbatalyzed Intermolecular Difunctionalization of
Vinyl Cyclopropane in Chapter 3

R MgBr Fz(acaci)3 (5 mlol°)/o) RS R;
11 R3 5 cpe (20 mol%; 77
e, RAI\VR . /,;;-] _dope COmol) ED
B W THF, 0°C, 4h _ _(4
RA
7 R

A flame-dried 5 mL microwave vial with a stir bar was brought irmaegon

4 5 6

filled glovebox and the ial was charged with Fe(acad)3.5 mg, 5 mol%), 12
bis(dicyclohexylphosphanyl)ethaécpe) (16.9 mg, 20 mol%), vinyl cyclopropare
(0.2 mmol), and alkyl bromidé (1.1 mmol, 5.5 equiv). The vial was sealed with a
Teflon capand was brought out @he glovebox and 0.2 mL of THF was added. The
red solutiorwas stirred at room temperature for 5 min. The reaction mixture was then
cooled to 0°C and a ArMgBr solution (013L.0 M solution in THF, 8.0 equiv) was
added slowly over 4 using a syringe pummver which time the heterogeneous
solution turned from red teolorless to yellow, brown or grass green color (depending
on ArMgBr and substratefter the addition was complete, the reaction mixture was
maintained at OC for anadditional 10 min. Therhe resulting mixture was quenched
with a 1.0 M aqueousolution (0.4 mL) of hydrochloric acid or saturated aqueous
NH4ClI (depending oproduct properties), then extracted with ethyl acetake(&1L).

The organic layer wafditered through a plug of silecand concentrated in vacuo. The
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resulting residue waspurified by flash chromatography on silica gel with

hexane/CHClIz.

7.5 General Procedure of Ire@atalyzed Difunctionalization with Unactivated
Alkene in Chapter 4

R 3 mol% Fe(acac)s PC
RUT_R3 12 mol% Ligand L1 RY Alk .
+ \/\Alk + R-MgBr > R
1 0°C, 1h R! R PCy,
X=Br, | H
1.0eq 14.0 eq 1.5eq

A flamedried 5 mL microwave vial with a stir bar was brought intcaegon
filled glovebox and the vial was charged with Fe(ac42)1 mg, 3 mol%), 12
bis(dicyclohexylphosphanyl)ethahd (10.1 mg, 12 mol%), alkyl halide (0.2 mmol,
1.0equiv) and alkene2(8 mmol, 14.0 equiv) (using owalried glass pipet to transfer
alkyl halide and alkene to the vial which was on the balance). The vial was sealed with
a Tefloncap and was brought out of the glovebox without solvent (0.2 mL of THF was
added ifneed). Theed solution was stirred at room temperature for 5 min. The reaction
mixture was then cooled to @ and a ArMgBr solution (0i13.0 M solution in THF,
1.5 equiv)was added slowly for 1 h using a syringe pump, over which time the
heterogeneous solutidarned from red to colorless to yellow, brown, grass green or
orange color (depending &xrMgBr and substrate). After the addition was complete,
the reaction mixture wamaintained at @C for an additional 20 min. Then the resulting
mixture was quenched with 1.0 M aqueous solution (0.5 mL) of hydrochloric acid
and water (0.5 mL), or saturatedjueous NKCI (1 mL) (depending on product
properties), then extracted with ethyl acetateliethyl ether (3 x 2 mL) depending on

recovered alkene boiling point. Themabinedorganic layer was filtered through a plug
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of silica and concentrated in vacuo (the Idwiling point recovered alkene was
obtained byigreux columnvacuum distillation). Theesulting residue was purified

by flash column chromatography on silical gvith hexane/CHCl.or | sol er a E
Systems silica gel chromatography with prepackéda-gel cartridges (SNAP Ultra;
Biotage) and a gradient elution of hexangZHthexane/EtOAc, or hexane/GEl2) to

obtain products and recovered alkene.

7.6 General Procedure of Irei€atalyzed Difunctionalization with Vinylboronate in
Chapter 5

Boi Ligand L1
. i n
RI=X + \/Bpm +R2—MgBr — Fe R1/\?,Bpln R pi

wep. pa
alkyl a-boryl 4 R %/P P\%

radical
Fe conditions: 10 mol% FeCls 20 mol% L1,
THF, 0°C,1h

A flame-dried 5 mL microwave vial with a stir bar was brought into an argon
filled glovebox and the vial was charged with Fe@3.2 mg, 10 mol%), 1;2
bisdicyclohexylphosphanyl)etharel (16.9 mg, 20 mol%), alkyl halide (0.4 mmol,
2.0 equiv) and vinylboronic acid pinacol ester (0.2 mmol, 1.0 equiv) (usinganeuh

glass pipet to transfer alkyl halide and vinylboronic acid pinacol ester to the vial which

was on the balance). The vial was sealed with a Teflon cap and was brought out of the

glovebox and 0.2 mL of THF was added. The solution was stirred at room temperature
for 5 min. The reaction mixture was then cooled to 0 °C and a ArMgBr solutidn (0.3
1.0 Msolution in THF, 2.0 equiv) was added slowly for 1 h using a syringe pump. After
the addition was complete, the reaction mixture was maintained at 0 °C for an
additional 10 min. Then the resulting mixture was quenched with a 1.0 M aqueous

solution (0.5 ml). of hydrochloric acid and water (0.5 mL), then extracted with ethyl
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acetate (3 x 2 mL). The combined organic layer was filtered through a plug of silica

and concentrated in vacuo. The resulting residue was purified by flash column
chromatography on silicgel with hexane/EtOAc/C¥Cl2or | sol er aE Fl ash ¢
silica gel chromatography with prepacked sHgel cartridges (SNAP Ultra; Biotage)

and a gradient elution of hexane/EtOAcHCI} to obtain products.

7.7 General Procedure of Irei€atalyzed Multicomponent Annulatidrylation in
Chapter 5

\ F_LF Ligand L1
WBr Y + R—Mger — Fe—3» R o
N - 2 M
F F e $ T//_\ ----- P Py
e \%

Fe Conditions: 3 mol% Fe(acac)s 12 mol% L1,
THF, 0°C,1h

A flame-dried 5 mL microwave vial with a stir bar was brought into an argon
filled glovebox and the vial was charged with Fe(ac42)1 mg, 3 mol%), 12
bis(dicyclohexylphosphanyl)ethariel (10.1 mg, 12 mol%), alkyl halide (0.2 mmol,
1.0 equiv) and alkene (0.3 mmol, 1.5 equiv) (using edéed glass pipet to transfer
alkyl halide and alkene to the vial which was on the balance). The vial was sealed with
a Teton cap and was brought out of the glovebox and 0.2 mL of THF were added. The
solution was stirred at room temperature for 5 min. The reaction mixture was then
cooled to 0 °C and a ArMgBr solution (030 M solution in THF, 2.0 equiv) was
added slowly forl h using a syringe pump. After the addition was complete, the
reaction mixture was maintained at O °C for an additional 10 min. Then the resulting
mixture was quenched with a 1.0 M aqueous solution (0.5 mL) of hydrochloric acid
and water (0.5 mL), or aatated aqueous Ni&I (1 mL) (depending on product

properties), then extracted with ethyl acetate. The combined organic layer was filtered
110



through a plug of silica and concentrated in vacuo. The resulting residue was purified
by flash column chromatograployn silica gel with hexane/Gi8l.or | sol er a E
Systems silica gel chromatography with prepacked sjelacartridges (SNAP Ultra;
Biotage) and a gradient elution of hexanetCH (hexane/EtOAc/CkLCl2 or

hexane/EtOAC) to obtain products.

7.8 General Procedure of Ire€atalyzedifunctionalization of1.1.1]Propellanein
Chapter 6

MgBr Fe( o, L1
e(acac)s, Kool —
R-X + A + /"I o R*\Arj ----- =} Pa
Qr:] THF, 0°C, 1h O RO
o L1

A flame-dried 5 mL microwave vial with a stir bar was brought into an argon
filled glovebox and the vial was charged with Fe(acd¢)l mg, 10 mol%), 1,2
bis(dicyclohexylphosphanyl)ethahd (33.8 mg, 20 mol%), alkyl halide (3 mmaol,
2.0 equiv) andhe [1.1.1.]propellan€0.57 1.0 M, 1.0 equiv) solution in ethefusing
ovendried glass pipet to transfer alkyl halide grdpellaneto the vialwhich was on
the balance). The vial was sealed with a Teflon cap and was brought out of the glovebox
and 0.2 mL of THF were added. The solution was stirred at room temperature for 5
min. The reaction mixture was then cooled to 0 °C and a ArMgBr solutisihl(0 M
solution in THF 4.0 equiv) was added slowly for 1 h using a syringe pump. After the
addition was complete, the reaction mixture was maintained at 0 °C for an additional
10 min. Then the resulting mixture was quenched with a 1.0 M aqueous s¢@uEon
mL) of hydrochloric acid and water (0.5 mlthen extracted with ethyl acetate. The
combined organic layer was filtered through a plug of silica and concentrated in vacuo.

The resulting residue was purified by flash column chromatography on silieatiye
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hexane/CHClor | sol eraE Fl ash Systems si
silica-gel cartridges (SNAP Ultra; Biotage) and a gradient elution of hexan€ietd

obtain products.

7.9 NMR Spectraf Compounds$n Chapter 5
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347.2758; found 347.2764.
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HRMS (DART) calcd forCzsHssBOs [M+H] " m/z
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HRMS (DART) calcd forCigHz2BF20sSi [M+H] * m/z= 385.2182; found 385.2188.

HRMS (DART) calcd forCioH28BF403 [M+H]* m/z= 391.2068; found 391.2068.
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