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SUMMARY

This thesis deals with 3-membered carbocyclesr tiee as ligands for the
asymmetric Heck reaction (AHR), the developmenho¥el methods and reactions
for their synthesis and use. It is broken intee¢hchapters, each one devoted to
different aspects of the chemistry of these unigugkresting small carbocycles.

The first chapter discusses the development abwelnclass of chiral, non-
racemic, phosphorous containing, cyclopropyl oxabwbnes and their use as ligands
in the asymmetric Heck reaction. It gives a baeérview of the Heck reaction and
describes how these ligands influence the outcomtheo reaction. This is then
followed with a discussion of the synthetic methHodg used in developing the
PHOX ligands and ultimately their application te @isymmetric Heck reaction.

Chapter two covers the development of a high tjinput screening method
for the hydroformylation of olefins. The methodsdebed makes use of a multi-
reactor array and rapid analysis via GCMS whiclove#id for the screening of a
library of approximately fifty chiral phosphine #gds in the hydroformylation of
styrenes as well as the development of solvent #emiperature screening
optimization protocols.

Chapter three can be broken down into three partse first deals with the
improvement on a 1,2-elimination procedure for #yathesis of cyclopropenes
which has been known since the 1960’s. Througefebhoptimization of the reaction

conditions it was possible to improve the method emrrespondingly increase the



XXI

SUMMARY (Continued)

yield of the cyclopropenes. Part two divulges aatanethodology for the synthesis
of cyclopropenes which replaces DMSO with THF asdblvent in the base assisted
1,2-elimination step. It also shows how this cleanffimately allowed for an overall
improvement in yield especially for cyclopropenesating a hydrophilic amido
moiety. The final portion of chapter three dis@ssshe application of the high-
throughput screening method shown in chapter onecyidopropenes. While
hydroformylation of cyclopropenes is a precedergeastess, until recently this was
done with the assistance of a stoichiometric amaina transition metal. The
method divulged herein is the first catalytic hyfldraylation which has been done

on strained, small carbocycles both in a racemicaymmetric fashion.



Chapter 1. Development of Chiral, non-racemic cydpropyl PHOX ligands

1.1. Introduction

The asymmetric Heck reaction is one of the most ggw and versatile
processes for the enantioselective constructionnefv carbon-carbon bonds.
Intramolecular versions of this reaction catalyZed palladium complexes with
BINAP and related diphosphine ligadslow for efficient installation of tertiary and
quaternary chiral centers leading to a rapid ireeeaf molecular complexityTo
date, various modes of this transformation are dpasinccessfully employed in the
synthesis of complex organic molecufe€onsiderable achievements have also been
made towards the application of BINAP type liganos the intermolecular
asymmetric Heck reactiof. This reaction was pioneered by Hayashiyho
demonstrated the arylation of dihydrofutawith phenyl triflate2a (Scheme 1) in the
presence of (R)-BINAP® produced isomeric dihydrofuraBs and4a, with the latter
being the major product, due to substantial isoraéion of the double bond.
Depending on the reaction conditions, moderate ¢@dgselectivities toward
formation of4a were observed. Remarkably, the obtained prodtrmisimal” 3a and
“isomerized’4a, had the opposite absolute configurations of theeegenic center at
C2. Moreover, it was found that the enantioseldgtimproved during the reaction
course. The mechanistic rationale proposed by staydully accounts for the

observed stereoselectivity change (Scheme 2).
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The catalytic cycle begins with the oxidative aubtitof Pd(0) specieS into
the aryl triflate2 resulting in the formation of cationic compléx The latter can
coordinate to either of the prochiral faces of ditojuran () affording
diastereomerién-complexes? and10. Subsequent carbopalladation, followedpby
hydride elimination, produces speciand12, respectively. It was proposed that the
diastereomeric complekX2 has a higher propensity toward further hydropaieh
than 9. Accordingly, the latter species releases tig-efantiomer of 2,5-
dihydrofuran3 (Path I), while the former undergoes a serieewérsible hydropalla-
dations an@-hydride eliminations, resulting in the formatiohaothermodynamically
more favored?n-complex 14, which ultimately producesRj-enantiomer of the
isomeric product.

Later, a number of research groups pursued thegresf alternative
diphosphine ligands to achieve better regio- andangoselectivity in the
intramolecular Heck reaction. Several derivatiasBINAP’ and other chiral
diphosphine¥® including TMBTP BIPHEP BITIANP*? (Scheme 3) were tested,
some of which provided improved selectivity. Ndketess, in all cases predominant

or exclusive formation of the isomerized proddietas observed.
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At the same time, several mixed heteroatom ligasfdse P-S-°P-OM and
N-N*°type have also been explored in the intermolectieck arylation; however,

they demonstrated only marginal regio- and enaglgasivities. On the other hand,



superior results were obtained using chiral ligantishe P,N-typ€? Particularly,
excellent enantioselectivities were achieved usiiffgrent variations of phosphanyl-
oxazoline (PHOX) ligands’ originally introduced by Pfaltz (Scheme #). The
remarkable, yet not fully understood feature of PH(@ands is their low tendency to
promote C=C bond isomerizatioh. In contrast to the diphosphines, PHOX ligands
produced dihydrofura with very high selectivity. Structural modificati of the
flat ortho-phenylene tether in the Pfaltz ligand throughitite®rporation of additional
chirality elements into the ligand backbone allowed significant improvement of
the enantioselectivity. Thus, ferrocene-basedntigaintroduced by Dai and HdU,
and Guiry° (Scheme 4) were employed in the asymmetric Heaktien of different
cyclic olefins. Furthermore, Gilbertson demonstlatBHOX ligands featuring
apobornene backbone (Scheme 4) exhibit outstaratitigities and selectivities in
the arylation and alkenylation of different cyckubstrate$! Recently, a highly
efficient asymmetric arylation in the presence wfja-derived phosphite-oxazoline

ligands was reported by Diéguez and Parhies.

Scheme 4.
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PHOX ligands are very appealing due to their highalkytic potential and
modular design, which permits easy preparation sérges of analogs via the same
synthetic route. To date; however, the generatagmgh to the ligand design has been
largely empirical due to a poor understanding effdictors affecting the activity and

selectivity of the corresponding catalytic systems.

1.2. Results and Discussion

Our approach to the PHOX ligands with a chiral opcbpyl backbone is
presented in Scheme 5. The synthesis began frdroathp active 1-methyl-2,2-
dibromocyclopropanecarboxylic acid5)? readily available in both enantiomeric
forms. The Senantiomer of acidl5 was converted into acyl chloride ($6-
Subsequent acylation oR)Y-phenyl glycinol with §-16 afforded amidel?7, which
was subjected to cyclization in the presence ofyingsloride and a base providing
dihydrooxazolel8. Diastereoselective partial reduction of the olibocyclopropane
moiety with zinc dust in glacial acetic acid prodda 1:4 mixture ofrans- andcis-
bromocyclopropane%9, which were separated by column chromatographthium
to halogen exchange followed by trapping of theultesy cyclopropyllithium species

with chlorophosphine produced ligahdl (Scheme 5).
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Ligand L1 once obtained, was tested in the asymmetric aplaeaction of
2,3-dihydrofuran under various reaction conditighable 1). It was found that the
reaction proceeded efficiently, yet with only maater enantioselectivity, in the
presence of palladium acetate and Hunig's baseléTkentry 3). Interestingly, the
employment of proton sponge as a base resultedgmfisant isomerization of
product 3a into more thermodynamically stable dihydrofurates and 20a Close
monitoring of the reaction by chiral GC revealed tlkaction begins with formation
of “normal” product 3a (Table 1, entry 4); however, at the time of corngple
consumption of the starting materid) the entire amount oBa produced was
converted intala (Table 1, entry 5). Remarkably, all through thaation course, the
absolute configuration of the stereogenic center C& remained the same;
furthermore, the optical purity of both produB8esand4a did not change significantly
(Table 1, entries 4,5). This feature makes thasnisrization mechanistically distinct

from the one reported by Hayastiide supra).



Table 1.Selected Results on Optimization of the Reactionditmns for
Asymmetric Heck Arylation Using 1

ph—oTf + ( \ PdL1@mol%) [\ « 0\ + @\
"Ph o “Ph o~ ~Ph

0 base (2 equiv) 0
2a 1 (R)-3a (R)-4a 20a

# Pd-cat. Base Solvent Time/Tem@Ba4da ee,% conv, %

1 Pddba. EtNPr, benzene 3days/’C 191 90 (A) 15
CHCl;

2 Pddba. EtN'Pr, THF 20 hrs/85C 10:1 85 (A) 60

CHCls
3 Pd(OAc) EtNP,  THF 20hrs/88C  11:1 83 (A) 99

4 Pd(OAc) Proton THF 20 hrs/60°C 10:1 88 (A) 45

sponge

5 Pd(OAc)  Proton THF 70 hrs/6@C >1:5¢ 85 (B) 99

sponge
6 Pd(OAc) Proton THF 20 hrs/90C  >1:50 82 (B) 99
sponge

2 Conversion by GC. Formation of small amounts of dihydrofuran 20a whserved.



To better understand the factors affecting thecsigley and efficiency of the

asymmetric arylation, we have prepared two morelogsaof L1: ligand L2,

possessing a diphenylphosphanyl group; and ligahdderived fromtert-leucinol

(Scheme 6%°

Scheme 6.
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Not surprisingly, installation of the less hindengkdosphorus moiety ih?2

negatively affected the asymmetric induction theresponding producBa was

obtained in only 78-79 % ee (Table 2, entries Fwever, in contrast tbl (Table

2, entries 1,2) the selectivity towaRh in the reaction usindg.2 remained high

regardless of the base used.



Table 2.Screening ot.1-L3 in the Asymmetric Heck Arylation of Dihydrofurdn

Pd(OAC),/L (6 mol%) =\ w0
ph—oTf + { ) 1ph 1ph

0 base (2 equiv) (0] (@)
2a 1 THzF(') i?soo (R)-3a (R)-4a

# Ligand Base 3ada ee, % conv, %
1 L1® EtNPr 11:1 83 99

2 L1® Proton sponge >1:50 82 99

3 L2 EtN'Pr 20:1 79 99

4 L2 Proton sponge 15:1 78 99

5 L3 EtN'Pr 7:1 87 35

6 L3 Proton sponge 1.4:1 84 80

2 Results from Table £.Enantioselectivity of a major produétConversions by GC.
4 Enantioselectivity of product (Rda was 80 %.

Modification of the dihydrooxazole moiety by indédion of a bulkytert-
butyl group was pursued in attempt to improve thangioinduction of our catalytic
system. Indeed, a number of previously reported RHi@ands derived frontert-
leucinol were shown to provide superior enantiadelities compared to their

analogs obtained from less bulky amino alcoh®é%** However, the arylation
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carried out in the presence 08 proceeded much more sluggishly (Table 2, entries
5,6), and allowed for only insignificant improvenien enantioselectivity (84-87 %
ee). Most remarkably, the sanf®-enantiomer of produc® was obtained, despite
the opposite absolute configurationld with respect td.1 (Scheme 6). In other
words, switching from Ph to'Bu substituent in the dihydrooxazole ring of theahid
resulted in a reversal of enantioselectivity.

Such an unexpected change in the catalyst sekyctnotivated us to perform
structural analysis of the key intermediate comedeixivoked in the catalytic cycle of
the Heck arylation. First, we assessed the padisgibf conformational equilibrium
for the six-membered arylpalladium species beakihdScheme 7). The non-planar
six-membered palladacyéfecan potentially adopt one of two conformatiotts; in
which the syntert-Bu-substituent at phosphorus assumes a pseuddeeqla
position, whereas the an@rt-Bu-substituent is pseudo-axial;, ah@, where this
relationship is reversed (Scheme 7). Analysisheké two conformations suggests
steric repulsions between the axial syn-substitteamd the methylene group in
cyclopropane makes conformatitih thermodynamically disfavored compared 1o
This hypothesis was also supported by a singletalrysray analysis of (1)PdCb
complex (Figure 1). The resolved crystal structtlearly shows the syn- (C14) and
anti-substituent (C18) at phosphorus adopt a psegdatorial and a pseudo-axial
position, respectively. It would be reasonableagsume the strained and rigid
cyclopropyl backbone renders the six-membered geathgcle particularly inflexible,

thus significantly suppressing conformational flattons throughout the catalytic
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cycle. Furthermore, coordination of the safigand dihydrofuran should take place
predominantlytrans- to a soft phosphorus atéh{Scheme 8.). In this case, the re-
face approachi4) is encumbered by a large pseudo-atedt-butyl group, while the
si-face approachl3) is also somewhat hindered by a pseudo-axial $amyl
substituent in dihydrooxazole ring. As a restile R)-enantiomer of the product was
predominantly formed, albeit with moderate enamdiestivity. Analogously, in the
intermediatel5 derived from chiral ligand.2, the less bulky pseudo-axial phenyl
substituent at phosphorus blocks the re-face appreaen less efficiently, which
ultimately results in a further decrease of enaafiectivity (Scheme 8.).

Scheme 7.Conformational equilibrium in cationic arylpalladnfll) complexes with
chiral ligandL1.

syn-'Bu

syn-Bu /L
= oy

A

//T\fw H
. it
anti-'Bu Ar anti-Bu

11 12
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Figure 1.
Overlay of X-ray structures of complexésljPdCb (solid lines) andL(4)PdCh
(dashed lines, molecule A). The 18 conformationsifgilar non-hydrogen atoms
[Pd, CI(1), CI(2), P, N, C(B»C(4), C(13)»C(21)] in the two isomers can be
superimposed with a rms deviation of 0.12 A andsaimum deviation of 0.22 A for
any pair of these atoms.

Similar considerations were used to account for dbserved reversal of
enantioselectivity in the reaction carried out e fpresence df3 (Table 2, entries
5,6, Scheme 9). Thus, the increased sterics crégta bulkytert-butyl group in the

dihydrooxazole ring does not allow for theface approach resulting in the reaction

proceeding predominantly from thee-face, providing the §)-enantiomer of3
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(Scheme 9). The fact that in both intermedidfeand|8 dihydrofuran experiences
certain impediment on approach to palladium may d& responsible for the

observed decrease in the reaction rate.

Scheme 8.
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Scheme 9.

o] .
\2 >L/T\\P<%'d —_— A(Q@
i- g r
>L(S%l@(2\é: si-face approach / o' H (@)

\ Ar (R)-3
P\F%/N 17 minor
\ H
— P\® N pp———— (\\‘?
/} Pd7 N | A o
re-face approach Sy
Ar /(OO (S)-3
major
18

Based on this analysis, we rationalized that thefg” relative configuration
of the stereogenic centers in ligands L2, L3 could be responsible for the observed
marginal enantioselectivity of the correspondingplydic systems. We envisioned
inverting the absolute configuration of the asymmuetcenter at C4 in the
dihydrooxazole ring may potentially help improveastioselectivity of the arylation
reaction. Indeed, it is reasonable to propose swerof the stereogenic center in the
dihydrooxazole ring should not significantly affeélce thermodynamic equilibrium of
the corresponding palladacycle conformatithandl10 (Scheme 10), as compared
to I1 and 12 (Scheme 7). Thus, the cationic palladacycle &8!S S)-ligand L4
would still predominantly adopt conformatid@ to avoid the unfavorable steric
interaction between the pseudo-axial $gm-butyl group and the methylene group of
the cyclopropane (Scheme 10). Accordingly, theala®‘Bu group and a bulky
substituent at C4 in dihydrooxazolyl moiety in thakernative, §SS)-configuration
of the ligand would now act synergistically to piaes efficient blocking of both

bottom quadrants thereby completely preventing ¢dace attackIl2, Scheme 11).
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On the other hand, tlee-face attack should become more favorable afterehwval
of a bulky group obstructing the top right quadréihii, Scheme 11 v43, Scheme
8). Ultimately, if the above assumptions are cdrréais change should result in
enhanced enantioselectivity of the asymmetric &#pdan the presence of ligard:

in favor of the R)-enantiomer of the produ8t

Scheme 10.

19 110

Scheme 11.
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With this idea in mind, we prepared a new seriefigainds with the $S,9

absolute configuration using the synthetic approdekcribed above (Scheme 5),
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starting from acid chloride §-16 and ©-phenyl glycino®®  Additional
diversification of the ligand structure was ache\®y varying the chlorophosphine
source. Thus, employment of ftrt-butylchlorophosphine, chlorodicyclo-
hexylphosphine, and chlorodiphenylphosphine at ldmt step of the sequence
provided ligandd.4, L5, andL6, respectively (Scheme 8). Crystallographic data
obtained for thel(4)PdCL complex (Figure 1) completely confirmed the prefaere
of conformationl9 vs. 110 (Scheme 103®?’ Remarkably, X-ray analysis has also
demonstrated that the phenyl substituent at C4 ilmyddooxazole ring adopts a
pseudo-axial position thereby completely blockingy gootential re-face attack
(Scheme 11). Ligandk4, L5, L6 once obtained were tested in the asymmetric
arylation of dihydrofurarl (Table 3). Gratifyingly, right along with our exgations,
the entire series o5(SS) ligandsL4-L6 not only provided a significant improvement
in enantioselectivity, but also helped suppresatheanted isomerization &finto 4,

as compared to the diastereomeric ligand setidsL@, Table 2). Remarkably,
changing the absolute configuration of the steretaran the dihydrooxazole ring did
not cause the change of the absolute configuratidhe product. This is in contrast
to the reactions performed using most known PH@#rds, in which configuration
of the oxazoline moiety usually determines the estenemical outcome of the
reaction?® Thus, employment of4 andL5 afforded dihydrofuranR)-3 with very
high enantioselectivity regardless of the base u@adries 1-6); however, the
reactions proceeded more sluggishly in the presehEkinig’s base (Table 3, entries

2,5). Making use of a proton sponge helped btiwsteaction rate in the arylation
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catalyzed by both4 andL5 (Table 3, entries 3,6) yet, significant isomeri@atof 3
into 4 was observed with this base when the reactionyzath by Pd/4 complex
was allowed to run for an additional 20 hrs (TaBJenote c). Employment of the
diphenylphosphanyl ligandl6é provided lower enantioselectivity (Table 3, erdrie
7,8), which can be attributed to decreased stemsashds created by phenyl groups at
phosphorus as compared to tag-butyl (L4) and cyclohexyll(5) substituents.

The different tendencies of Rd/ and Pd/4 catalyst systems to promote
isomerization of produc® into 4 can be rationalized as follows: as discussed ebov
(Scheme 2), the isomerization process involvesrside hydropalladation of the
double bond of produ@. The migration of the double bond can be realiasty
when hydropalladation & occurs with addition of palladium to C4 (Scheme (d&h
A), whereas the opposite regioselectivity of hy@itguation would ultimately lead,
after the subsequefithydride elimination, back to compoudScheme 12, path B).
The diastereoselectivity of the hydropalladatior8ddfy PdL1 hydride specie&l3 is
controlled as shown in Scheme 13. Thus,dHace approach of palladium hydride
speciesl13 to the double bond d3 cannot be realized due to severe steric clashes
between the diért-butyl)phospanyl group of the ligand and the apbsituent in3
on one side, and between the phenyl substituemihpdrooxazole ring and C5-
methylene of dihydrofuraB on the otherl{5, Scheme 13). However, the alternative
re-face approach is not associated with any steridrance, making this mechanistic

channel available for isomerizatioli4, Scheme 13).
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Table 3.Screening ot 4-L6 in the Asymmetric Heck Arylation Reaction

Pd(OAC),/L (6 mol%) = v
ph—oTf + { \ < ),,Ph [ X,Ph

o base (2 equiv) (@) @)
2a 1 THzFé ﬁ?soc (R)-3a (R)-4a

# Ligand Base 3ada ee (3a), % Conv, %
1 L4 EtN'Pr >50:1 98 53
2 L4 EtN'Pr 16:1 98 o
3 L4 Proton sponge >501 98 74

4 L5 EtN'Pr >50:1 94 71
5 L5 EtN'Pr 40:1 94 98
6 L5 Proton sponge 29:1 95 99
7 L6 EtN'Pr 16:1 88 76
8 L6 Proton sponge >50:1 86 83

2 Conversions by GC.Conversion after 2 days at 85 “G\Vhen the reaction was allowed to stir for an
additional 20 hrs, the product ratio changed ta Ziie enantioselectivities of produc®){3a and
(R)-4ain this case were found to be 98 % and 97 %, ctisedy.

Two potential pathways for hydropalladation3dby the diastereomeric Raf
hydride specied16 are shown in Scheme 14. In conjunction with-derived
complexI15 (Scheme 13), compldi8 produced via thei-face approach should be

highly disfavored (Scheme 14). In this case; hawean alternative completd7
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resulting from thee-face attack should also experience steric repulbetween the
C5-methylene of dihydrofurar8 and a pseudo-equatorial phenyl substituent in
dihydrooxazole ring (Scheme 14). Accordingly, céemd17 should be much more
unfavorable compared tol-derived compleXd14, where such interaction does not
occur (Scheme 13). As a result, both mechanistenicéls for isomerization of
compound3 into 4 should be suppressed in this case. It should betioned;
however, that electronic density at the phosphimgety of the ligand also notably

affects the propensity of the corresponding catdatypromote the isomerization.

Scheme 12.
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Our experiments indicate in the series otadt(butyl)-, dicyclohexyl-, and
diphenylphosphanyl-containing ligand4.4(-L6), the former has the highest
tendency to induce isomerization while the lati@s the lowest (Table 3). A similar
electronic effect was previously observed in themasetric Heck arylation in the

presence of diphosphine-oxazoline ferroceny! ligafd

Scheme 14.
_‘"X\\\
(R
Ar)Q (R)-3
S )
>|\(5) (S) H re-face approach Ar o
O.
PN® N (R)-4
\Pkd/N (S)
H R/

si-face approach

Next, the most efficient ligands4 andL5 were tested in the asymmetric
arylation of dihydrofurarl against various aryl triflates (Table 4). It wiasnd that
all reactions catalyzed by Rd@/ provided excellent enantioselectivities (98-99 é e
regardless of the nature of the aryl triflate (Ball, entries 1-5). However, the
reactions carried out in the presenceldfHunig’s base combination proceeded
much more sluggishly; as a result, the selectitotyard formation of3 was slightly
lower in these cases. Reactions performed in tlesepce of Pd5 catalyst and

proton sponge proceeded much faster, albeit pnogisomewhat lower ee’s (Table 4,
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entries 6-10). In contrast to the Pd/catalyzed reactions, enantioselectivities in this
case varied slightly depending on the aryl triflateed, with the highest value
obtained from 1-naphthyl triflate (96 % ee, entjyadd the lowest from 2-naphthyl
triflate (87 % ee, entry 10). Interestingly, theattonic nature of the aryl triflate had a
pronounced effect on the reaction rate, which ist lIseen in the Pdb series of
catalyzed reactions. Thus, electron-rich aryl atds (entries 6,7,9) reacted much
faster than the electron-poor anal@g (entry 8). Furthermore, a remarkable
difference between the reactivity of 1- and 2-nhphtriflates was also observed,
suggesting the reaction is also sensitive to st€entries 9 and 10).

We also tested all new ligandd-L6 in the asymmetric Heck arylation of
cyclopentene (Table 5). Initial experiments conddainder the conditions optimized
for arylation of dihydrofurarl (Table 4) provided no reaction with cyclopentd®e
Additional optimization revealed reasonable reactiates can be achieved only in
the presence of Pd(dbafatalyst and proton sponge (Table?&)Generally, the
enantioselectivities obtained in this transformat{@able 5) were somewhat lower
than those obtained in the arylation of dihydrofu¢@ables 2,3) for all ligands tested
exceptL4. Notably, similarly to the arylation of dihydrofam (Tables 2,3), the
isomerization rates2@—23) in this transformation were significantly lower the
reactions carried out in the presence of ligandhl thie §SS) absolute configuration
(L4-L6, Table 5, entries 4-6), as compared to the ligamdise diastereomeric series

(L1-L3, Table 5, entries 1-3).
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Table 4. Asymmetric Arylation of Dihydrofuran with Aryl Trihtes

Pd(OAC),/L _
Ar—oTf + () Y + 0\,
“Ar “Ar

0 base () @)
2b-f 1 THF, 90 °C (R)-3b-f (R)-4b-f

#  Aryl Ligand/Base Time, h 3:4 eeB),% Conv, %
1 pMe-GCH;s; 2b L4/Hunig's base 48 16:1 99 96
2 p-MeO-GH; 2c L4/HiUnig's base 20 17:1 98 98
3 pCR-CHs 2d L4/Hinig's base 48 >50:1 98 58
4 1-Naphthyl 2e L4/Hinig's base 48 18:1 98 70
5 2-Naphthyl 2f  L4/Hunig's base 20 >50:1 98 RY)
6 p-Me-CHs 2b  L5/Proton sponge 6 39:1 95 93
7 p-MeO-GH; 2c¢  L5/Proton sponge 6 35:1 92 99
8 pCR-CHs; 2d L5/Proton sponge 20 42:1 91 95
9 1-Naphthyl 2e L5/Proton sponge 6 31:1 96 94
10 2-Naphthyl 2f  L5/Proton sponge 20 17:1 87 f00

2 Conversion by GC> Formation of ca.10 % of naphthalene was obsefvEdrmation of ca.20 % of
naphthalene was observed.
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Table 5.Evaluation of Ligand&§1-L6 in the Intermolecular Asymmetric Heck
Reaction of Phenyl Triflat€a) with Cyclopenten¢21)

@ Pd(dba),/L .
ot + ) Q. 0.
Proton sponge ’@ ’@
(R)-22 (R)-23

2a 21 THF, 90 °C, 3 days

# Ligand 22:23 ee @2, % Conv, 9%
1 L1 12:1 81 99
2 L2 15:1 86 95
3 L3 13:1 82 15
4 L4 27:1 92 32
5 L5 44:1 89 96
6 L6 40:1 80 60

@ Conversion by GC.

1.3. Conclusions

In conclusion, a series of novel PHOX ligands faatua chiral cyclopropyl
backbone have been synthesized and examined imntienolecular asymmetric
Heck arylation of cyclic olefins. By lowering degse of freedom in the catalyst
structure through the introduction of additionahfaymation constraints, we have
created a model catalytic system with predictablmable and easily adjustable
properties. Structure-activity relationship stsdi@lowed for identifying the key
topological and stereochemical features of thenliiga responsible for achieving high

enantioselectivity and for suppressing product soenation. This has resulted in the
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development of efficient catalytic systems demaistg excellent
enantioselectivities in the asymmetric arylation dofiydrofuran with various aryl
triflates. It was also shown that product isomegian in the presence of these ligands
has a different nature from that reported previpusing chiral diphosphine ligands.
Furthermore, a number of factors were shown tocaftbe isomerization rate
including the absolute configuration of the ligatd, electronic properties, and the

base employed.

1.4. Experimental

1.4.1. General Information

NMR spectra were recorded on a Bruker Avance DPX-#tstrument,
equipped with a quadruple-band gradient probe (PUEQNP) or a Bruker Avance
DRX-500 with a dual carbon/proton cryoprobe (CPDUEC and®*'P NMR spectra
were registered with broad-band decoupling. Thead (-) designations represent
positive and negative intensities of signal$®d DEPT-135 experiments.

GC/MS analyses were performed on a Shimadzu GC-gaid@hromatograph
interfaced to a Shimadzu GCMS 2010S mass seled#itector and equipped with an
AOC-20i auto-injector and an AOC-20S auto-sampiay (150 vials). 30 m x 0.25
mm x 0.25um capillary column, SHR5XLB, polydimethylsiloxang, % Ph was
employed. Helium (99.96 %), additionally purifibg passing consecutively through

a CRS oxygen/moisture/hydrocarbon trap (#20283€)\ACI oxygen/moisture trap
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(P100-1), was used as a carrier gas. The samel wiogies chromatograph, equipped
with the same auto-injector, FID detector, and J&WelosilB column (30 m x 0.25
mm x 0.25um) or J&W CyclodexB column (30 m x 0.25 mm x 0.@gB) was
employed for chiral GC analyses. Hydrogen gaswsasl as both carrier gas and FID
fuel; zero-grade air and zero-grade nitrogen weseduas an oxidant and make-up
gas, respectively, for the FID. All these gasesawrirified by passing through CRS
#202839 traps.

Glassware employed in moisture-free syntheses iaasefdried in vacuum
prior to use. Water was purified by dual stageodigiation, followed by dual stage
reverse osmosis. Anhydrous hexane, dichloromethané tetrahydrofuran were
obtained by passing degassed HPLC-grade commegrciamfailable solvents
consecutively through two columns filled with aetigd alumina (Innovative
Technology). Anhydrous triethylamine was obtairmddistillation of ACS-grade
commercially available materials over calcium hgdriin a nitrogen atmosphere.
Glacial acetic acid was purchased from Acros Omgrand used as received.
Palladium complexes were obtained from Strem Chalsiic Racemic
2,2-dibromocyclpopanecarboxylic acida¢-15 was obtained according to the
literature proceduré® All other reagents were purchased from Sigmaiéfdior

Acros Organics.
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1.4.2. Preparation of the Homochiral Dibromocyclopopylcarboxylic Acid:
Scale up Procedure

Resolution of racemic 2,2-dibromo-1-methylcyclopaopcarboxylic acid

(rac-15) with (+)-dehydroabiethylamine was performed usprgviously published

protocol** Our modifications allowed for preparation of larguantities of optically

active material. (Scheme 15)

Scheme 15Chiral Resolution of Racemic Dibromoadi8

Br. Me (+)-dehydroabietylamine Br Me Br, Me

>V< >V<( Y * >—“<( R

Br CO,H Br CO,H Br CO,H

rac-15 (S)-15 (R-15

Commercially available technical grade (60 % essdy) (+)-
dehydroabiethylamine (500 g) was stirred in tolu¢@800 mL) at O °C, and a
solution of glacial acetic acid (121 mL) in toluefi®00 mL) was added over 1 hr.
The solution was stirred for 2.5 hrs at 0 °C arelrdsulting precipitate was collected
by suction filtration. The filter cake was washeith ice-cold toluene (2 x 250 mL)
and then was air dried. The waxy off-white solidswe-crystallized from refluxing
toluene (2000 mL) to obtain acetate as fine cossrigeedles (yield 429 g, 57 %). To
this material dissolved in distilled water (1300 )mtas slowly added a 10 % aqueous
solution of NaOH (1100 mL). The resulting solutias stirred for 1 hr in water/ice

bath, after which the free amine was extracted witter (3 x 700 mL). Combined
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ethereal phases were washed with brine (500 mli¢ddwvith anhydrous BCOs;,
fillered, and concentrated in vacuum. After rentoefaresidual solvent in high
vacuum (<20pm Hg), pure (+)-dehydroabiethylamine (340 g) wasamled as a
highly viscous yellow oil, which slowly crystallideupon standing. This material
was used in further operations.

To a stirred hot solution of 2,2-dibromo-1-methyiopropanecarboxylic acid
(rac-15) (317 g, 1.23 mol) in aqueous methanol (water, 81L0+ methanol, 1240
mL) was added a hot solution of (+)-dehydroabiethyhe (88.8 g, 310 mmol) in
methanol (1500 mL). The mixture was stirred fomin, until crystals began to
precipitate. Then stirring was stopped, the flagks closed and covered with
insulating blanket to allow slow crystallizationv@y ca. 8 hrs). The resulting
crystalline precipitate was collected by suctidtrdtion; the mother liquor was saved
for further isolation of theR)-enantiomer of cyclopropylcarboxylic acid. Thée
cake was washed with ice cold methanol (2 x 100 arld air dried to provide 207 g
of salt as white needles. A second re-crystalbmafrom 90 % aqueous methanol
(2000 mL) afforded 141 g of crystalline salt, m209-210 °C. This material was
partitioned between 20 % aqueous NaOH (1500 mL)dactdoromethane (500 mL).
Organic phase was separated; aqueous layer wastextiwith dichloromethane (2 x
500 mL). Combined organic phases were evaporaietedenerate (+)-dehydro-
abiethylamine, which can be re-used as is withaiditeonal purification. The
agueous phase was acidified with 30 % aqueousrgulficid and extracted with

dichloromethane (3 x 500 mL). The combined orgatieses were washed with
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brine (500 mL), dried with MgS§) filtered, and concentrated to affor®)-,2-
dibromo-1-methylcyclopropanecarboxylic aci®L5) (91 g, 353 mmol, 57 %), m.p.
62-62.5 °C, ee > 99 % (determined by chiral G(hefdorresponding methyl ester).
The combined mother liquors obtained in the desdriibove crystallizations
were evaporated. (+)-Dehydroabiethylamine aming twe acid enriched with the
(R)-enantiomer was regenerated from the obtainedtatly® mass by acid/base
extraction, analogous to the procedure describedeab The crude acid was slowly
re-crystallized from hob-hexane. The flask was closed and allowed to dowln to
room temperature. Crystallization (over ca. 154ir§ °C) produced a precipitate of
a nearly racemic acid, which was filtered off. Reoetion of the mother liquor
afforded enantiomerically pureR)-2,2-dibromo-1-methylcyclopropanecarboxylic
acid (R)-15) as a yellowish oil, which solidified upon stanglin Yield 87 g, 337

mmol, 55 %; ee > 99 % (determined by chiral GCheftorresponding methyl ester).

1.4.3. Installation of the Chiral Dihydrooxazole Miety

(9-2,2-Dibromo-1-methylcyclopropylcarbonyl  chloride(S)-16. (9)-2,2-
dibromo-1-methylcyclopropanecarboxylic acidS)(Q5) (49.8 g, 193 mmol) and
freshly distilled thionyl chloride (50 mL) were s8d at room temperature overnight.
Excess thionyl chloride was distilled off at ambigressure. The residue was

distilled in vacuum, b.p. 57-60 °C (1.7 mm Hg).eMi 49.9 g (180.5 mmol, 94 %).
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(R)-2,2-dibromo-1-methylcyclopropylcarbonyl chlorid&)-16: was obtained
using the procedure described above, starting fi@t)2,2-dibromo-1-methyl-

cyclopropanecarboxylic acidR)-15).

Br Me 18: To a stirred solution of§-2,2-dibromo-1-methylcyclopropyl-

Br>v>\t)N carbonyl chloride (7.760 g, 28 mmol) in anhydroustmylene
chloride (75 mL) was added at @C a solution of R)-
phenylglycinol (3.848 g, 28 mmol) in dry methyledeloride (15 mL), to obtain a
thick suspension. Then triethylamine (7.8 mL, 5éhol) was added dropwise at
0 °C, and the resulting clear solution was warmeatm temperature and stirred for
3 hrs. Solvent was removed in vacuum and the weswdas partitioned between
water and EtOAc. Combined organic extracts werghad consecutively with water
and brine, dried with MgSg) filtered, and concentrated to giveS[®,2-dibromo-
N[(1R)-2-hydroxy-1-phenylethyl]-1-methylcyclopropanecaxamide 17) as a white
crystalline solid (> 95 % pure by NMRJ. This material was dissolved in anhydrous
dichloromethane (200 mL) and dry triethylamine (&)mvas added, followed by
aminomethylpyridine (114uL). Mesyl chloride (3.25 mL, 42 mmol) was added
dropwise at 0°C, and the remaining dry triethylamine (36 mL) vaailed in one
portion. The mixture was warmed up to room temioeesand stirred for 20 hrs, until
TLC analysis showed complete conversion. The i@achixture was quenched with

10 % aqueous HCI, the organic phase was separateldthe aqueous layer was

extracted with dichloromethane. Combined organiiraets were washed
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consecutively with water and brine, dried with MgS@ltered, and concentrated.
The oily residue was purified by short column chatography on Silica gel, eluting
hexane/EtOAc (4:1). The titled compouh8l was obtained as yellowish oil. Yield

8.896 g (25.8 mmol, 88 %).

'H NMR (400.13 MHz, CDG) & 7.40-7.37 (m, 2H), 7.33-7.28 (m, 3H), 5.24 (ps.,
J=10.1 Hz, 9.1 Hz, 1H); 4.75 (dd,= 10.1 Hz, 8.3 Hz, 1H), 4.18 (psk= 9.1 Hz,
8.3 Hz, 1H), 2.54 (dJ = 7.8 Hz, 1H), 1.73 (s, 3H), 1.72 (d,= 7.8 Hz, 1H);
%C NMR (100.67 MHz, CDG) & 167.1, 141.5, 128.7 (+, 2C), 127.7 (+), 126.8

(+, 2C), 75.3 (-), 69.7 (+), 33.3 (-), 31.7, 224,3 (+).

Br. Me 24: Was prepared in a similar manner from 5.62 g320mol)
Br>—g:N of  (R)-2,2-dibromo-1-methylcyclopropylcarbonyl  chloride
O\)‘tBu

((R)-16) and 2.38 g (20.3 mmol) ob)-tert-leucinol. However,
the cyclization step required heating overnigh4@t°C for complete conversion.
Purification of final product by preparative colurcshromatography was performed

using hexane/EtOAc (4.5:1) as an eluent. Yield $§10.8 mmol, 54 %).

'H NMR (400.13 MHz, CDG)) & 4.27 (dd,J = 9.9 Hz, 8.8 Hz, 1H), 4.13 (ps.d=
8.8 Hz, 8.6 Hz, 1H), 3.87 (dd,= 9.9 Hz, 8.6 Hz, 1H), 2.43 (d,= 7.8 Hz, 1H), 1.64
(d,J = 7.8 Hz, 1H), 1.61 (s, 3H), 0.92 (s, 9H)*C NMR (100.67 MHz, CDG) &

165.4, 75.6 (+), 69.2 (-), 33.3 (), 31.8, 29.7.926, 3C), 21.3 (+).
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Br Me 25. Was prepared in a similar manner from 4.65 g§X6mol)
Br g =N of (9-2,2-dibromo-1-methylcyclopropylcarbonyl chloridgS)-
“Aen | .
16) and 2.92 g (16.8 mmol) oR}-phenylglycinol. Purification of

final product by preparative column chromatograpiwas performed using

hexane/EtOAc (2.5:1) as an eluent. Yield 4.141g5Inmol, 69 %).

'H NMR (400.13 MHz, CDG) & 7.40-7.26 (m, 5H), 5.25 (dd,= 10.4 Hz, 9.1 Hz,
1H), 4.76 (dd,) = 10.4 Hz, 8.6 Hz, 1H), 4.20 (ps.dt= 9.1 Hz, 8.6 Hz, 1H), 2.52 (d,
J = 7.8 Hz, 1H), 1.71 (dJ = 7.8 Hz, 1H), 1.70 (s, 3H)*C NMR (100.67 MHz,
CDCly) 8 167.1, 141.4, 128.5 (+, 2C), 127.5 (+), 126.82@), 75.4 (-), 69.6 (+), 33.0

(-), 31.6, 29.5, 21.2 (+).

1.4.4. Diastereoselective Partial Reduction of Dibmocyclopropane

Various reducing agents for partial reduction dfrdmocyclopropanes into
bromocyclopropanes were tested. Depending ondheenof the reducing agent and
the substitution pattern of the substrate, theti@acan be controlled by steric or
directing effects, which greatly affects the diastselectivity of the reaction. A
number of reports demonstrated employment of differalkyllithium reagents?
which normally results in predominant formationtadns-bromocyclopropanés in
the case where a suitable directing group is pteisethe substrate. In our case,

employment oftert-BuLi produced thetrans- product with very good selectivity
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(Table 6, entry 1). Radical hydrodebrominationhwin hydridé® (entry 2), as well
as the titanium-catalyzed reduction with Grignasagent’ (entry 3) produced
equimolar mixtures of isomeric products. Employiaina more sterically hindered
hydride source, tris(trimethylsilyl)silane® in the presence of 1,1-
azobis(cyanocyclohexane) (V-40) as a radical iatiaallowed for a significant
improvement of the diastereoselectivity in favortloé desiredis-product (entry 4).
Reductions with zinc dust activated by aqueous #Clethanof® or by glacial
AcOH* were also explored. While the former protocol duced the required
monobromide in moderate yield and poor diasterecsglty (entry 5), the latter
procedure provided satisfactory results (entry 6) was found that reaction
temperature significantly affected the selectivigyoviding the best cis/trans ratio at
ca. + 5°C. Accordingly, this protocol was employed in figand synthesis as the

most selective and cost-efficient method.

Optimization protocol: An oven dried 3 mL Wheaton vial was charged w#8)-2-
[(19-2,2-dibromo-1-methylcyclopropyl]-4-phenyl-4,5-giiro-1,3-oxazole 45) (100
mg, 0.28 mmol), followed by an appropriate solvemhe reducing agent was added
(see Table 1), and the reaction was stirred fomme tindicated in Table 1, until
GC/MS showed complete conversion of the starting tens. The

diastereoselectivities were determinedHyNMR.
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Table 6.Optimization of the Reaction Conditions for Pariadduction of

Dibromocyclopropanes

# Reducing agent  Solvent TemperatufBme, hrs cis/trans  Yield, %

'‘BuLi (1.05
1 Et,O -85 - 90°C 1 1:13 N/D
equiv)
BusSnH
2 none r.t. 1 11 N/D
(1.01 equiv)
EtMgBr
(1.1 equiv)
3 _ Et,O r.t 1 1:1 N/D
Ti(OP1),4
(5 mol %)
V-40 (20 mol%)
4 TMS3SiH pyridine r.t 3 5.3:1 N/D
(3 equiv)
Zn (2.5 equiv)
5 EtOH r.t. 2 2:1 54
HCI (10 mol%)

6 Zn (2.5 equiv) AcOH +8C 2 5.3:1 70

Diastereomeric  (B)-2-[(19-2-bromo-1-methylcyclopropyl]-4-phenyl-4,5-dihydro
1,3-oxazoles 19 and 19°): To a stirred at +5C solution of (R)-2-[(19)-2,2-

dibromo-1-methylcyclopropyl]-4-phenyl-4,5-dihydrg3toxazole {8) (8.90 g, 25.8
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mmol) in glacial acetic acid (100 mL) was addedczitust (4.2 g, 64.5 mmol, 2.5
equiv) in small portions. The mixture was stirfed 1.5 hr, while the temperature
was slowly raised to 26C. When judged complete by GC/MS, the mixture was
filtered and concentrated in vacuum. The residas dissolved in EtOAc (150 mL),
washed consecutively with water (2x100 mL) and {00 mL), dried with MgS§)
filtered, and concentrated. Preparative columromiatography of the residue on

Silica gel (eluent hexane/EtOAc 54 2:1) afforded two fractions.

Br Me 19’ minor: Yield 1.13 g (4.0 mmol, 16 %);:R 0.37 (hexane-

\VSFN EtOAc, 4:1);'H NMR (400.13 MHz, CDG)) & 7.39-7.35 (m,
\)"'Ph

2H), 7.32-7.28 (m, 1H), 7.26-7.23 (m, 2H), 5.18,(@¢ 10.1 Hz,
8.3 Hz, 1H), 4.61 (dd] = 10.1 Hz, 8.6 Hz, 1H), 4.07 (ps.3t= 8.6 Hz, 8.3 Hz, 1H),
3.62 (ddJ = 8.1 Hz, 5.3 Hz, 1H), 1.91 (dd= 8.1 Hz, 6.1 Hz, 1H), 1.63 (s, 3H), 1.10
(ps.-t,J = 6.1 Hz, 5.3 Hz, 1H);*C NMR (100.67 MHz, CDG) & 169.1, 142.1,
128.7 (+, 2C), 127.6 (+), 126.5 (+, 2C), 75.1 69,7 (+), 28.2 (+), 24.2 (-), 19.5, 18.1

(+).

Me 19 major: Yield 3.76 g (13.4 mmol, 52 %); R 0.27 (hexane-
Br/v}N EtOAc, 4:1); *H NMR (400.13 MHz, CDG)) & 7.40-7.33 (m,
\)”’Ph
4H), 7.32-7.28 (m, 1H), 5.26 (ps.3dt= 10.1 Hz, 9.1 Hz, 1H), 4.70
(dd,J = 10.1 Hz, 8.3 Hz, 1H), 4.12 (ps.%= 9.1 Hz, 8.3 Hz, 1H), 3.02 (dd,= 7.6

Hz, 5.1 Hz, 1H), 1.88 (dd} = 6.8 Hz, 5.1 Hz, 1H), 1.51 (s, 3H), 1.33 (d&; 7.6 Hz,
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6.8 Hz, 1H); **C NMR (100.67 MHz, CDG)  167.9, 142.0, 128.6 (+, 2C), 127.5

(+), 126.9 (+, 2C), 74.9 (-), 69.9 (+), 26.0 (+L.2 (), 21.9, 20.8 (+).

Me 26. Was prepared in a similar manner from 3.67 g§Xomol)
Br —N of (49-4-tert-butyl-2-[(1R)-2,2-dibromo-1-methylcyclopropyl]-
O\)* 4,5-dihydro-1,3-oxazole2d). Purification of the final product
by preparative column chromatography was perforosdg hexane/EtOAc (4:1) as

eluent. Yield 1.05 g (4.03 mmol, 37 %).

'H NMR (400.13 MHz, CDG) & 4.23 (ddJ = 10.1 Hz, 8.6 Hz, 1H), 4.08 (ps.&=
8.6 Hz, 8.3 Hz, 1H), 3.91 (dd,= 10.1 Hz, 8.3 Hz, 1H), 2.92 (dd= 7.6 Hz, 5.1 Hz,
1H), 1.74 (ddJ = 6.6 Hz, 5.1 Hz, 1H), 1.41 (s, 3H), 1.25 (dds 7.6 Hz, 6.6 Hz,
1H), 0.92 (s, 9H);**C NMR (100.67 MHz, CDG) & 166.1, 75.8 (+), 68.3 (-), 33.1,

25.9 (+, 3C), 22.0, 21.7 (-), 21.0 (+).

Me 27. Was prepared in a similar manner from 4.14 g5Ximol) of
BfWKFN (49-2-[(19)-2,2-dibromo-1-methylcyclopropyl]-4-phenyl-4,5-
O\)‘Ph

dihydro-1,3-oxazole 26). Purification of the final product by
preparative column chromatography was performedgusexane/EtOAc (3:1) as an

eluent. Yield 1.92 g (6.86 mmol, 59 %).

'H NMR (400.13 MHz, CDG) & 7.40-7.25 (m, 5H), 5.26 (dd,= 10.4 Hz, 8.6 Hz,

1H), 4.71 (dd,J = 10.4 Hz, 8.3 Hz, 1H), 4.17 (ps}tz= 8.6 Hz, 8.3 Hz, 1H), 3.01 (dd,
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J=7.6 Hz, 5.1 Hz, 1H), 1.87 (dd= 6.8 Hz, 5.1 Hz, 1H), 1.49 (s, 3H), 1.33 (dd;
7.6 Hz, 6.8 Hz, 1H)**C NMR (100.67 MHz, CDG) & 167.9, 142.1, 128.5 (+, 2C),

127.4 (+), 126.8 (+, 2C), 75.2 (-), 70.0 (+), 26, 21.9, 21.8 (), 20.7 (+).

1.4.5. Installation of the Phosphine Moiety

Me L1: To a stirred at -86C solution of (4R)-2-[(1S,29)-2-
tBU_P{iN bromo-1-methylcyclopropyl]-4-phenyl-4,5-dihydro-1,3
Buo .
"Ph

oxazole 19) (2.67 g, 9.52 mmol) in anhydrous THF (25
mL) was added dropwise a solutionreBuLi in hexane (2.5M, 4.2 mL, 10.5 mmol).
The mixture was allowed to warm up to -3D (within 0.5 hr), after which diert-
butylchlorophosphine (2 mL, 10.53 mmol) was addeopdise, and the resulting
mixture was stirred for 30 min at room temperatufée mixture was quenched with
saturated aqueous solution of ) (100 mL), and extracted with ether (3 x 50 mL).
The combined ethereal phases were washed with,bdined with MgSQ and
concentrated’® Preparative column chromatography was perfornmed nitrogen-
filed glove box, using degassed Silica gel and adsgd dry solvents

(hexane/EtOAC/CECI, 10:1:1). Yield 1.41 g (4.1 mmol, 43 %).

'H NMR (400.13 MHz, @¢) & 7.43-7.41 (m, 2H), 7.30-7.27 (m, 2H), 7.21-7.17 (m
1H), 5.18 (ps.-tJ = 10.1 Hz, 9.6 Hz, 1H), 4.29 (dd,= 10.1 Hz, 8.2 Hz, 1H), 3.96

l = . Zl . Zl ’ . L. m) 1 . H= . Z) ’ . 1
(dd,J = 9.6 Hz, 8.2 Hz, 1H), 2.02-1.99 (m, 1H), 1.59%% = 1.8 Hz, 3H), 1.32 (d
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%Jpn = 4.3 Hz, 9H), 1.29 (FJpr = 4.3 Hz, 9H), 1.01-0.92 (m, 2H}*C NMR (100.67
MHz, CsDs) 8 169.8 (d2Jcp = 2.2 Hz), 143.8, 129.0 (+, 2C), 127.8 (+, 2C)7.X12(+),
74.4 (-), 70.8 (+), 32.7 (dJcp = 22.7 Hz), 31.4 (d"Jep = 20.5 Hz), 30.7 (FIcp =
13.2 Hz, +, 3C), 30.4 (dJcp = 13.9 Hz, +, 3C), 23.3, 23.2 (Hlcp = 27.1 Hz, +),
21.2 (d,%Jcp = 8.8 Hz, -), 19.4 (FIcp = 4.4 Hz, +);*'P NMR (161.98 MHz, €D¢) &
22.4; ap® +56.7 (c 1.15, CHCl,); HRMS (TOF ES) Calculated for,@E3sNOP

(M+H) 346.2300, Found 346.2283 (4.9 ppm).

Me L2: was prepared in a similar manner from 733 mg22.6

Ph—P\WKFN mmol) of (&R)-2-[(1S,29-2-bromo-1-methylcyclopropyl]-4-
i O\)"’Ph

phenyl-4,5-dihydro-1,3-oxazold9). Purification of the final

product by preparative column chromatography wasopeed in a nitrogen-filled

glove box using degassed Silica gel and,;CIHEtOAc (40:1) as an eluent. Yield

200 mg (0.52 mmol, 20 %).

'H NMR (400.13 MHz, GD¢)  7.72-7.68 (m, 2H), 7.67-7.63 (m, 2H), 7.29-7.15 (m
11H), 5.15 (tJ = 8.3 Hz, 1H), 4.23 (dd] = 10.1 Hz, 8.3 Hz, 1H), 3.86 (dd,= 9.6
Hz, 8.3 Hz, 1H), 1.99 (dddJpy = 13.1 Hz,J = 7.1 Hz, 4.5 Hz, 1H), 1.62 (8Jpn =
1.5 Hz), 1.48 (ddd®Jpy = 6.3 Hz,J = 9.1 Hz, 7.1 Hz, 1H), 0.94 (ddilpy = 7.3 Hz,
J=9.1 Hz, 4.5 Hz, 1H);"*C NMR (100.67 MHz, €D¢) & 169.0 (d,*Jcp = 3.7 Hz),
143.2, 140.8 (d%Jcp = 12.5 Hz), 140.3 (dJcp = 13.2 Hz), 133.6 (dJcp = 19.8 Hz,

+, 2C), 132.2 (d%Jcp = 17.6 Hz, +, 2C), 128.8 (dJcp = 9.5 Hz, +, 2C), 128.70 (+),
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128.65 (+), 128.6 (+, 2C), 128.1 (cp = 9.5 Hz, +, 2C), 127.3 (+), 127.2 (+, 2C),
74.5 (-), 70.4 (+), 26.9 (dJcp = 12.4 Hz, +), 23.0 (d®Jcp = 1.5 Hz, +), 22.3 (d,
2Jep= 6.6 Hz), 19.1 (d®Jcp = 11.0 Hz, -);**P NMR (161.98 MHz, €D¢) & -9.23;
ap® -84.7 (c 1.15, CHCl); HRMS (TOF ES) Calculated for -,gH,,NOPNa

(M+Na) 408.1493, Found 408.1483 (2.5 ppm).

Me L3: was prepared in a similar manner from 840 m@23.
fBu—p\/ngN mmol) of (49-2-[(1R,2R)-2-bromo-1-methylcyclopropyl]-4-
tert-butyl-4,5-dihydro-1,3-oxazole26). Purification of the
final product by preparative column chromatogramgs performed in a nitrogen-
filled glove box using degassed Silica gel and heXatOAc (9:1) as an eluent.

Yield 204 mg (0.63 mmol, 19 %> -84.C (c 0.55, CHCL.).

'H NMR (400.13 MHz, @Dg)  4.02-3.82 (m, 3H), 1.96 (m, 1H), 1.55 {dpy = 1.5
Hz, 3H), 1.33 (d3Jpy = 10.4 Hz, 9H), 1.30 (Jpy = 10.4 Hz, 9H), 1.00 (s, 9H),
0.97-0.89 (m, 2H)>*C NMR (100.67 MHz, €De) & 168.5, 76.7 (+), 68.5 (-), 33.8,
32.7 (d,Ycp = 22.7 Hz), 31.4 (dJcp = 20.5 Hz), 30.7 (fJcp = 13.9 Hz, +, 3C), 30.5
(d, 2Jcp = 14.6 Hz, +, 3C), 26.9 (s, +, 3C), 23.3, 23.0'0dp = 27.8 Hz, +), 21.2 (d,
2Jep = 8.8 Hz, -), 19.2 (d3Jcp = 3.7 Hz, +); HRMS (TOF ES) Calculated for

C1oHsNOP (M+H) 326.2613, Found 326.2603 (3.1 ppm).
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Me L4: Was prepared in a similar manner from 564 m@ (2.
tBUP\/tv%\)N\ mmol) of (49-2-[(1S,29-2-bromo-1-methylcyclopropyl]-4-
phenyl-4,5-dihydro-1,3-oxazol@T). Purification of the final
product by preparative column chromatography wasopeed in a nitrogen-filled
glove box using degassed Silica gel and hexane/EACHACI, (10:1:1) as an eluent.

Yield 370 mg (1.07 mmol, 54 %).

'H NMR (400.13 MHz, @Dg) & 7.47-7.45 (m, 2H), 7.32-7.28 (m, 2H), 7.21-7.18 (m
1H), 5.14 (ddJ = 10.1 Hz. 8.2 Hz, 1H), 4.35 (dd,= 10.2 Hz, 8.2 Hz, 1H), 3.90
(ps.-t,J = 8.2 Hz, 8.0 Hz, 1H), 2.02-1.98 (m, 1H), 1.59 4@ = 1.5 Hz, 3H), 1.33
(d, ®Jpn = 8.7 Hz, 9H), 1.31 (®Jpy = 8.7 Hz, 9H), 0.99-0.96 (m, 2H)**C NMR
(100.67 MHz, GDg) 3 169.5, 143.7, 128.4 (+, 2C), 127.12 (+), 127.082@), 74.3
(-), 70.2 (+), 32.2 (d*Jep = 22.0 Hz), 30.9 (d'Jcp = 20.8 Hz), 30.1 (FIcp = 13.3
Hz, +, 3C), 29.8 (Jcp = 14.4 Hz, +, 3C), 22.8, 22.5 (Hicp = 27.6 Hz, +), 20.5 (d,
2Jep = 7.6 Hz, -), 19.0 (¥Jcp = 5.2 Hz, +); 3P NMR (161.98 MHz, €D¢) 8 22.7;
ap? -80.2 (c 1.15, CHCL); HRMS (TOF ES) Calculated for »@¢H3,NOPNa

(M+Na) 368.2119, Found 368.2109 (2.7 ppm).

Me L5: was prepared in a similar manner from 590 mg(Q2.1

Cv—P\WKFN mmol) of (49-2-[(1S25)-2-bromo-1-methylcyclopropyl]-4-
Cy o\)\Ph

phenyl-4,5-dihydro-1,3-oxazol@T) and 539 mg (2.32 mmol,

1.1 equiv) of dicyclohexylchlorophosphine. Pudtfion of final product by
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preparative column chromatography was performed imitrogen-filled glove box
using degassed Silica gel and LLH/EtOAc (100:1) as an eluent. Yield 228 mg

(0.57 mmol, 27 %).

'H NMR (400.13 MHz, @D¢) & 7.49 (d,J = 7.3 Hz, 2H), 7.31 (d] = 7.3 Hz, 2H),
7.19 (d,J = 7.3 Hz, 1H), 5.18 (dd, J = 10.0 Hz, 8.3 Hz, 14438 (dd, J = 10.8 Hz, 8.3
Hz, 1H), 3.93 (tJ = 8.3 Hz, 1H), 2.11-1.70 (m, 12H), 1.59 (s, 3H)4-1.31 (m,
10H), 1.02-0.92 (m, 2H), 0.84-0.78 (m, 1H})C NMR (100.67 MHz, €D¢) & 169.6
(d, 3Jcp = 2.9 Hz), 143.9, 128.6 (+, 2C), 127.44 (+), 1D7(4), 127.3 (+), 74.6 (-),
70.5 (+), 35.1 (dXcp = 13.9 Hz, +), 34.7 (dJcp = 11.7 Hz, +), 31.2 (dlep = 16.1
Hz, -), 30.9 (dJce = 17.6 Hz, -), 29.6 (dlcp = 8.9 Hz, -), 29.5 (dJcp = 6.6 Hz, -),
27.9-27.6 (M, -, 5C), 27.0 (dcp = 2.9 Hz, -), 23.0 (+), 22.2 (dJcp = 22.0 Hz, +),
20.0 (d,%Jcp = 7.3 Hz), 18.6 (d%Jcp = 7.3 Hz, -),*'P NMR (161.98 MHz, €D¢)
5 -4.02; ap® -116.7 (c 1.00, CHCl,); HRMS (TOF ES) Calculated for,§s;NOP

(M+H) 398.2613, Found 398.2604 (2.3 ppm).

Me L6: was prepared in a similar manner from 666 mg82.3
Ph—P/vgtN . . - A
B 0\)\Ph mmol) of (49-2-[(1S29)-2-bromo-1-methylcyclopropyl]-4

phenyl-4,5-dihydro-1,3-oxazol@T). Purification of the final
product by preparative column chromatography wasopeed in a nitrogen-filled
glove box using degassed Silica gel and;CIHEtOAc (40:1) as an eluent. Yield

354 mg (0.92 mmol, 39 %).
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'H NMR (400.13 MHz, GD¢) & 7.73-7.64 (m, 4H), 7.44-7.42 (m, 2H), 7.31-7.15 (m
9H), 5.07 (dd,J = 10.1 Hz, 8.3 Hz, 1H), 4.27 (dd,= 10.1 Hz, 8.1 Hz, 1H), 3.85
(ps.-t,J = 8.3 Hz, 8.1 Hz, 1H), 1.98 (ddtlpy = 12.9 Hz,J = 6.8 Hz, 4.6 Hz, 1H),
1.58 (d,*Jen = 1.5 Hz, 3H), 1.46 (dddJey = 6.1 Hz,J = 9.1 Hz, 6.8 Hz, 1H), 0.93
(ddd,®Jpy = 7.3 Hz,J = 9.1 Hz, 4.6 Hz, 1H)*C NMR (100.67 MHz, @D¢) & 169.1
(d, 3Jcp = 3.7 Hz), 143.5, 141.0 (dJcp = 11.7 Hz), 140.1 (dJcp = 12.4 Hz), 133.6
(d,?Jcp = 19.8 Hz, +, 2C), 132.2 (8Jcp = 17.6 Hz, +, 2C), 128.8 (d)cp = 8.8 Hz, +,
2C), 128.7 (d3Jcp = 10.3 Hz, +, 2C), 128.7 (+), 128.6 (+, 2C), 128}, 127.4 (+,
2C), 127.3 (+), 74.7 (-), 70.4 (+), 26.8 (dep = 11.7 Hz, +), 22.9 (FJcp = 1.5 Hz,
+), 22.4 (d2Jcp = 7.3 Hz), 18.9 (dPJcp = 11.0 Hz, -)3'P NMR (161.98 MHz, €D¢)

5 -9.03;ap>° -178.7 (c 1.25, CHCl,); HRMS (TOF ES) Calculated for,gH,sNOP

(M+H) 386.1674, Found 386.1680 (1.6 ppm).

X-Ray crystallography data from Rd() and Pd I(4) complexes are detailed in the

appendix.
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Chapter 2. Asymmetric Hydroformylation of Styrenes

2.1. Introduction

2.1.1 Rhodium Catalyzed Hydroformylation

Hydroformylation, also known as oxo synthesis, fisimportant industrial
process for the direct transformation of olefin®ialdehydes. This chemical reaction
entails the transition metal-catalyzed addition aofformyl group (CHO) and a
hydrogen atom to a carbon-carbon double B6rid.Many of the early examples of
this process made use of stoichiometric amountsnefals such as cobalt and
manganese. Otto Roelen first described his calaadtlyzed “oxo” reaction toward
the end of the 1930%. Since the discovery of the reaction, much has leme to
advance the state of the art of this important @gecwhich is still being actively
investigated by many research groups around thilwor

The first examples of rhodium catalyzed hydroforatighs were published
toward the middle of the 1960%.In these studies, Rh{hnd Rh/AJO; showed
significantly higher catalytic activity under mildeonditions than did the analogous
cobalt catalyst§® which justified the transition to rhodium catakygor this class of
reactions in most of the further applications intespf the higher cost for Rh-
complexes.

Hydroformylation was significantly advanced by tliescovery that the

addition of phosphine ligands on the rhodium ggeahhanced the rate and



43

corresponding vields of the reactions. An earlgmegle of utilizing a phosphorus
containing ligand in rhodium catalyzed hydroforntidas is documented in a patent
issued to the Shell Oil Company in 19861t was noted in this patent that Re@i
the presence of tributylphosphine gave reasonateersions of 1-pentene to the
corresponding aldehydes while a similar system idewb the phosphine resulted in
no conversion.

Wilkinson was instrumental in bringing rhodium algsis to the forefront of
hydroformylation through his discovery that arylgpbine ligands further activate
the metal and make the process proceed under mudkRrnoonditions than were
previously knowrt'®

Around the same period that Wilkinson was invesingp the effects of
arylphosphines on hydroformylation, Pruett, a clstmorking at Union Carbide,
found phosphite ligands are also capable of affgctiie reactiofi’ By varying the
steric and electronic nature of the phosphitesetPimas able to fine tune the reaction
and successfully demonstrated higher conversionsome cases than had been
previously reported by Wilkinson.

Pruett's and Wilkinson’s investigations were priflyafocused on different
classes of monodentate phosphorous-containingdggarHowever, in other metal-
catalyzed processes there was beginning to bdtaaglday from monodentate ligands
toward ligands capable of binding to a metal cememultiple coordination sites.
These new ligands began appearing in processesasualymmetric hydrogenation,

but it was not until later that these ligands bedanbe used in asymmetric
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hydroformylation. Many of the bidentate ligandsreatly used in hydroformylation
began as hydrogenation ligands. It was not umtil1980’s that bidentate phosphorus

ligands became mainstream in rhodium catalyzeddigdnylation.

2.1.2 Mechanism/Mechanistic Discussion

The general mechanism of rhodium-catalyzed hydnojtatior{” is depicted
in Scheme 16. The process begins with the codidimaf the olefin as afm-ligand
to the rhodium hydride specigz8 (LE'), followed by a migratory insertion or
hydrometallation of the olefin into the metal-hygem bond ¥ %). Regiochemistry
of this migratory insertion determines the outcoofethe reaction. Thus, new
carbon-metal bond can be installed either at thaital position of the olefin (path
A), leading to alkylmetal compleXd0, and ultimately to the linear aldehyde.
Alternatively, installation of metal-carbon bond thie internal position (patiB)
results in formation of complex34, which provides the branched aldehyde.
Hydrometallation K1 %) is followed by coordination of a CO-ligand ontwetmetal
center LE?) to form complexe81 and35, after which migratory insertion of CO into
the C-Rh bondNI ) provides acylrhodium speci8& and36, respectively. Insertion
of the metal into a molecule of,HOA) followed by reductive eliminationRE)

yields the product aldehydes and regenerates tkid &ttive catalyst.
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Scheme 16. Mechanism of Hydroformylation
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The rate determining step of each one of the patbwlapicted in Scheme 16
has a different rate depending upon the stericrenmient surrounding the metal
center. In the case of pathwAy(the linear product), oxidative addition of thetale
into Hy is significantly more facile than that of the metpecies associated with the
same step in pathway. This phenomenon can be explained by the diftestaric
environments of the metal in the two key intermtdiacyl complexe83 and 37
(Scheme 16). In pathwa, the primary alkyl substituent in specig@3 results in a
significant decrease in the steric environment agothe metal center compared to
complex 37, which possesses a secondary alkyl group. Aceghgi associative
procesOA, proceeds much faster, when it leads to lesscathrihindered speciex3

(path A) compared to a similar process resulting in a nereumbered speci&y
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(pathB). On the other hand, a dissociative process, sischeductive elimination
(RE), is also sensitive to sterics. At this step, beer, the steric driving force of the
reaction producing the linear product from spe&@sgpathA) is lower compared to
the analogous process, providing branched produan fspecies37 (path B).
Accordingly, the kinetic rate of the latter processigher.

In addition to changing the steric environmentuatbthe metal, the relative
rates of the reaction can also be controlled bygimg the effective concentration of
either CO or H present in the system. According to the rate gguashown in
Scheme 17, the rate of the reaction is directlypprbonal to the partial pressure of
H, while it is inversely proportional to the concetion of CO. This is because 16-
electron acylrhodium complexe8236 in the presence of excess CO form
catalytically inactive 18-electron speci&8 (Scheme 17), inhibiting oxidative
addition of hydrogen@A). When a bulky phosphine ligand is present onntie¢al
center39, the slow step of the catalytic cycle becomesligend exchang&E* of a
CO for the olefin. This is due primarily to thecreased sterics around the metal
center that comes with the presence of the phosdigand. Also, increased steric
demand renders the formation of the branched d&gium specied1 unfavorable,
and the fast revers-hydride elimination process shuts down the charfoel
formation of the branched product, resulting im#igantly improved regioselectivity
favoring linear producé0. For a-olefins possessing allylic C-H bond3;hydride

elimination in an alternative direction is possjbleading to the formation of
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isomerized internal olefin byproduct, which is ihae in catalytic hydroformylation

under normal reaction conditions.

Scheme 17. Relative Rates of Reaction
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The enantioselectivity of the reaction is goverpadharily by steric factors in
the asymmetric environment created by the chigands bound to the metal center.
Steric bulk on the metal restricts the orientaiionvhich the substrate coordinates to
the metal in such a way as to allow a minimum nundégavorable diastereomeric
complexes. By changing the structure of the ligaod the metal, the chiral pocket
can be finely tuned to require substrate orientaiio a single fashion for each

iteration of the catalytic cycle resulting in therrhation of a single enantiomer. An
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example of how the asymmetric control could be izedl in Rh-catalyzed
hydroformylation of styrene in the presence of @hphosphinoxazoline ligand is
shown in Figure 2. The favorable orientation of thlefin substrate in the trigonal
bipyramidal Rh(l) complex is such that it minimizesy unfavorable steric
interactions. The approach of the styrene moletwutae catalytically active rhodium
species from the North-West (Figure 2, model fimately resulting in the formation
of linear aldehydes, would be accompanied by sicant steric interactions between
the phenyl ring of the styrene and the aromatiagron the phosphine ligand. These
interactions are visualized on the model as a breathe mesh representing the
solvent accessible surface of the ligand. In ailaimmanner, upon North-East
approach, which would also result in formation iokear product, (Figure 2, model
I), the steric hindrance is experienced betweenghenyl group of the styrene and
the phenyl substituent on the oxazolidine. Asrd#salt, the amount of linear product
formed is diminished. The approach from the Sdwst (Figure 2, model Ill), is
the most favorable, as there is very little unfade steric interaction between the
substrate and the bidentate ligand on the metedrdmgly the §-enantiomer of the
branched product formed from this approach is tlaomproduct in the reaction.
Finally, approach from the South-East (Figure 2deldV) is accompanied by a
significantly more unfavorable interaction compartd model I, resulting in
formation of minute amounts of the branched prodwith opposite absolute
configuration R). While the example below (Figure 2) on the aorggiof

enantioselectivity in this reaction uses a speafeazolidinone ligand, it is believed



49

the same rationale governs the enantioselectivityhodium species in the vast
majority of catalytically active, bidentate rhodiunspecies used in the

hydroformylation of olefins.
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Figure 2. Enantioinduction in Rh-catalyzed asymmetric hydnofglation reaction in

the presence of chiral ligands.
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2.2 Ligands/Accomplishments in Asymmetric Hydrofomylation
2.2.1. Phosphine-Phosphites

The members of this class of ligands for asymméiyaroformylation are the
highest performing yet discoveredR,$-BINAPHOS 42 (Figure 3) is the current
benchmark standard in this process as it exhilmtonly high selectivity, but is also
effective on a wide array of substrates makingnhé of the most useful chiral ligands

to aid in this transformation.

L,

TSy
, OQQ

Figure 3. (RS-BINAPHOS

A significant advancement in the technology of asyatric hydroformylation
was made by Takaya in 1943.He synthesized a novel class of phosphine-phtesphi
ligands that revolutionized the way asymmetric lojoimmylations were performed.
Prior to the discovery oflR'S)-BINAPHOS in 1993, the best ee’s from all the kmow
rhodium catalyzed asymmetric processes had bedigher than 60 %° The ligand

was extraordinary not only in the ee’s it produoes of the process but also due to
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the ease of preparation. Starting from opticatlyive 1,1’-binaphthalene-2-2’-diol
BINAPHOS can be obtained on a preparative scal¢hige high yielding steps
(Scheme 18). In the seminal paper, asymmetric digdnylation of a variety of
substrates ranging from vinyl acetates to substitstyrenes gave ee’s ranging from

73 — 95 04849

Scheme 18.Preparation ofR,S)-BINAPHOS
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A recent trend in the hydroformylation of olefingshbeen the immobilization
of the catalyst using polymer bound chiral liganddis keeps the catalyst bound to
the polymer support and facilitates its easy séjeraand recovery while not
necessarily adversely affecting the outcome of rection. Hiyama successfully
bound BINAPHOS to polystyrene linkers to createodymer bound version of the
Rh-BINAPHOS catalyst’ He observed there was little difference when ligend
was linked into the polymer in a single pladé,(Figure 4) between first complexing
the metal to the ligand followed by polymerizationin first polymerizing the ligand

and then complexing the metal to it.
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O = Points of attachment to polymer

Figure 4. Polymer Bound Ligands

The only marked difference came when there weretpoints of attachment
between the ligand and polymé&7 (Figure 4). In that case, where polymerization
occurred prior to the complexation of the metajngicant loss of enantioselectivity
was observed. This is due to the loss of flexipiin the ligand that is tethered in
three positions. Since it can no longer flex tactethe optimum orientation with
respect to the metal center, there is a correspgracrease in the enantioinduction.
When the metal is complexed prior to the polymeitzraof the ligand, there is little
change in the ee, since the ligand is able to brigself prior to being incorporated in
the polymer. These polymer bound ligands were thpplied to solventless
hydroformylation using vapor phase techniques &edrésults were promising. Not
only were the selectivities in the reaction highe tauthors also demonstrated the

reusability of the catalyst by running subsequemrbformylation batches with the
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same catalyst and a variety of olefins. The draklia this process is the percent
conversion. The branched-to-linear (B:L) ratim@mally high as is the ee, but the
typical conversions are less than 50*%BINAPHOS has been successfully applied
in the asymmetric hydroformylation of a wide rangfesubstrates including enol
ethers??

Variations of BINAPHOS have been developed inclgdanclass of ligands
containing perfluorinated alkyl pony tails for thee in supercritical C(scCQ) or
perfluorinated solvents. LigatB (Figure 5) gave 73 % conversion with a 91:0 B:L

and > 82 % ee employing perfluorinated toluenéhassolvent?

Ph
\
OO /P
PPh, Naph \\\(F>h ™S H

0 o oc,| O
~p’ O o 0 OC/Rh—P\—O
4 P | o
N(CH2)3CeF 13 o Ph—P.
O O Naph " “Ph
Q ™S Q
48 N(CHy)3CeF 13 49 50

Figure 5.

The binding orientation of the BINAPHOS to the meatanter is one of the
keys to its success as a chiral ligand. In 200dgem@vative of BINAPHOS was
reported 49) in which a remote chiral center was incorporategd an alkyl tether

(Figure 5). It was hypothesized that ligad@would operate in a fashion similar to
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BINAPHOS and due to the increased sterics at timote site could potentially result
in an enhancement of enantioselectivity. Howeaeatecrease in the enantioinduction
of the catalyst was observed, and upon closer atigeit was found to be due to the
increased sterics of the remote chiral centernthe ligand coordinated to the Rh in
reverse fashion compared to how BINAPHOS is knawhind. In the case of the Rh
complex50 (Figure 5) formed from ligand9, the phosphite moiety is bound in the
equatorial position while the phosphine is bounctaly. The resulting catalytic
system gave moderate conversions (~ 50 %), mod&ateratios (~ 10:1) and
moderate ee’s (~ 50 %). This is in direct conttasBINAPHOS which typically

gives excellent resulf§.

2.2.2. Diphosphines

One of the interesting phenomena observed withuieeof bidentate ligands
is the effect the ligand bite angle has on not dhé/regioselectivity of the catalytic
cycle, but on the enantioselectivity as well. Wkér and his colleagues discovered
there is indeed a documentable relationship betwleemutcome of the reaction and
bite angle of the ligand. They determined ligamdh a more flexible backbone,
allowing for a smaller bite angle, yielded higheartched selectivity and a higher
enantioselectivity as well, but they also concluded optimum ligand for each
process is greatly dependent upon the identityhefsubstrate itseff. It has also
been observed for diphosphine ligands that theewelky of the reaction is related to

both the size of the metallacycle formed from ilganid and the metal as well as the
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concentration of the ligand present in the systerRor ligands forming five-
membered metallacycles it has been observed tatr@ase in the concentration of
the ligand favorably affects the outcome of thectiea, while for ligands forming a
six-membered cycle the process benefits from arease in the ligand concentration.
This difference is believed to arise from the abuilm established between species
51 and52 in Figure 6. Species of tydgl are known to be present in Rh/P ligand
systems and they have been characterized for th§9-3,4-
bis(diphenylphosphine)pentane (bdpp) ligdhdt is believed an excess of additional
phosphine ligand shifts the equilibrium in favor 62 which, in turn, makes
coordination to the olefin significantly more ddéilt. Since enantio- and
regiodifferentiation in the reaction take placehet stage of coordination of the olefin
substrate, any modifications to the ligand spher¢he metal during this event would
drastically affect the selectivities of the reantioSince its unfavorable sterics would
prevent coordination of the olefin to a Rh speckt/pe52, the active species in the
catalytic cycle in the case of increased phosphgaad concentration is proposed to
be 53 where one of the arms of the bidentate liganddees replaced with another
phosphine (Figure 6). Existence of this equilibricould account for the change in

selectivity by varying the metal to ligand ratio.
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Figure 6.

An example of using a racemic, cationic Rh(l) $pem the hydroformylation
of a variety of olefins is given by Yamamatb His group synthesized racemic ligand
54 and prepared cationic complex [Rh(nBd){'CIO, by mixing 54 with
Rh(nbd)(acac) in the presence of perchloric acigufie 7). This species was then
used in the hydroformylation of substituted styea@d vinylnaphthalenes in high

yields and high branched to linear ratids.

£

PPh;

54 55
Figure 7.
Bakos and his group successfully demonstrated seeafi a G-symmetric

diphosphine ligand5 in the hydroformylation of styrene. This reactiaffiorded a

branched to linear ratio of 92/8 although theirvamsions and ee’s were moderate
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(57 % conv., 47 % e€) An early example of the employment of an achiral
diphosphine comes from a comparative study betwserctivity and selectivity of a
Rh complex from bis(diphenylphosphino)ethane (dppedhat of an active species
formed from triphenylphosphine (tpp). It was detared the complex with dppe
tended to give lower branched to linear ratios th@ analogous tpp complex. A
build-up of a significant amount of internal olety-product in the hydroformylation
of lineara-olefins in the presence of dppe revealed thetglmfithe dppe complex to
promote the isomerization of the alkene. This waplained by more difficult
coordination of CO to the metal center in the pmeseof chelating dppe-ligand,;
moreover, the corresponding sterics-drivigthydride elimination becomes more

facile resulting in the formation of isomerizedfole products®*

2.2.3. Phospholanes

This is a class of ligands which has generateg@rafsiant amount of interest
in the last few years. This is largely due to omember of this clasR(R)-phenyl-
bis-phospholanoethane (Ph-BPE6, Figure 8). This ligand was discovered by
Zanotti-Gerosa, from the Dow Chemical Company arab Mirst reported as an
asymmetric hydrogenation ligand in 20%31n 2005, it was reported to be active in
the asymmetric hydroformylation of styren&° Ph-BPE is one of the few
challengers which can compete with the numbers ®tsrmave been generating with
BINAPHOS over the last fifteen years. This ligaadinding increased use not only

in the AHF of styrenes and other vinyl arenes, &igb with such functionalized
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alkenes as allyl cyanides and vinyl acetates. iKlognd co-workers have
demonstrated the versatility of the ligand by cartshg concurrent hydroformylation
experiments on the mixture of three substratesiesgy allyl cyanide, and vinyl
acetate. Under the conditions they describe, theye successfully able to
demonstrate the AHF of all three substrates in leeq@deconversion, B:L ratio and
ee®® Due to its high enantioselectivity, substratepsgaand faster kinetic rate than
BINAPHQOS, this is the ligand chosen to be the bematk for the ligand screening

experiments described in the coming sections.

Ph Ph

-

Ph 56 Ph

Figure 8. (RRR R)-Ph-BPE

2.2.4. Diphosphinites.

This class of ligands has been used in asymmetirogenatioff® and
hydroboratiort,’ but only recently has their use in asymmetric bfaimylation been
evaluated. While a substantial amount of work hasn done to determine the
potential of this class of ligands, thus far, teendnstrated activities and selectivities
are inferior when compared to the diphosphine adigands.

Some recent work by Claver has demonstrated théulnsss of chiral

diphosphinites in the asymmetric hydroformylatidnstyrenes. His design is based
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on using furanoses as modular scaffolds for thgaretion of their sugar based
ligands. They successfully demonstrated the useobf these ligands{,58 on a
number of different olefins giving moderate vyielddbeit with quite low
enantioselectivities. The outcome of the reactlepended heavily on the nature of
the substrate. Thus, with styrene and its dexeatithe enantioselectivity of the
reaction was very poor; however, for vinylnaphthale the enantioselectivities
improved greatly® In the case of ligan89, conversions of substituted styrenes up to

> 80 % with excellent regioselectivity and ee’s8% were achieveff.
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Figure 9.

2.2.5. Diphosphites.

This class of ligand suffers from many of the sairewvbacks which plague
the diphosphinites. Work done by Sunchi demoretratiphosphites which are
tethered together through a binaphthyl type moy(Figure 10) give excellent
conversions (> 99 %) and very high branched toalimatios (> 75 %), albeit with

marginal enantioselectiviti€s.
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Z o nee

Figure 10.

Furanoside based diphosphinite ligands origingdlyesred to offer significant
advantages over other diphosphinites. While mdmosphinites suffer from low ee’s,
the furanoside based diphosphite ligab® (Figure 9) seems to offer excellent
conversions, regioselectivity, and respectable ee88 %°° Unfortunately, this
ligand seems to be the exceptional example as sequbnt paper published by the
same authors included the screening results ekfifinovel furanoside ligands. All of
the new ligands paled in comparisorb® The authors explained these results based
on the coordination of the ligands to the metahs®&l on the authors’ observations,
they determined ligands binding in a bis-equatof@ahion exhibited significantly

higher ee’s than ligands binding in the equataaidkl fashion’*

2.2.6. P,N-Type Bidentate Ligands

This is a rather broad class of hydroformylatiogahds that includes
aminophosphines, aminophosphine-phosphinites, pisphosphoramidites. A

library of nine different P-chiral ligands was dyesized and tested in the AHF of
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styrene in order to evaluate the effect of bringihg ligand’s center of chirality as
close to the metal as possible. It was found ligahd 61 (Figure 11) was able to
give a B:L of 98:2 and an ee of 75 %. This is imecd comparison to
(R,S-BINAPHOS which under the same reaction conditias found to yield an ee
of 92 %. Complete conversion of the olefin wasi@atd by allowing longer reaction

times, and the authors did not note any apprecidtierioration in the final ee of the

product’?
Ph.__Ph
i
Os.Ph
PhiP ]
md N Me
Me
61
Figure 11.

An extension of the furanoside chemistry discugzeyiously (Figure 9) is
the development of phosphite-phosphoramidite ligabdsed upon the naturally
occurring carbohydrate D-(+)-xylose. These ligaraie easily prepared from
naturally occurring furanosides and the desiredraphosphines. This type of ligand
falls well short of the performance characteristiol the phosphine-phosphite
furanosides. The conversions were reasonable & % vith excellent B:L ratio
> 96 %, but the enantioselectivity of this typdigands is significantly lacking. The
highest ee obtained with a ligand of this type W&s% with a conversion of 12 %

while the average ee of a reaction with a reasenaiversion was ~ 20 6.
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2.2.7. Applications of asymmetric hydroformylation

There are a number of reasons catalytic, asymmiggdcoformylations have
become increasingly attractive recently. One eflilggest drivers behind this surge
comes from the ability to use this process as attansformation in the synthesis of
various non-steroidal anti-inflammatory drugs (NB8&). Such common over the
counter pain relievers as ketoprofé ibuprofen63, and naproxe®4 (Figure 12)
can all be easily synthesized from the hydrofortgtaof the corresponding vinyl

arenes followed by the subsequent oxidation ottheal aldehydes.

0 : : :
~_OH ~-OH ~,-OH
U LAy
o
Ketoprofen 62 Ibuprofen 63 Naproxen 64
Figure 12.

AHF is also being used in industry as a methodHersynthesis of a number
of different chemicals which are important to agliere and fragrances. Recently,
AHF was published as a method for obtaining Florafd68. The investigation
began by looking at the possibility of selectivélydroformylating only one of the
olefins in 1,3-diisopropenylbenze®® to obtain the aldehyd@&6 or in the event of
dihydroformylation dialdehydé&7. A mixture of these compounds could potentially

be reduced to yield the desired product Florhyteal(Scheme 19).
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Scheme 19.
CHO
66
Rh/L* Pd/C CHO
Hp, CO H, 68
CHO
65
67 Florhydral®

CHO

The major challenge associated with the synthetiteroutlined in Scheme 19
proved to be finding a set of conditions to optienike ratio of the products formed in
the hydroformylation step. Due to the presencevofolefins in the substra&b, the
catalyst must produce only the monohydroformylgisatiuct66 in preference to the
dihydroformylated produc67. This proved to be an insurmountable obstacle and
resulted in the proposal of a different synthetiate involving thea-methylstyrene
derivative70 having only a single olefin. (Scheme 20.) Fordttempted AHF 070,
three different ligands were screend®)-BINAP and two representative examples of
the JOSIPHOS class of chiral ferrocenyl diphosphigends. Unfortunately, none of
the three ligands were able to yield anything highan a 5 % ee although the yield

on the transformation was 94 %.
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Scheme 20.

OH 3 steps Rh/L”
68

- . H,, CO

69 70

Abboud and co-workers have recently published ymhesis of optically
active isoxazolines and imidazoles obtained frone thydroformylation of
vinylacetates71 (Scheme 21). Using diazophospholane type liga@dthey
successfully demonstrated the AHF of vinylacetate &w 94 % conversion, 29:1 B:L
and 96 % ee in scales up to 180 g. These chiehgtles were then subjected to a
series of synthetic steps finally yielding the ahiisoxazolines74 and imidazoles

75'75
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Scheme 21. Synthesis of isoxazoline and imidazoles
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L" = Diazophospholane

An example of the usefulness of AHF in the prepamnadf difficult to access
biologically active materials is in the synthesislemethylcarbapenem precursors.
1-methylcarbapenem (Scheme 22) is known to havariaty of different biological
properties, namely strong anti-bacterial attributdsis a member of th@-lactam
class of antibiotics, one of the most famous ofahis penicillin. One of the first
attempts to prepare this compound using AHF wae dgynNozaki in 1996° In that
paper, they described the synthesis using BINAPH@%ch resulted in good
diastereoselectivity, but the regioselectivity loé treaction (7,78 to 79) Scheme 22
was rather poor. Park and co-workers revisited Ak- in an attempt to further
optimize the process for use in the preparatiod-afethyl carbapenem precursors

(77,78 Scheme 22). A number of different ligands weneaged and it was found
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that excellent regio- and diastereoselectivitiasidde obtained when the ligand was
(§9-bis(diphenylphosphino)pentane S&-BDPP). This was an important
improvement over the results originally obtainedNmzaki as it was also discovered
that BDPP is useful in catalyzing this transformatand the regioselectivity issues
which were present in Nozaki’'s protocol can be glated based upon the choosing

of the proper chiral ligand?<.

Scheme 22.

:|
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*
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(S,S)-BDPP

COsR
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2.2.8. Conclusions

Asymmetric hydroformylation is a powerful tool fthe synthesis of chiral
aldehydes and their derivatives. A number of e@sassf chiral ligands have been
developed which allow this process to be applicdble wide array of substrates
containing many different functional groups. A tfteffort has been invested into
the potential of this method to serve as a convengy to make NSAIDs such as
those shown in Figure 12. The ability to convedrious olefins into readily
functionalizable, synthetically useful, biologigalactive compounds is one of the
many attractive qualities that have drawn and wolhtinue to draw research efforts
into this essential process.

Chiral ligands such asR(S-BINAPHOS, a member of the phosphine-
phosphite class of ligands, an®R)-Ph-BPE of the phospholane family have
demonstrated exceptional B:L ratios while providihgh yields and very high
enantioselectivities across numerous different tsates under a wide variety of

conditions.
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2.3. High Throughput Optimization of the Rhodium-Catalyzed Asymmetric
Hydroformylation of Styrene

2.3.1. Introduction

Catalytic asymmetric hydroformylation (AHF) of ale$ is a powerful
synthetic method allowing for simultaneous instadia of a stereogenic center and a
new C-C bond in a highly atom economic fashionntBgsis of chiral aldehydes via
AHF is very attractive from the standpoint of ceffiectiveness, due to the ready
availability of olefins as compared to other sudmsts used in production of
aldehyde$?*® However, a number of challenges associated witlfF Asuch as low
reaction rates and problems of simultaneous cowtrokegio- and stereoselectivity,
which thus far have been only partially addres€esignificantly limit practical
application of this method. Accordingly, a majorhattenge exists in
multidimensional optimization of chemo-, diasteremad enantioselectivity, as well
as overall catalyst efficiency (or turnover freqogenTOF), which is usually tackled
through rational ligand design. Due to the cokitesl issues associated with the
metals and ligands used in this process, as wetkasnical requirements for an
industrial reactor design, it is essential for thansition metal complex to catalyze
this process efficiently while operating at eledatemperatures and low catalyst
loadings. However, in contrast to other transitioetal catalyzed asymmetric
processes, there is general lack of effective abelcBve chiral ligands suitable for
AHF. As it was demonstrated earlier, a few clasddgjands are known to catalyze

this process and they include: phospholanes (Chame3.)’® phosphinites (Chapter
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2.2.4), ¥ phosphines (Chapter 2.2.2.)% diazophospholine, ® bis-
diazophospholands®* phosphine-phosphites (Chapter 2.241and phosphite-phos-
phoramidites?® Unfortunately, most of them are very substraee#iz, which
necessitates empirical optimization of the catagysd reaction conditions for every
given olefin. From this perspective, a high thriopigt screening method serves as an
excellent tool for rapid evaluation of the mostrmising ligands and optimization of
the reaction parameters. Along this line, Klosicergly reported the results of
parallel ligand screening, which led to the disegwe a highly efficient and selective
catalyst system for AHF of olefins, employing phiosiane ligand Ph-BPE
(83).798>8%Tg intensify the screening routine, an equimolattune of three different
substrates was employed in each run. While thipragezh certainly allows
shortening of the screening time, it does not guarathat the selectivities obtained

using mixtures of olefins will be the same as i@ tbactions with individual alkenes.
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OO BINAP series

PR, R= Ph (R)-BINAP (80)
PR, R= p-Tol (R)-Tol-BINAP (81)
OO R=35xylyl (R)-Xylyl-BINAP (82)
R1 R2 BPE series and related phospholanes
R'= Ph R%=H, (R,R)-Ph-BPE (83)
R'= Me R>=H, (R,R)-Me-BPE (84)
R2 R1 R'=Et R?=H, (R,R)-Et-BPE (85)

R'=Me R2=COOCO  catASium m(R) (86)

QjoNMez
RP™ e ) Mandyphos seri
e Ph anaypnos series
R', R?=Ph MO001-1 (87)
Ph—- ; R!, R%= 4-Me0-3,5-Xylyl M004-1 (88)
Mezlil PR12
Josiphos series
RZP PR’, R'=Cy, R?= Ph SL-J001-1 (89)
2 Fe \'CH, R'=tBu,RZ=Ph  SL-J002-1 (90)
H R', R%=Cy SL-J003-1 (91)
N R!=3,5-Xylyl, R%= Ph SL-J005-1 (92)
R%P, PR',
- / Walphos series
— ""CHz  R'=3,5-(CF3),CeH3, R2=Ph SL-W001-1 (93)
@ H R'=Ph, R2=Ph SL-W002-1 (94)
Taniaphos series
R=Ph SL-T001-1(95)
R=Cy SL-T002-1(96)
N PR,
_ PHANEPHOS series
R=Ph (S)-PHANEPHOS (97)
PR, R=3,5-Xylyl CTH-(S)-Xylyl-PHANEPHOS (98)
MeO OMe
N= N P-PHOS series
MeO—\ / OMe R=Ph CTH-(R)-P-PHOS (99)
— R=3,5-Xylyl  CTH-(R)-Xylyl-P-PHOS (100)
R,P PR,

DUPHOS and RHOPHOS series
R R’ R'=MeR%=H, (S,5)-Me-DUPHOS (101)

" p R'=Et R?=H, (S,S)-Et-DUPHOS (102)
R2" @-RZ R'=Me R?=OH SL-P001-2 (103)
R1 S~ (Phosphonium Salt with Triflate)

R? R! k2 R'=j-PrRZ2=H, (R,R)i-Pr-DUPHOS (104)
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1
R1 R
R3 R*= PPh, R-R®=H (R,R)-NORPHOS (105)
Ry R' = Me, R%= 3-diphienylphosphino-2,5-dimethyl-4-thienyl
3= 4 — H
R nl R R3 = (3,5-Xylyl),P, R*=H catASium T2 (106)
PPh, P(3,5-Xylyl), Ph,P.
/\/ O ijg
B BzO,, 0.
PPh, 22 N p(3 Bxyiy), K\o
MeO" ~O
(S,S)-CHIRAPHOS (107) (R)-iPr-PHOX (109)
BzO
CARBOPHOS (108)
R'= NHPPh,, R2R3= (CH,), CTH-(R)-BINAM (110)
R'= PPh, R?R3= O(CH,),0 (R)-SYNPHOS (111)
R' R’ R'= PPh, R?R®=MeN(CH,),0 (R)-SOLPHOS (112)
P R'= P(3,5-Xylyl), R?R®=MeN(CH,),0  (R)-Xylyl-SOLPHOS (113)
O Q R'= PPh,, R2R3= OCF,0 (R,R)-Difluorophos (114)
R'= PPh,, R2= H, R®= OMe SL-A101-1 (115)
R2 R3R® R2 R'= P[3,5-(t-Bu),-4-MeOCgH;,,
R2= H, R®= OMe SL-A109-1 (116)
R'= PPh,, R?= Cl, R®= OMe (R)-CI-MeO-BIPHEP (117)
R'= PPh,, R?=H, R®R®= O(CH,);0 (R)-C3-TUNEPHOS (118)

R'I...
(S)-BINAPINE (121)

R',R3= OPPh, R2 R4 RS=H, CTH-(R)-Spiro-P (119)
R2R3= R%R* = (CH);C(PPh,), R'=H, (R)-SDP (120)

(R,R)-BINAPHANE (122) R’

R'= CH,PPh,, X= 0, Y=CMe, (R,R)-DIOP (123)
R" = PPh,, X= CH,, Y= NBn catASium d(R) (124)

)
S
t-Bu/ Bu-t

) R,R,S,S)-TANGPHOS (127
catASium | (125) (R,R,S,S)-DUANPHOS (126) ¢ ) (27)

Figure 13.Chiral Phosphine Ligands Tested in the Asymmetsgidrdformylation of
Styrenes
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Indeed, some olefins, especially those possesamgibnal groups, might act
as co-solvents or ligands, thereby altering thenigl of the reaction media and the
coordination sphere of a chiral catalyst. Howewtie additive effect on the

enantioselectivity of hydroformylation has neveebesystematically investigatéf.

2.3.2. Results and Discussion

Accordingly, the primary focus of this work was (tb) develop an express
screening protocol for the asymmetric hydroformglatreaction that would permit
quick and efficient assessment of chiral ligandcaffy; and (2) to evaluate the
influence of various reaction parameters on the AiflBlefins using a single olefin
substrate. For our studies we selected asymnigtdimformylation of styrenel@8)
as a model process (Table 7). A ten parallel cgantray was used for screening and
the obtained data were analyzed using an auton@@®S and a chiral GC. All
reactions were stopped at 3 h, which significaattgelerated the screening process
and permitted direct comparison with literatureadaf>®® The initial screening
involved testing 48 different commercially availaldigands (Figure 13) known to
provide high enantioselectivities in the asymmeéitdrogenatioff of olefins (Table
7). The apparent difference between our result&ldh of styrene as a sole substrate
and Klosin’s data obtained in the analogous rumsezhout with a 1:1:1 mixture of

styrene, vinyl acetate, and allylcyanide (provideg@arentheses), is noteworthy.



Table 7.Selected Results of Ligand Screening
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PR Rrg:/cs;),(gng* Ph}\CHo + ppNCHO
(128) 80°C. 3 h (129) (130)

No. Ligand ee (%) X(B)® TOF (hY® A

1 83 90 (94) 0.96 (0.98) 759 (740) 656
2 (86) 61 0.94 187 109
3 87) 28 (-24) 0.78 (0.85) 473 (470) 106
4 88) 10 (-10) 0.74 (0.87) 220 (150) 17.7
5 92 40 (38) 0.95 (0.95) 606 (450) 231
6 (95) -42 0.68 251 75.7
7 (102 -33 (-44) 0.62 (0.94) 13 (100) 2.84
8 (104)° -30 (-83) 0.57 (0.92) 54 (150) 10.0
9 114 29 0.77 222 51.4
10 124 32 (-10) 0.87 (0.95) 139 (240) 39.9
11 (125 16 (-29) 0.74 (0.81) 505 (190) 61.3
12 (126) 79 0.93 378 280

 Reaction conditions: Rh(acac)(GQR.9 umol, stock solution, 0.05 M), ligand (5.8 @ijn octane
(internal standard, 2.60 mmol), styrene (8.73 mmBRhMe (4 mL), syn gas (1:1 CO;H150 psi
isobaric); 80 °C; 800 rpm stirring rat® Negative ee’s represent predominant formationhef (S)-
enantiomer? Literature values given in parentheses (refs 785" Used the opposite enantiomer to
that employed in the comparison literature expent®& Mol fraction of the branched products.
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Figure 14.A-values obtained in the ligand screening.

Thus, while the outstanding performance of Ph-BBB) (vas essentially
reproduced (entry 1), another ligand regarded agnp@ 'Pr-DUPHOS {04,
showed only moderate enantioselectivity in our expents®® Remarkably, in
several cases the opposite enantiomer of the bednaldehyde 29 was obtained in
our studies (entries 3,4,10,11), compared to tepbnted by Klosin in his multi-
substrate screening protocof>®® while using the same enantiomers of the chiral
ligands. Conversely, products with the same absdatereochemistry were obtained
in some cases using chiral ligands of the oppasitd¢igurations to those reported in
the literaturé®®>® (entries 7,8). The significant discrepancy betweear data and
the previously reported results strongly suggesbliement of one of the co-

substrates, vinyl acetate or allylcyanide, in ttereodifferentiation step of AHF of
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styrene in the latter case. This finding promptedaiinvestigate the solvent effect on
the selectivity of AHF. Since three parameterseh&w be taken into account
simultaneously (enantioselectivity, mole fractioh lwanched product, X&), and
TOF, see Figure 14 for equation), a single param&teefined as the product of
these three values was introduced, which servedli@sion for assessing the overall
ligand efficiency (Figure 14). Four chiral ligantieve been selected for solvent
screening as leads8692,95126).%° Three other ligands101104124), which
provided significantly different enantioselectiesiin our hands (Table 7) compared
to the data obtained in the multisubstrate AR *°were also included in the test.
The selected series was screened against 14 diffeodvents (Figure 15). It was
found that the solvent nature had indeed a profoeifigct on the reactivity and
selectivity of the AHF. Interestingly, several ligis demonstrated improved
performance in hexand @4,124126). However, due to limited solubility of some
rhodium diphosphine complexes, the effective cotreéion of catalyst in this solvent
was affected by other factors, such as reactiopéeature and conversion, which led
to irreproducible results.

More remarkably, EtOAc appeared to be a superilvest for many ligands
tested, providing comparable or higher values othAn those obtained in toluene
(Figure 15). Thus, significant improvement of the reactedficiency was observed
for Taniaphos 5), (RR)-'Pr-DUPHOS (04, and catASium® d(R) 124 upon
switching from toluene to EtOAc (A = 139, 253, 1v4 76, 10, 40, respectively,

Figure 15). Notably, the enantioselectivity andB¥(obtained forl04 in EtOAc
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(ee = 85 %, XB) = 0.90) were very close to the corresponding eslteported by
Klosin’?®>%in the AHF of styrene performed in toluene witke thefin mixture (ee =
83 %, XB) = 0.92), which may suggest EtOAc and vinyl aeetdeed have a

similar solvation effect on this hydroformylatioatalyst.

A (1/h)
(300
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200
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Figure 15. A-values obtained in the solvent screening.

The results of solvent screening demonstrated #hatingle ligand, RRSS-
Duanphos 126), outperforms all others in both enantioselegfiahd regioselectivity

in a range of different solvents although, the T&fined for this ligand under the
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conditions tested remained moderate. This disgoeEl26 as a good candidate for
the AHF of styrenes is not completely surprisingesiit is a structural derivative of
(RRSS-TANGPHOS (27) a ligand which has been demonstrated to be \&iyea
the AHF of olefins’* The discrepancies between the numbers that wesgned in
this study forl27 versus what has been published can be attribataddifference in
the ligand to Rh ratio under our screening condgio It has been demonstrated that
for small, electron rich diphosphines, an increiasthe ligand to Rh ratio can have a
detrimental effect on the selectivity of the catiaiglly active specie®

With the best ligand-solvent combinations in hawe, investigated whether
the efficiency of the AHF catalyzed by RI26 complex could be further improved by
adjusting the reaction temperature (Tablé?85creening of this catalyst system in
toluene and EtOAEin the range from 50 to 110 °C revealed a sintibanperature
profile for both solvents (Table 8). Thus, a siigaint improvement in branched-to-
linear ratios, but dramatically decreased reaatades were observed in AHF in these
solvents at low temperatures. In contrast, the @rselectivities remained essentially
unchanged within a wide temperature range and idedged only slightly above
95 °C (Table 8). At the same time, the reactioregateached practical values at
temperatures above 80 ®€and nearly complete conversions were observed itte
at 110 °C in both solvents (entries 5,10). Althoube reactions in EtOAc were
somewhat more sluggish than in toluene, the coorefipg ee’s and branched-to-

linear ratios were higher in the former solventl{[Ez8).
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Table 8.Results of Temperature Screening
Rh(acac)(CO),/L* CHO
@ H,/CO, PhMe CHO + ©/V
R 80°C, 3h

R R
(131) (132) (133)

(RR,SS-Duanphos126) in EtOAc

No. T,°C

%ee x(B) Conv.,% TOFHh A ht
1 50 87 0954 1.3 13 10.8
2 65 86 0943 7.2 72 58.4
3 80 82 0930 26.3 263 201
4 95 82 0904 583 583 432
5 110 68 0.818 96.8 968 538

(RR,SS-Duanphos 126) in toluene

6 50 78 0935 2.0 20 14.6
7 65 80 0.940 8.9 89 66.9
8 80 79 0.930 37.8 378 278
9 95 71 0.888 78.7 787 496
10 110 62 0.815 99.2 992 501

& Reaction conditions: Rh(acac)(GQR.9 umol, stock solution, 0.05 M), ligand (5.8 gijn octane
(internal standard, 2.60 mmol), styrene (8.73 mmsdjvent (4 M), syn gas (1:1 CO:H2, 150 psi,
constant supply), 800 rpm stirring rate, 3 hrs.
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Once the high-throughput screening routine desdriabove was developed, we
decided to investigate the effects of substituamtthe aromatic ring system on the
reaction performance and selectivity. A uniquetdsa of our high throughput
screening method is the ability to screen multipdands side by side in the same
process and obtain all the results simultaneouslyhis cuts down on any
inconsistencies which can potentially arise fromning ligands in different batches
at different points in time. It also allows for olufaster generation and comparison
of data as all of the reactions are completedeasime time and are quickly ready for
analysis. For the investigation of substrate scojgescreened a variety of substituted
styrenes. We were looking to directly compare dhgvity of two ligands: Ph-BPE
(83), the benchmark ligand for this study, and DUANPH@26), the closest
competitor as determined from earlier optimizastudies. The optimized conditions
for (83), reported by Klosin, and the conditions foundhitthis study for 126) were
used. The results are summarized in Table 9. a$ wWetermined in reactions
catalyzed by BPE-complexes, substituents in dh#o-position of the ring yield
higher ee’s than the same substituents placedhat ¢dcations on the ring. This
could possibly arise from an increase in steriergnttions between the aryl rings of
the ligand and the substituent, thereby increaiagenantioselectivity of the reaction
(Table 9 entries 2,4,7,12). Strongly electron dittwing groups such as NO
(entry 11) drastically decrease the vyield of thactin while still maintaining a
reasonably high ee’s. This most likely resultsnfrthe inability of the metal to

efficiently insert into the electron deficient alefat the beginning of the catalytic
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cycle, dramatically decreasing the rate and sulesgqronversion of the reaction. It
was also found thatlR6) gave very similar yields regardless of the substit on the
aryl ring, but in all cases the B:L of the produas not as high as that obtained for
Ph-BPE. The ee’s of the reactions were also vamjlas with some notable
exceptions. When the substituent was 4-Cl or 4-OU26) gave slightly higher ee’s
than Ph-BPE (Table 9 entries 5,8) and when thetisudst was 4-F, {26) gave a
racemic mixture. When substituents on the aryf rmere methyl ortert-butyl
(entries 9,12), there was very little difference ither the activity or
enantioselectivity of the catalysts. However, pigdluorine in either thertho- or
para- position resulted in higher yields and signifitgnhigher ee’s from &3)
(entries 2,3). That was reversed when the substisuwere either a chlorine or
methoxy group in the para position (entries 5,8he reason for this phenomenon is
not clearly understood, and further investigatians ongoing in our laboratories. It
was generally determined tha&3] is the ligand of choice for a wide variety of
substrates, but it was discovered that throughfawaoptimization of the reaction
conditions, it is possible to further enhance takedivity of ligands that may have

been previously overlooked in the AHF of olefins.
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Table 9. R,R)-Ph-BPE vs. R,R,S,S)-DUANPhos Substituted Styrenes Results

No. R NMR Yield (%) B:L %ee Yield (%)%
1 H >99 (28) 22:1 (12:1) 90 (79) 64% (N/D)
2 2-F 99 (46) 15:1(1:1)  >99 (N/D) 84 (N/D)
3 4-F 93 (>99) 16:1 (4:1) 74 (0) 85 (87)
4 2-Cl >99 156:1 89 96
5 4-Cl 99 (99) 6:1 (5:1) 38 (81) 99 (99)
6 3-OMe >99 20:1 N/DP 99
7 2-OMe >99 (>99) 8:1(0.66:1) 80 (N/D) 96 (N/D)
8 4-OMe >99 (>99) 10:1 (3:1) 68 (88) 96 (94)
9 4-'Bu >99 (99) 4:1 (2:1) >99 (94) >99 (91)
10 4-CFs >99 8:1 20 90
11 4-NO 28 7:1 97 <12
12 2-CHs >99 (99) 17:1 (1:1) 81 (83) 93 (92)
13 3-CHs; >99 44:1 N/D" 90
14 4-CHj >99 (99) 36:1 (1:1) 81 (N/D) 95 (N/D)
15 4-'Bu >99 7:1 60 97

6-MeO-2-

16 >99 8:1 N/D" 99

Naph

2 This isolation has not been optimizetUnable to separate enantiomers via chiral G€olated
Yield. “ Data shown in parenthesis represent DUANPHOS catdlyeactions.
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2.3.2. Conclusions

In conclusion, application of the high throughpwchnique to ligand
screening and optimization of the reaction condgiof the Rh-catalyzed asymmetric
hydroformylation of styrene was demonstrated. &i@mparison of the obtained
data with the previously reported results of msitbstrate AHF screening reveals a
number of discrepancies putatively arising fromeifdérence of functionalized co-
substrates with some of the chiral catalyst systékittough not comprehensive by
any means, the described screening protocol all@xpdess analysis of a large series
of chiral ligands, which led to the discovery ofnavel efficient catalyst system,
[Rh(CO)acac]-Duanphos, for the asymmetric hydroformylatioh styrene, and

highlighted the dramatic effect of reaction coratis on the efficiency of the AHF.

2.4. Experimental

High Throughput Optimization of the Rhodium-Catalyzed Asymmetric
Hydroformylation of Styrenes

2.4.1. General Information

See Chapter 1.4.1. for instrumentation details.

Anhydrous hexane, dichloromethane, toluene, diegther, tetrahydrofuran,

and acetonitrile were obtained by passing degas$etdC-grade commercially
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available solvents consecutively through two colamwith activated alumina
(Innovative Technology). Anhydrous benzene, cHlermene, and carbon
tetrachloride were obtained by distillation of A@Q&de commercially available
materials over calcium hydride in a nitrogen atnin@sp. Anhydrous chloroform and
EtOAc were obtained by drying ACS-grade commergiaVailable solvents over
activated 4A molecular sieves. All manually driedvents were degassed using a N
spurge. Anhydrous dimethylformamide, dimethylacetiml,2-dichloroethane, and
dimethylsulfoxide were purchased form Sigma-AldrmhAcros Organics and used
as received. The Rh(C&acac) complex and chiral ligands were obtaineanfro
Strem Chemicals and Solvias. Styrene was purcHasedSigma-Aldrich.

All materials were handled in nitrogen-filled gihox (< 8 ppm residual

oxygen and moisture).

2.4.2. Special Equipment

Ten reactions were run concurrently in a BarnS®R8d0 ten cell control unit.
This unit allows for individual programming and ¢em of heating and stirring
regimens in all reaction vessels. The pressureelesised were custom-made by
Parr Instrument and were obtained from BarnSteBedch pressure vessel is made
from stainless steel, has a total reactor volum&0OomL (8mL if using the optional
glass liners), and is rated to a maximum pressLBO@0 psi at 150C. The pressure

in the vessel can be monitored by an analog pressawge which is mounted to the
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top of each pressure vessel. The ten vessels ataehed to a high-pressure
manifold which facilitates the delivery of the sgas into the system by means of a
quick disconnect valve stem. The constructionhid tnanifold including technical

drawings is detailed in the following section.

Figure 16.Barnstead RS10 Reactor

2.4.3. Synthesis Gas Manifold Construction

All of the parts used in the construction of thiamifold are made from
stainless steel and are obtainable from SwagelfKie following CAD drawing

shows the various pieces needed for constructigar&il?7):
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Figure 17. Synthesis Gas Delivery Manifold

Part numbers for the labeled pieces are providédld and the numbers of pieces

needed for construction have been place in parsisthe

(A) SS-QC4-B-4PM Quick connect body 0.2 CV, 1/4" male NPT (10);

(B) SS-TH4PF4PF4 PTFE-Lined stainless braided hose 1/4" female Rfimgs
3/16" hose, 24" long (10);

(C) SS-4-mt Male tee, 1/4" NPT (5);

(D) SS-400-7-41/4" female NPT, 1/4" tube OD Swagelok tuberiigtiadapter (1);

(E) SS-4-sttee 1/4" female NPT, 1/4" male NPT, 1/4" femaRRTN(4).
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This manifold is designed to attach to a standdr@®t soft copper tubing. It
should be noted that using this manifold does Howafor individual control of the
syn gas pressure in each pressure vessel sinowehall pressure of the system is set

using a pressure regulator attached to the sytagés

2.4.4. General Procedure for Ligand Screening

For the ligand screening procedure all of the waetssels were loaded in a
glovebox under a Natmosphere. The optional glass liners were usetach of the
pressure vessels and were found to double nicelyesghing vials. To each of the
glass liners was added 5.82 pmol of ligand and granl of the Rh source (58 of
a 0.05 molar Rh(acac)(C©Ojtock solution in toluen&followed by 3.5 mL of dry
toluene and 423L (2.60 mmol) of octane as an internal standargire®e (1 mL,
8.73 mmol) was then added to give a total vesskelnve of ~ 4.5 mL and a substrate
to catalyst ratio of 3000:1. The vessels were reddrom the glove box and placed
in the RS10 unit. The reactions were stirred & &0On and heated to 80 °C for three
hours. A constant supply of syn gas (12GD) was provided through the manifold
at a pressure of 150 psi. After three hours theperature was crashed to 45 and
the vessels were vented and opened (after this albithe operations were performed
in air). Aliquots (5uL) were taken from the crude reaction mixtures disgolved in

dichloromethane (1 mL) for GC/MS and chiral GC gg8l.
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2.4.5. Analytical Procedure

Yields of hydroformylation and branched-to-lineatios were determined by
guantitative high throughput GC/MS analysis. Teenperature of the oven was
started at 50 °C held for two minutes then rampedQ0 °C at a rate of 20 °C/min.
The flow rate through the column was 0.68 mL/mithva constant linear velocity of
29.9 cm/sec. Total flow rate for the system was8 Ibl/min with a 20:1 split ratio.
The following parameters were set: injector tempeea 275°C, MS interface
temperature 278C, and ion source temperature 225 To accelerate the analytical
sequence, the length of each run was limited torSisutes. To remove heavy
materials from the analytical column, after eve@yrins a conditioning program was
performed (20 minutes heating to 320D, MS acquisition turned off). Quantitative
measurements were performed based on 7-point Tilratgon curvevs n-octane as
internal standard (Figure 18). TIC integration wasformed in automatic mode
(max number of peaks: 12; peak width: 2 sec; maghtie 0) using the batch
processing option, integrated in Shimadzu’s GCM%utBm suite® Components
were identified using NISTO5 Mass-Spec Librafand independently by comparison
with GC/MS data of authentic samples, purchasenh fRigma-Aldrich. A typical
chromatogram shows the retention times, integraparameters and NIST library
search results for the major components in crudeacti@ mixture.
Enantioselectivities were assessed by quantitaB@on a J&W CyclosilB chiral

column. Baseline separation was achieved using ¥ 7sothermic program. The
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flow rate through the column was 1.19 ml/min witkanstant linear velocity of 30.0
cm/sec. Total flow rate for the system was 27.9mh with a 20:1 split ratio. To
save time, the method of overlapping GC runs wagleyed. The interval between
automatic injections was set for 40 min, i.e. eaetv analysis was beginning shortly
after both enantiomers of the branched producteweming out of the column.
Under these conditions, the elution of linear isomas observed at the beginning of

the next run. A typical chromatogram is depictedrigure 20.

Styrene (green) -
Calibration Curve slope 1.932,

18 R?=0.9855

. / Ethylbenzene
147 ¢ ~ (purple) —

. // slope 1.979
08 /'/ R*=0.9893

0.6 s Linear product (red
0.4 -
0.2 §

slope 2.320

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 RZ =0.9961

ratio

measured ratio

Branched product

(blue) —
slope 2.014

R?=0.9856

Figure 18. GC/MS calibration data for Styrene (starting mati¢riEthylbenzene
(reduction product), Phenylpropanal (linear projluct and
a-Methylphenylacetaldehyde (branched produsit)-Octane.
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ITic 3 ~
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] £
5.0 %
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2.0; g i § g
0-0§ 7 ﬁjg“ 7 7 JL
4‘.0 ‘4‘.5”H5ﬂ0“”5ﬂ5””6ﬂ0”"6‘.5”“7‘.0“”7‘.5””8‘.0“”
Peak R. l. F.
Area %Area Compound
# Time Time Time
1 4.081 4.048 4.12 270172 15.31 Octane
2 4957 494 4978 2238 0.13 Ethylbenzene
3 5.368 5.33 5.413 1103733 62.53 Styrene
Benzeneacetaldehyde,
4 7577 7547 7.613 285488 16.18
a-methyl-
5 8.135 8.107 8.168 103286 5.85 Benzenepropanal

Figure 19. Typical TIC trace, integration and NIST library sdareport obtained in
high throughput GC/MS analysis of crude reactiorxtores in the asymmetric
hydroformylation reaction.
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Figure 20. A typical chiral chromatogram with integration shog the % ee of the
branched aldehydes and the linear aldehyde frorpréngous run
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Ligand eet? x(B) TOF, ht A, h?t
(R)-BINAP (80)%° -3(28)  0.444(0.911)  66(80) 0.88(20.4)
(R)-Tol-BINAP (81) 1 0.444 89 0.40
(R)-Xylyl-BINAP (82) 3 0.583 389 6.80
(RR)-Ph-BPE 83)%* 90(94) 0.959(0.978) 761(740)  657(680)
(RR)-Me-BPE g84)°%® 2(-43) 0.524(0.933) 66(80)  0.69(32.1)
(RR)-Et-BPE 85)° 14(52)  0.756(0.919) 290(100)  30.7(50.5)
catASium m(R) 86) 61 0.939 190 109
SL-M001-1 87)% 20(-24) 0.778(0.848) 486(470)  106(95.7)
SL-M004-1 88)%° 10(-10) 0.737(0.868) 240(150) 17.7(13.0)
SL-J001-1 89)°° -2(39)  0.583(0.922) 157(140) 1.83(50.3)
SL-J002-1 90)°° -4(43)  0.474(0.844)  23(50)  0.44(18.1)
SL-J003-1 91)%° 0(-47)  0.000(0.844) 1(30) 0(11.9)
SL-J005-1 §2)%° 40(38) 0.949(0.952) 609(450)  231(162)
SL-W001-1 p3)%° 27(44) 0.565(0.706) 743(980)  113(304)
SL-W002-1 04) -3 0.677 550 11.2
SL-T001-1 05) -42 0.677 266 75.7
SL-T002-1 96) 3 0.762 294 6.72
(9-Phanephosd(7) -14 0.744 325 33.8
CTH-(S)-Xylylphanephos98) -8 0.600 116 5.57



Table 10 Continued
CTH-(R)-P-Phos 9)
CTH-(R)-Xylyl-P-Phos (00>
(SS)-Me-DUPHOS
(107)%3FR)
(S9-Et-DUPHOS (02°3&R-a
Rhophos SL-P001-2103
(RR)-(iPr)-
DUPHOS (04)%3&92
(RR)-NORPHOS (05
(R)- catASium T2 106
(SS)-CHIRAPHOS (07)°"%
CARBOPHOS 109
(R)-(iPr)-PHOX (L09)
CTH-(R)-BINAM (110°°
(R)-SYNPHOS 11)
(R-SOLPHOS {12
(R)-Xylyl-SOLPHOS (113
(R-DIFLUOROPHOS (14
SL-A101-1 @15
SL-A109-1 (16)

(R)-CI-MeO-BIPHEP 117

7

17(-8)

-33(-44)

-5(-52)

0

-30(-83)

6(-17)
18(-26)

-12(2)

2(-6)
1
-5(2)
20
4
18
29
21
0

14

0.500

0.600(0.898)

0.615(0.940)

0.615(0.932)

0

0.565(0.919)

0.750(0.940)
0.875(0.897)
0.722(0.941)
0.629(0.859)
0.920
0.667(0.677)
0.919
0.807
0.892
0.767
0.882
0.697

0.923

51

81(270)

14(100)

126(140)

15

59(150)

179(230)
309(120)
352(50)
583(610)
153
171(120)
86
120
48
231
68
527

242

93

1.79

8.26(19.4)

2.84(41.4)

3.88(67.8)

0

10.0(114)

8.06(36.8)
48.7(28.0)
30.5(0.94)
7.34(31.4)
1.41
5.70(1.62)
15.8
3.88
7.71
51.4
12.6
0

31.3
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(R)-C5-TUNEPHOS (18  2(-19)  0.444(0.917)

CTH-(R)-SPIRO-P 119 7(-14)  0.583(0.667)

(R)-SDP (120 -2 0.545
(9-BINAPINE (121)%° 21(-94)  0.697(0.905)
(S-BINAPHANE (122 -16 0.600
(RR)-DIOP (1238 94 -8(13)  0.565(0.600)

catASium D(R) 124)%° 32(-10)  0.872(0.949)
catASium I(R) 125% 16(-29)  0.737(0.808)

(SSRR)-DUANPHOS (126) 79 0.956
(SSRR)-TANGPHOS

21(65)  0.600(0.937)
(127)86,b

70(80)
261(400)
123
363(120)
31
150(480)
143(240)
520(190)

383

42(100)

94

0.622(13.9)
10.7(37.6)
1.34
53.1(102)
2.98
6.78(37.4)
39.9(22.8)
61.3(44.5)

280

5.29(60.9)

3 Absolute configuration of the corresponding ligamployed in the multi-substrate screeniig-he
ratio of ligand to Rh described in this referercé .2:1 which differs from the 2:1 loading that was
used in this study as dictated by the optimum d@ms for the benchmark ligand 4. This could
account for the significant difference in efficamy compared to the literature dafdlegative ee’s
represent predominant formation of ti8-énantiomer® Data shown in parenthesis represent

DUANPHOS catalyzed reactions.
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2.4.6. General Procedure for Solvent Screening

All reactor vessels were loaded in the glove bodenran inert atmosphere.
The stock solution of Rh(acac)(CAQp.05 M) was prepared in the solvent to be used
in the screening run. The remaining parameters wibkee same as previously
described in the general reaction conditions oedlimbove with the exception of
substituting the solvent to be screened in theeplaic PhMe used in the general

procedure.



2.4.7. Results of the Solvent Screening Procedure

Table 11. Results of Solvent Screening
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SL-T001-1 (95)

SL-J005-1 (92)

No. Solvent AN

%ee X(B) TOF, h* %ee X(B) TOF, h' A, ht
1 THF -53 0.833 22 971 -2 0947 12 0.227
2 DCM -77 0.949 43 314 32 0.972 205 63.8
3 EO 0 0565 21 0 0 0792 8 0
4 Hex -57 0.961 28 15.3 44 0.982 154 66.5
5 DMA -21 0.836 31 544 5 0969 139 6.73
6 DMF -65 0.875 57 324 21 0.954 159 31.9
7 MeCN 0 0.500 56 0 5 0971 35 1.70
8 DMSO -63 0.767 37 17.9 22 0.973 194 41.5
9 PhCl -68 0.767 30 157 2 0.444 37 0.33
10 CCh O 0 0 0 0 0 0 0
11  PhH  -73 0.808 139 820 -3 0.655 442 8.69
12 DCE -70 0.821 18 104 O 0 0 0
13 EtOAc -76 0.815 225 139 38 0.912 437 151
14 CHCk -78 0.756 83 489 0 0 0 0
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catASium m(R) (86)

catASium d(R) (124)

No. Solvent

%ee X(B) TOF,h?' A h' %ee X(B) TOF, h' A h'
15 THF 3 0500 22 033 20 0.744 76 11.3
16 DCM 0 0474 102 0 35 0.946 114 37.8
17 EO 0 0474 10 0 36 0.714 22 5.66
18 Hex 0 0500 68 0 44 0944 431 179
19 DMA -2 0706 16 023 1 0954 151 1.44
20 DMF 6 0821 67 330 1 0957 205 1.96
21 MeCN 19 0.697 15 199 4 0976 80 3.12
22 DMSO 62 0.950 102 601 1 0968 84 0.81
23 PhCl 3 0474 23 0.33 17 0.565 43 4.13
24 CChb O 0 0 0 0 0 0 0
25 PhH 4 0474 31 059 29 0.744 147 31.7
26 DCE -3 0444 22 029 36 0 9 0
27 EtOAc 1 0583 166 0.97 42 0.938 435 171
28 CHCk 0 0.583 7 0 49 0.951 14 6.52
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(R)-Difluorophos (114)

6,S,R,R)-DUANPHOS (126)

No. Solvent %e

X(B) TOF,h* A h' %ee XB) TOF h' A h?

e

29 THF 3 0.474 54 077 7 0583 86 3.51
30 DCM 34 0.895 205 624 79 0.926 208 152
31 EtO 0 0.444 7 0 0 0.500 13 0
32 Hex 18 0.744 299 40.0 80 0.917 392 287
33 DMA 7 0.643 26 117 7 0.930 123 8.00
34 DMF 16 0.851 82 11.2 2 0.944 83 1.57
35 MeCN 24 0.878 46 969 34 0.818 109 30.3
36 DMSO 29 0.926 164 440 0  0.969 31 0
37 PhCl 6 0.444 79 211 28 0.524 60 8.80
38 CChL O 0 0 0 0 0 0 0
39 PhH 35 0.877 183 56.1 38 0.600 127 29.0
40 DCE 18 0.545 69 6.77 83 0.929 30 23.1
41 EtOAc 4 0.677 404 11.0 82 0.925 256 194
42 CHCk 39 0.907 10.4 368 0 0 1 0
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(R,R)-iPr-DUPHOS (104)

6,5)-Me-DUPHOS (101)

No. Solvent

%ee X(B) TOF,h' A h' %ee X(B) TOF h' A h'
43 THF -33 0.545 38 6.84 -40 0.706 86 16.1
44 DCM -67 0.921 144 888 0 0 208 0
45  EO 0 0.583 9 0 -40 0.583 13 5.37
46  Hex -81 0.915 273 202 -9 0.941 392 13.0
47 DMA -24 0.859 34 701 9 0 123 0
48 DMF -13 0.933 76 922 1 0 83 0
49 MeCN -52 0.970 18 908 0 0 109 0
50 DMSO -25 0.991 222 55.0 0 0 31 0
51 PhCl -29 0.565 43 705 0 0 60 0
52 CChL O 0 0 000 O 0 0 0
53 PhH -67 0.825 66 365 -70 0.961 127 31.6
54 DCE -8 0 6 0 0 0 30 0
55 EtOAc -85 0.901 331 253  -13 0.939 256 24.3
56 CHCE O 0 0 0 0 0 1 0
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2.4.8. Typical Procedure for Temperature Screening

All reactor vessels were loaded in a glove box umadeinert atmosphere. The
stock solution of Rh(acac)(C®)0.05 M) was prepared in EtOAc. Five reactor
vessels were loaded with the same amount of mbh&sialescribed in the general
procedure section, employinB,R,SS)-Duanphos 126) as a ligand. They were then
run at 15 °C increments in a range from 50 °C t6 1€ for 3 hours at a stirring
speed of 800 rpm. After 3 hours the reactions weoeked up and analyzed

according to the general procedure method.

2.4.9. Typical Preparative Procedure

F 134’ In a glove box under an atmosphere efa\stock solution of
CHO
0.05 M Rh(acac)C®was prepared (12.9 mg of Rh(acac}d® 1

mL of dry PhMe) and was allowed to stir at room penature overnight. In a glove
box under N to one of the 8 mL glass inserts for the Parmgtas steel reactors was
added 5.67 mg (11.Aamol) of (RR)Ph-BPE followed by 58iL of the 0.05M Rh
stock solution (5.5umol). Upon mixing the evolution of CO gas was oled.
This was diluted with 3.5 mL of dry PhMe, and 1 iL025 g, 8.39 mmol) ob-
fluorostyrene was added and the vessel was platedhe reactor and sealed. The

reactor was placed into the Barnstead RS10 stirangg and hooked to the gas
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manifold. It was charged with 150 psi of syn gag/@® 1:1) and stirred at 800 rpm
at 80 °C for 18 hrs. Then, the reactor was cod®an to room temperature, vented
under a fumehood, and the reaction mixture was @osedl under vacuum. The
compound was purified by vacuum distillation in agelrohr apparatus at an oven
temperature of 80 °C and 0.6 torr. Obtained aslarless oil 1.07 g (7.00 mmol, 84

%, 15:1 B:L).

cHo 135% This compound was obtained according to the &lpic
F procedure. It was purified by vacuum distillationa Kugelréhr
apparatus at 83 °C and 0.6 torr. It was obtairsed éear oil. 1.08 g (7.12 mmol, 85

%, 20:1 B:L)

OMe
cHo 136 The product was obtained according to the tygacatedure. It

was purified by vacuum distillation in a Kugelrépparatus with an
oven temp of 100 °C and pressure of 0.6 torr. d$ wbtained as a clear oil. 1.17 g

(7.13 mmol, 96 %, 8:1 B:L).
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CHO  137%°: The product was obtained according to the typical

procedure. It was purified by vacuum distillation a
Kugelréhr apparatus with an oven temp of 110 °C aresure of 0.6 torr. It was

obtained as a clear oil. 1.17 g (7.12 mmol, 921 B:L).

/©/LCHO 138'%°: The product was obtained according to the typical

procedure. It was purified by vacuum distillation a
Kugelrohr apparatus with an oven temp of 115 °C pressure of 0.6 torr. It was

obtained as a clear oil. 1.17 g (7.12 mmol, 96961 B:L).

/@)\ 139'%': The product was obtained according to the typical
CHO
By procedure. It was purified by vacuum distillatian a

Kugelréhr apparatus with an oven temp of 130 °C arebsure of 0.6 torr. It was

obtained as a clear oil. 1.11 g (5.83 mmol, > 9% B:L).

/@/LCHO 140'°% The product was obtained according to the typical
Cl procedure. It was purified by vacuum distillatiora Kugelrohr

apparatus with an oven temp of 142 °C and pressfudes torr. It was obtained as a

clear oil. 1.24 g (7.36 mmol, 99 %, 14:1 B:L)
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/©)\CHO 141°% The product was obtained according to the typical

procedure. It was purified by vacuum distillation a
Kugelrohr apparatus with an oven temp of 132 °C presure of 0.6 torr. It was

obtained as a clear oil. 1.23 g (6.07 mmol, 9B8%,B:L)

't 142'°% The product was obtained according to the typicatedure.
CHO
It was purified by vacuum distillation in a Kugebapparatus with
an oven temp of 138 °C and pressure of 0.6 tanwat obtained as a clear oil. 1.27 g

(7.51 mmol, 96 %, single)

143'%: The product was obtained according to the typical
CHO
o procedure. It was purified by vacuum distillation a
2
Kugelréhr apparatus with an oven temp of 163 °C arebsure of 0.2 torr. It was

obtained as a yellow oil. 0.16 g (0.893 mmol, <427:1 B:L)

144°* The product was obtained according to the typicatedure.
CHO
It was purified by vacuum distillation in a Kugembapparatus with
an oven temp of 124 °C and pressure of 0.6 tanwas obtained as a clear oil. 1.07 g

(7.23 mmol, 93 %, 8:1 B:L)
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cHoO 145'%: The product was obtained according to the typical
procedure. It was purified by vacuum distillationa Kugelréhr
apparatus with an oven temp of 126 °C and pressudes torr. It was obtained as a

clear oil. 1.00 g (6.78 mmol, 90 %, 44:1 B:L)

/©)\ 146'°% The product was obtained according to the typical
CHO

procedure. It was purified by vacuum distillationa kugelrohr
apparatus with an oven temp of 128 °C and pressfudes torr. It was obtained as a

clear oil. 1.07 g (7.19 mmol, 95 %, 36:1 B:L)

wmo 147"%: The product was obtained according to the typical
procedure. In order to push the reaction of cotigidt was

necessary to allow the reaction to run for 48 hi&08 rpm of stirring, 80 °C, and 150

psi of 1:1 H\CO. It was purified by vacuum distillation in au$elréhr apparatus

with an oven temp of 158 °C and pressure of 0.6 ttirwas obtained as a clear oil.

1.01 g (5.31 mmol, 97 %, 7:1 B:L)

148" The product was obtained according to the typical
OO CHO procedure. It was purified by vacuum distillation a
MeO Kugelrohr apparatus with an oven temp of 168 °C and
pressure of 0.2 torr. It was obtained as an oftevolid. 1.15 g (5.37 mmol, 99 %,

8:1 B:L)
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CHO 149'°": The product was obtained according to the typical

procedure. It was purified by vacuum distillatian a
Kugelrohr apparatus with an oven temp of 162 °C pressure of 0.2 torr. It was

obtained as an off white solid. 1.20 g (6.42 mrAéko, 8:1 B:L)
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Chapter 3. Hydroformylation of Cyclopropenes

3.1. Synthesis of Cyclopropenes

Cyclopropenes are known to be useful in a variéfyrocesses and are found
in different compounds and precursors used in tm@rpaceutical and agriculture
industries. They are finding increased utility og/ito a number of unique properties
which they posses. Cyclopropenes are highly stcagmall cycles which possess ~
60 kcal/mol of energy in the C=@bond!®® This strain energy makes the olefin
much more reactive than analogous non-strainechake It also makes potentially
reversible reactions unfavorable in the reversection since the energy of activation
needed for the reaction to proceed in reverse gh.hi The nature of the three
membered cycle makes the species completely rigpeviag it to maintain a high
degree of stereochemical information, yet duedaihall size, it does not drastically
add to the molecular weight or complexity of thelecale.

A number of methods exist for the synthesis of aymbpenes®® One of the
more useful of these approaches is the rhodiumlyzath [2+1] cycloaddition
(Chapter 3.1.1.) of a diazo compound to an alk{fh@, Scheme 23). Other methods
which have been used include: cycloisomerizatiohwimyl carbenesB (Chapter
3.1.2)"* 1,2-elmination from dihalocyclopropanéd (Chapter 3.1.4.), silicon
migrationsD (Chapter 3.1.5'}% and derivatization of pre-formed cyclopropeies

(Chapter 3.1.7.).
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Scheme 23.

1,2-elimination
Y

isomerization X q
2 X o
) \l><SiR3 Si shifts

B C
D
R \ﬂ/ EWG
N, + A E R R Derivatization
: of pre-formed
R— [ A ] - cyclopropenes

[2+1] cycloaddition

3.1.1. [2+1] Cycloadditions

One of the more common methods for the formationyafopropenes is the
[2+1] cycloaddition of carbene equivalents to aisfi*®*® Most of the carbenoids
used in this reaction are metal carbene complegeseid primarily using either
rhodium or copper catalysts with an empty coordamasite and diazocompounds.
Coordination of the diazocompound with the emptg sf the metal and extrusion of
N, results in the formation of the metal carbene usethe transformations. For
cyclopropenation, Rh is the first metal of choicel dhe best catalysts found to affect
this transformation are those which are Rh dimeribg multiple identical ligands.
Doyle reported one of the first highly enantiostlex dirhodium catalysts for the
asymmetric cyclopropenation using diazoacetatesadiythes dirhodium(ll) tetrakis

[methyl 2-oxopyrrolidine-5%)-carboxylate], RA(5S-MEPY), 150 (Figure 21). This
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catalyst was found to promote the cyclopropenatibterminal alkynes in moderate
yields with the ee’s ranging from ~ 40 % to as hagho8 %1

Davies also has demonstrated a rhodium catalystglieghly effective at the
asymmetric cyclopropenation of alkynes with diazees™® His catalyst, dirhodium
tetrakis (§-N-(dodecylbenzenesulfonyl)prolinate) RDBOSP) 151 (Figure 21),
enables the transformation in yields as high a$6/4nd ee’s up to 92 %. This
catalyst has been utilized with a number of diffiéraryl-diazoesters and terminal
alkynes with great success.

Corey has shown the catalyst he developed, »(G¥c)(DPTI)
(diphenyltriflylimidazolindinone, DPTI) 152, catalyzes the asymmetric
cyclopropenation of a number of terminal acetyleénagasonable yield (> 60 %) and

high ee (> 92 %J°
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Figure 21.

Until recently, one of the major drawbacks assedatith the use of diazo-
compounds in cyclopropenations stemmed from th&iolerance top-hydrogens
(155, Scheme 2% It has been known for a while there is a sigaificamount of
elimination to yielda,B-unsaturated esters that takes place with thesstratds
resulting in a significantly decreased yield of lopropene compared to substrates
without B-hydrogens. Research from Fox and coworRemas recently addressed
this problem and found a workable solution. Theynd the rate of elimination
depends significantly on the steric environmenatzé around the metal center by the
ligands. The bulkier the ligands on the metal dre,less favorable tHgelimination
is. They screened a number of structurally divdigeands on Rh and found two

ligands which gave them modest vyield in the cycpenation of
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a-ethyldiazobutanoate with phenylacetylene. Throtigir studies, RitPiv); and
Rhy(CO,Me,Ph), werefound to give the best ratio of cyclopropenatiorelionination,
with the pivalate structure giving a slightly impea yield of the cyclopropene. Itis
also noteworthy that catalysts which are knownit@ @ high yield of cyclopropenes
and high enantioselectivity using diazoacetatefiout 3-hydrogens such as K&
DOSP) 151, Rh(SPTPA) 154 Rh(4SMEOX)s 153 and RB(5S-MEPY), 150
(Figure 21) gave absolutely no formation of thelegoopene product usinth5. The
pivalate catalyst was tested on a variety of diaye and acetylend$6 and was
able to produce cyclopropen&57 in moderate to good yields (43 — 75 %) while

limiting the amount of acrylate produt8formed?*®

Scheme 24.
CO,Et
Me/\ﬂ/ 2 ha(PlV)4 Me COzEt _
N, 155 T M Co,Et
DCM, 3 hrs, -78 °C Ph
. _
Ph—= 156 59 % 157 1% 158

Gevorgyan has recently reported the use of thed3ai®h(SDOSP) catalyst
to promote the insertion of triazold%9 (Scheme 25) into alkynes resulting in the
formation of cyclopropene360'’ This method is extremely efficient in producing
pryidyl containing cyclopropenes which are diffictd obtain by more conventional
methods™*® This method for their production is very geneaatl is tolerant of both

electron rich and poor triazoles and provides adlsyim yields often exceeding 80 %.
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Scheme 25.

Rh,(S-DOSP),

Rl— R!
160

X = Halogen
R = Aryl, EWG, EDG
R' = Aryl, EWG, EDG

3.1.2. Cycloisomerizations.

One of the key intermediates in the cyclizatiorician cyclopropenes is vinyl
carbenes (PatB, Scheme 23):*° The latter are readily generated through Graham'’s
procedure for the halogenation of alkyl- or aryldimés and isoureas (Scheme %8).
The resulting diazirines then give the vinyl cadeand release Nupon thermal
treatment. A limited number of these carbenes theen characterized in their singlet

state via spectroscopic methods including IR, NMiRJ UV/VIS.

Scheme 26.
NH NH R
R-CEN — — — <
R)J\OR RJ\NHZ
161 162 163 164

Vinylcarbenes in the singlet state are primarilysp@nsible for the

isomerization into cyclopropenes, and halogens Heaen demonstrated to exhibit a
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stabilizing effect on the singlet state of the emd'?’ As a result of this, the
carbenes that have been examined are primarilyingloarbenes?

Vinylcarbenes have also been observed resulting ftbe flash vacuum
pyrolysis of anhydridel65 (Scheme 27) in argon producing the vinylcarb&6é
which quickly isomerized into difluorocyclopropereoa67, CO,, and a negligible

amount of difluoroacetylen68'?®

Scheme 27.
o)
F -CO, F..
P L |— A
F F > Co F F
o) O 167
165 166 T~
F———F + CcoO
168

Cycloisomerizations resulting in the formation ofclopropenes are also
known to occur from allenyl structures (Scheme 28).Allenes upon exposure to
light can rearrange into vinyl carbenes which poédly undergo cycloisomerizations
to produce cyclopropenes. Homolytic cleavage efdhenyltebond 169 results in
the formation of a diradical intermediat&0,171which can then form the carbene in
two possible conformatiors72,173 The more thermodynamically favored foim2
resulted in the formation of the desired cycloprapewhile the disfavored carbene
173 resulted in the formation of the substituted desty (Scheme 28). The
reasoning for the observed ratio of product fororais the steric repulsion exhibited

between théBu group and the phenyl rings. When {Be group is farthest away
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from the phenyl substituentsanti-) 172, these steric factors are markedly decreased
compared to when tHBu group is close to the phenyl ringgr-) 173 (Scheme 28).
The difference in the energy associated with treesdormations as determined by
DFT calculations was found to be ~18 kcal/mol mgkihe syn- conformation

significantly less stabl&*

Scheme 28.
Ph Bu
Ph H
169
Ph Ph
H tBU 171
;‘; 170 571&\
Ph Ph
Ph>_\-.~fBu :( Ph
Bu
‘ 172 173
Ph
Ph Ph . Ph
X D j—
Bu PH
By
26% 6% 12%
174 175 176

Vinylcarbenes can be stabilized in a singlet forna formation of

organometallic vinylidene complexes. These comgdexisually formed with Ru or
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Mo metals, undergo rearrangements into cyclopraopenediated by a number of
different bases including tetrabutylammonium flderi tetrabutylammonium
hydroxide, DBU, and potassium hydroxide. The plales mechanism of this
transformation (Scheme 29) begins with deprotonat the B-position to the
vinylidene 177 the resulting aniori78 then can attack the electrophilic carbenoid

moiety to afford cyclopropenyl metal speciz*?

Scheme 29.

R EWG
M*]= Cj/ Base /A
R

M]
EWG 179
177 \
R /
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An example of isomerizations of methylenecycloprogmto cyclopropenes
was reported by Bubno?® He demonstrated the rearrangement of a methylene-
cyclopropylboranel80 into a cyclopropenel82 under solvolytic conditions in
methanol (Scheme 30). When the reaction was dawig in the presence of
deuterated methanol, incorporation of a deuteriabell in the methyl group of the

cyclopropene was observé&d.
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Scheme 30.
D{Y_CD; A\
CD;0D -/4/0 CH,D
- +
BBU2 BBu2 BU2BOCD3
180 181 182

Examples of cycloisomerization to produce cyclogmgs under photolytic
conditions are also known. By irradiating meth@apoxydiened 83 (Scheme 31) it
is possible to induce the formation of vinyl caregmwhich can then isomerize into
cyclopropenes. The first step is the photoinduoet@rolytic cleavage of the epoxide
resulting in ring expansion and the formation o€ thwitterionic speciesl84.
Cleavage of the seven-membered ring affords theenstable vinylcarbend85
which then undergoes the cycloisomerization to ftmmcyclopropen&86in a 44 %

yield *?’

Scheme 31.

183
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3.1.3. Elimination from dihalopropanes

Another method for the preparation of cyclopropeisesom the elimination
of dihalopropanes. By treating the dihalopropamnéth a base under the right
conditions, these substrates can be made to undiesgj@ cyclization to form the
halocyclopropane, followed by a subsequent dehydogienation to generate the
cyclopropene.

An example of this process has been discusseddstdv where he describes
the synthesis of the dihalopropah®8 starting from alkend.86 (Scheme 32). By
treating 188 with KNH, in liquid NH; he succeeded in isolating 3,3-
dimethoxypropend 89 in 40 — 65 % vyield which upon further treatmenthnacid

could yield cyclopropanon&90'?®

Scheme 32.
MeO OMe (@]
¢ NBs KNH, MeQ OMe 50, A
& CHsOH Br Cl NH3 (1)
187 188 189 190

3.1.4. 1,2-Elimination from halocyclopropanes

This is a well established method for the formawbrryclopropenes. One of
the more common ways of forming cyclopropenes,avidehydrohalogenation, was
developed using primarily bases, suchBagOK and KOH in DMSO, although other

leaving groups such as sulphones have also beeloyedp® Dehydrohalogenation
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works well for the synthesis of non-polar subssatontaining alkyl or aryl
substituents. Cyclopropenes with polar groupsh ascesters, amides, or groups not
stable in the presence of strong bases suffer étionished yields in this proce$¥
When the cyclopropyl precursor contains such pglaups as amide, it becomes
difficult to separate the resulting cyclopropenesnt the solvent which results in
significantly lower yields of the product than whatuld be obtained from other
methods.

1,2-elimination of dihalocyclopropanesl91 (Scheme 33) to Vyield
halocyclopropenes upon treatment with a potassilkox@e base using either
alcohols or DMSO as a solvent afforded essentradlyyclopropenyl product due to
the propensity of halocyclopropen&d2 under the reaction conditions, to undergo a
proton shift forcing the opening of the ring anduking in the formation oB-halo-

alkynes which can then undergo a second dehydrgéadtion to give enynd93**°

Scheme 33.
K*-OR
_ tBy——
By X ROH or DMSO Bu X
X 193
X = Br, Cl 192
191

While this process was widely believed to proce&dar halocyclopropenyl

intermediatel92 there was little success at hindering the subsggqearrangements
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and eliminations. Baird found that by treatit®l with MeLi the reaction was able to
be stopped atl92 with a 52 % yield™® He later adapted his method for
1,2-elimination to tri-halocyclopropené94 (Scheme 34) and found this method was
able to generate cycloproperfe36 from many different substrates. It is believed th
first step of the reaction is the lithium-halogerxclegange forming the
metallocyclopropan&95 which can then eliminate Xrom thep-position and yield

the cyclopropene.

Scheme 34.

5 MeLi X
R X
Et,O

X X

X = Br, Cl
R = alkyl \ 196
194

3.1.5. Silicon Shifts

Silicon shifts involve the migration of a silyl grp usually, in either a 1,2- or
1,3-fashion, and result in the formation of a cpctipene. An example of a 1,2-silyl
migration starts with a dibromocyclopropabh@7 (Scheme 35). When this species is
treated with methyl lithium, it undergoes a lithitboromine exchange followed by

a-elimination to form a cyclopropylident98 This carbene then undergoes a 1,2-
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silyl shift moving the silyl group to the carbon mh previously held the geminal
bromines to give silylcycloproperi®©9. This type of shift has been demonstrated on

variously substituted cyclopropanes with reasongialiels (48 — 94 %3*?

Scheme 35.
SiMe
Brz ;Br MeLi . 3
SiMe3 ATS“Vle:;
Me Me Me
197 198 199

3.1.6. Extrusion of N

Lai and coworkers demonstrated the photoinducedtrele transfer and
extrusion of N from 3H-pyrazoles resulting in the formation of cycloprops®**
The mechanism of this transformation is thoughbegin with light and an electron
deficient PRP" abstracting an electron from the CehNoond of pyrazol€00to give
radical cation201 This undergoes the loss of nitrogen to form tBsonance
stabilized radical catio02 which, through a single electron transfer process,
gain an electron to form the carbe2@ By closely monitoring the exposure of the
system to light, they were successfully able todpo® predominantly the
photoextrusion produc04 When the reaction was allowed to remain expdsed
light for longer periods of time they observed tbemation of dimer205, but they

observed very little formation of the solvent add2@6. The amount 0206 formed
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in the reaction can also be controlled by the eb@it nature of the substituents on
the C4 and C5 positions of pyrazd?®0 (Scheme 36). By placing withdrawing
substituents on both the C4 and C5 positions aepiacing an electron withdrawing

group at the C4 position with a phenyl ring, theoamt of206 formed was minimal.

Scheme 36.
Ph by
Me N\, Ph  TPP* Ph Ph
Me \.Ph Me A\Ph
N=N € abstraction 2 Me
203
200 202 e /
Me MeCN
Ph
hv
TPP* = PhyP* Ph / PH Ph

204 Me
Ph
Me N
N=

206

205

3.1.7. Derivatization of Pre-formed Cyclopropenes

Another method for the preparation of cycloproperstems from the
derivatization of cyclopropenes which have alrebdgn formed. This includes such
reactions as functional group transformations, diepration of the cyclopropene and
subsequent trapping with electrophiles, and ene-tgligomerization reactions

(Scheme 37).
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Scheme 37. Functionalization of Pre-formed Cyclompenes

R2 2
R Base, E* R? R H . R R
R3 R3
Deprotonation and E* trapping Ene reaction

A paper describing an example of oligomerizaticact®ns of cyclopropenes
while still maintaining the integrity of the C=C dlole bond in the cyclopropene
appeared in 2008 by Plemenkd¥. In it he describes the oligomerization of
3,3-disubstituted cyclopropenes bearing a CN grasipne of the substituer297
(Scheme 38). This tetramerization is the firstregke of Alder-ene chemistry to ever
be demonstrated on a 3,3-disubtituted cyclopropeAaother key feature of this
reaction is migration of the CN group from one oypebpenyl moiety to the other.
This reaction is believed to proceed via the doaldintermediate209. The upper
radical can abstract the CN group generating acahdin the carbon bearing the
methyl group. This radical can then combine witle bne on thgd carbon and

regenerate the cyclopropeté.
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Scheme 38.
CH, i ]
HsC, CN \'CN
207 HsC
208 209

There has been a renewed interest recently in liigyato functionalize
cyclopropenes through deprotonation of one or ldtthe acidicsp>H bonds and
then trap the resulting cyclopropenyl anion withieas electrophiles. This chemistry
has been around since the 1960’s when alkyl- ayldaspecies were being used to
deprotonate cyclopropenes and the resulting cysfmoryl lithium species were
subsequently trapped with electrophif€s. *** However, there are significant
challenges associated with using this process bstisuted cyclopropenes, especially
those containing carbonyl functionalities. Thes#bstrates, upon deprotonation,
readily ring open and give isomerized productsarathan the desired cyclopropenes.
Much of the knowledge of this process has comeutiitdhe contributions of Fox and
his group from the University of Delawaf& He has described the formation of a
dianion 216 (Scheme 39) resulting from the double deprotonatiof the
cyclopropenyl carboxylic acid both on the carboristte olefin and to form the
carboxylate. One of the problems inherent witls throcess is the ability of a
cyclopropenyl anion212 to rearrange into an alkyn2l4 much faster than it

undergoes electrophilic trappid.3 This appears to be the case when at least one of
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the substituents at the position 3 of the cycloprapis an estétll When the ester
is hydrolyzed to form the acid, the Columbic repaisbetween the carboxylate and
the cyclopropenyl anion is sufficient to keep tlmgrintact allowing electrophilic
trapping to occur resulting in very little isomexion to215 and shifting the major
product of the reaction to be the electrophilicaipped specie®l7. The yields in
this process are reasonably high (> 65 %) andarc#se of a chiral starting material,

the reaction proceeds with retention of configuraif the substrate>

Scheme 39.
R' CO,Et  LDA RUCOEt  pa~y R! CO,Et
—_— — >
: R?
R R Li R
211 212 s 213
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R— ©
214 R
CO,Li R! CO,Li 2y R! COH
R— © ¢ )
1
R R Li then H* R R
215 216 217

It has also been recently discovered that cyclogmgp carboxamide can
undergo the same kind of deprotenation/electraphitapping process as the
carboxylic acids with a negligible amount of ringeming (Scheme 40)* This is
believed to be due to reduced electron withdravzagability of the amides, which

destabilizes the buildup of negative chafgtn the amide making the isomerization



124

to 218 more energetically disfavored allowing for theo#lephilic trapping to occur

(220.

Scheme 40.
R!' CONR R!' CONR
_ CONR, 2 Ny 2
R— 9 ,
1
R R Li R R
218 219 220

Gevorgyan showed in 2005 (Scheme 41) that by takmgubstituted
cyclopropenes, with at least one of the substigiémtthe 3 position being an ester
221, in the presence of a palladium catalyst and ghhalide; a coupling process
analogous to Heck coupling occurs between the CtHeblefin in the cyclopropene
and the aryl halide in reasonable yief#? Starting with a chiral cyclopropene, it
was demonstrated the coupling proceeded unevendatl with full retention of the

stereochemistry. This reaction proceeds under caidlitions and gives moderate to

137

high yields?
Scheme 41.
R! co,Me cat. Pd(OAc), R! co,Me
+ Ar-l ;
R? K,CO3, DMF, 30 °C R2 A
221 When R? = Ar yields > 65%

When R? = alk yield ~40%
222
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3.1.8. Conclusions

Functionalized cyclopropenes are increasingly béegnavailable from a
variety of different processes. These importanbssates possess unique
characteristics due to the rigidity of the smaltleyand the amount of ring strain
inherent in the system. By harnessing their reggtand unique properties, it is
possible to use cyclopropenes in processes whicmaloolefins will not undergo.
Many of these processes proceed irreversibly dalee@mount of energy required to
form the C=Crebond in the cycle. This makes cyclopropenes @stang and useful
candidates for metal catalyzed, asymmetric prosessehichp-hydride elimination
can cause racemization of the stereocenter setglthie reaction. As more people
realize the ease of preparing them, and their sfcthtility, new processes involving

cyclopropenes will continue to arise.

3.2. Improved preparative route toward 3-arylcyclgpropenes

3.2.1. Introduction

The chemistry of cyclopropenes has increasinglytmeca focus of research
in the past decade, as these unique synthons piftemide an inimitable opportunity
for preparation of stereodefined cyclopropyl scafowith otherwise inaccessible
substitution patterns'*®  Development of powerful methods for catalytic

enantioselective cyclopropenation of alkyhts 4121391445 well as novel efficient
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protocols for chiral separatidii* and chiral kinetic resolutio? of racemic

cyclopropenes opened new opportunities for theofiggtically active cyclopropenes
in asymmetric synthest§’ %2143 0n the other hand, several efficient diasterea+ a
enantioselective transformations involving prochica-symmetric 3,3-disubsituted
cyclopropenes have been recently reported, whighlight the remarkable versatility

of these compounds (Scheme 42). They include: Aluer-ene reaction with

144

homochiral alkenesaf;"" asymmetric carbomagnesation in the presence oélchi

amino alcoholsk):**iron-catalyzed asymmetric alkylzincatior)'(®* and ROM-CM

reaction @).**’ Furthermore, this type of substrate was also lsgoeparation of

optically active cyclopropyltins and cyclopropylboates via the Rh(l)-catalyzed

148

asymmetric hydrometallationg{),”™ as well as in catalytic hydroformylation of

cyclopropenesg).*®
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Scheme 42.

R1
M/ R3 Ru’-cat 2: A@/WLRZ
R! R2 CH=CHR? (a)
(AROM/CM)
R! ,—OH
1. R®3MgX/N-Meprolinol «&

Rh(l)-L*

3 E
(e) 2.E* R (b)
R?=CO?Me R'R2 = (OCH,),CMe, o
R . * * R
ine” M PinBH, Rh(l)-L ;
PinB CO,Me inBH, Rh(l) R,Zn, Fe(lll)-L ko
(f) Rh(l)-L" (c)
CO/H,
A.,R1
OHC 2

With the growing number of impressive novel metHod@s utilizing 3,3-
disubstituted cyclopropenes, the question is regpiatraised as to whether these
strained and very reactive synthons can be effilgigmepared in a multigram scale.
Herein we disclose a detailed improved synthetac@dure applicable for medium
and large scale preparation of a series of 3-acigpyopenes. We also comment on
the stability and reactivity of 3-arylcyclopropeness well as the corresponding

precursors, possessing various substituents iarghgroup at C3.
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Scheme 43.
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3.2.2. Results and Discussion

Two general approaches to cyclopropenes unsulestitat the double bond
are depicted in Scheme 43. The first approachiwegothe Rh-catalyzed [2 + 1]
cycloaddition of carbenoid species to acetylene Jdss method provides rapid
access to monosubstituted cyclopropenes possessingster function at C3°
Alternatively, 3,3-disubstituted ester-containingclopropenes can be prepared via
the Cu- or Rh-catalyzed reaction between a diabocgt compound and bis-
trimethylsilylacetylene or trimethylsilylacetylenefollowed by in situ protio-
desilylation of the resulting trisubstituted cyadlopene224 (Scheme 43, Method
A)."*! The latter route provides high yields with phedidzoacetate and electron

poor aryl diazoacetates; however, our experienggesis that it is poorly applicable
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to the synthesis of analogs possessing electroatohgnsubstituents in the aryl ring.
The main problem lies in the poor chemoselectieityhe reaction, which produces

significant amounts of fumaraté¥®6 or diazines via the concurrent Rh-catalyzed

152
3

dimerization of diazoacetat22 Furthermore, cyclopropene®24 possessing

electron-rich aryl groups are more prone to pade&domposition in the presence of

Rh(ll) via the ring expansion into furaggs*>*

An alternative synthetic approach toward 3,3-difituded cyclopropenes
involves a three-step sequence, including initidl+[1] cycloaddition of a
dihalocarbene to 1,1-disubstituted olefin8™>*followed by partial reduction of the
resulting dibromocyclopropang29 to afford bromocyclopropan230, and 1,2-

elimination of HBr with an appropriate base (SchetfBeMethodB). MethodB was

155 156
l; l,

successfully utilized to assemble cyclopropenessgssng aryl,>” alkenyl

157
l

alkynyl,’" and ferroceny®® substituents at C3. Furthermore, this protocos wa

demonstrated to be compatible with several funeligmoups, such as ethérdsilyl

§.’48a, 160 éfle, 161

ethers**’ acetal carboxylate and nitriles!® A few rather exotic
compounds containing a spiro-bicyclic scaffdid, 1°* and tethered bis-
cyclopropene®® *** were also obtained via this method. Until regentbne

substantial limitation of the described approacls wee lack of highly selective and
general methods for preparative partial reductibdibromocyclopropaneg29 into

monobromides230.  Although a plethora of various reduction proiscbas been
developed, most of them provide an insufficient rdegof chemoselectivity, as

165
€

judged by our own experience and the data in teeature.”™ Thus, to avoid product
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loss associated with purification, the chemoselégtof the reduction method should
exceed 98 %. Specifically, the method should allilmwv complete control over
eventual overreduction, which results in inevitaldentamination of the target
cyclopropene with a cyclopropane side product. & kaown, highly chemoselective
reducing agents, such as (E4PPH"° and BuSnH® are extremely toxic, which
becomes a major liability for synthesis scale-uf.viable, more environmentally
benign alternative to the latter methods was sugdely Baird and Bolesov who
demonstrated the possibility of selective partiaéduction of geminal
dihalocyclopropane229into monohalocyclopropan@80 by use of ethylmagnesium
bromide in the presence of catalytic amounts antitm(IV)>’ This reduction
protocol was successfully incorporated into MetlBodnd used in the synthesis of a
few 3,3-disubstituted cyclopropentd4811

Our studies of novel synthetic transformations  lavg
cyclopropene$®e1491%8&timylated us to develop a general and practjmataach to a
series of 3-arylcyclopropenes possessing diffeyestibstituted aromatic ring. It
should be mentioned that, although the parent 3wh&tphenylcyclopropene was
previously synthesized from the commercially avd#éao-methylstyrene on a
multigram scalé>* no preparative syntheses of analogs functionalaethe aryl

group have been reported to d&te.
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3.2.3. Synthesis ofti-methyl styrenes

Multigram scale preparation of diverse 3,3-disubtd cyclopropenes via the
1,2-elimination protocol (Scheme 43, MethByl greatly relies on the availability of
the corresponding 1,1-disubstituted olefins. Whilanethylstyrene 2253 is a
monomer industrially produced in a multi-ton scélee corresponding substituted
analogs are not available from commercial sourddsst of styrene®28 described
in this report were prepared from the readily ald#é alkyl benzoates283 or
acetophenone®34) via a two-step sequence including addition ofg@aird reagent
followed by the acid-catalyzed dehydration of tlesuiting tertiary alcohols2B5
(Scheme 44). Maintaining the temperature aroun®@3@during the dehydration step
allowed for minimizing the concurrent acid-catalgzeationic polymerization. The
reaction times varied significantly depending om thlectronic properties of the
substituents at the aromatic ring of styrerB%8  Thus, substrates possessing
electron-rich groups2@5b-ei) reacted within 1 hr, the chlorosubstituted angslog
235f,g required 2-3 hrs for complete conversion, whiléydiFation of the electron
poor alcohol235h took almost 9 days (Scheme 44). Preparation dinslénighly
susceptible to acid-catalyzed cationic polymer@ai28k,|) was carried out via the
Wittig olefination (Scheme 45). Although this reus somewhat more expensive, it
avoids exposing olefin228to strong acid. We found it convenient to carry steps

233— 228 without purification, which dramatically expeditdatie synthesis, and
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helped to significantly improve the overall yieldsjainly by avoiding partial

polymerization of olefir228 upon purification.

Scheme 44.
ncor __MeMgX " 'Y'eOH TsOH R.__Me
2 Et,O | toluene, A \”/
233 Me 235 228
R' = Me, Et
0) ﬁ/leMgX
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234
228b: R = p-MeCgH,4 228f: R = p-CICgH,
228c¢: R = m-MeCgHy, 228g: R = 0-CIC¢H,
228d: R = 0-MeCgH, 228h: R = p-CF3CgH,4

228e: R = p-(t-Bu)CgHs  228i: R = 1-Naphthyl

Scheme 45.
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3.2.4. Synthesis of dibromocyclopropanes

Dibromocyclopropane229 were prepared by cyclopropanation of crude
olefins 228 with dibromocarbene generated under modified Makgs PTC
conditions’® (Table 12). It was found that employment of #mdition mode

opposite to that originally described by Makosza.(ithe dropwise addition of
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concentrated aqueous base solution to a vigoraatghed mixture of the organic
components) was also beneficial for the reacti@idgl. This modification allowed
for significantly suppressing the formation of resiand, accordingly, for more
efficient isolation of the product. To control th#ensive heat released at the initial
stages of the reaction, it was found conveniematoy out the reaction in a 1:1 (v/v)
mixture of bromoform and dichloromethane, refluxingf which prevented
overheating of the reaction mixtures above 40 °@5 At the later stages of the
process, after the intense exothermic effects haeased, the remaining
dichloromethane was boiled off by heating the rieaatmixture at 50 °C.

It is well documented that kinetic rates of cyclgpeination under the phase
transfer conditions greatly depend on the struchfréhe phase transfer catalyst.
Thus, the highest rates and best conversions amatly obtained with benzyl-
triethylammonium (TEBA) salts® We found, however, that employment of
tetrabutylammonium (TBA) and TEBA salts brings abadditional problems with
excessive foaming and formation of steady emulschngng aqueous workup, when
the reaction is performed in a large scale. Intre@h, much better separation of the
biphasic solutions was observed when hexadecytetoadecyltrimethylammonium
salts were employed as catalysts. As a resultaetidn could be done faster and
more efficiently, which ultimately provided bettewerall yields. Isolation of the
final product in a large scale was done using spatit vacuum distillation at
temperatures below 100 °C. In smaller scale (uj0tg) a simple filtration through a

short pad of silica gel was used instead. Alldeg tsolation method does not allow
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for removal of all the residual bromoform, it wasuhd that small amounts of this
impurity do not compromise the next stéff. Therefore, simple removal of
bromoform in vacuum followed by filtration affordedaterial sufficiently pure to use

in the following transformations.



Table 12. Dibromocyclopropane®29via [2 + 1] cycloaddition to styrenes.
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R R. Me
\H/ CHBr3/NaOH
228 cetrimide Br
CH,Cl,, 40-50 °C Br 229
Isolated yield
scale,
# time, h of 229, %
mmol
based o228 overalf
1 Ph 2283 229a 30 700 92 N/A
2 p-MeCsH4 228h, 229b 120 55.8 66 56
3 m-MeCeH4 228G 229c 36 66.5 73 65
4 o-MeCgH4 228d, 229d 48 42.7 93 53
5 p-(Bu)CeHs  228e229e 24 45.0 ND 72
6 p-CICeH4 228f, 229f 24 19.0 ND 91
7 0-CIC¢H4 228g 229g 48 20.0 ND 74
8 pP-CRCsHg 228h, 229h 216 29.2 75 58
9 1-Naphthyl 228, 229i 72 28.4 66 61
10 p-FCsH4 228j, 229j 48 56.4 86 71
11 p-MeOGH, 228k, 229k 48 61.3 86 79
12 0-MeOGsH4 228l, 229I 48 49.3 70 55

®Yield over 2 steps starting from acetophend®
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3.2.5. Partial reduction of dibromocyclopropanes.

Reduction of dibromocyclopropanes (Table 13) wagopmed according to
the previously reported protocP, with a few practical modifications that became
essential during scale up. First, since the reads accompanied by evolution of
gaseous flammable byproducts, including ethylereethane, it should be set up in a
well ventilated fumehood. The reaction flask skiombt be more than one third full
and must be equipped with an efficient reflux corse. This extra space is used as
a damper against uneven boiling and sudden splaahdsalso proves indispensable
during the quench, when a lot of heat and a largleme of gases are evolved.
Second, the reaction has a certain initiation jgemiring which the first 20 mol % of
the Grignard reagent, added dropwise, is being tseéduce the Ti(IV) complex
into the Ti(ll) species. Complete formation of tedalytically active complex can be
judged by the color change from pale-yellow to vdark-brown. This, however,
does not always indicate the completion of thevativbn period, which may take
longer, in case the initial addition of the Grigthaeagent was carried out too quickly
(i.e., much faster than the rate of the TidVJi(ll) reduction). In the latter case the
risk of violent boiling off and splashing of theaation mixture dramatically
increases. Accordingly, at the initial stages @& thaction it is crucial to maintain a
reasonably slow dropwise addition of the Grignaagent, such as to allow relatively

slow boiling of the solvent and evolution of thesgaus byproducts.
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Table 13.Ti-catalyzed partial reduction of dibromocyclopropa229en route to

bromocyclopropane30.
R._ Me Ti(OPri), R_ Me Me
KvBr EtMgBr/Et,0 K‘LBr * /\O/%/ O~
229 B reflux 230 Me 236
scale, trans/cis
# Yield 230, %’
mmol ratio®
1 Ph 229a, 230a 644 1.2:1 85
2 p-MeCsH, 229Db, 230b 30.8 2.0:1 68
3 m-MeCsH4 229c, 230c 28.9 24:1 64
4 o-MeCgH,4 229d, 230d 39.5 trans only 71
5 p-(‘Bu)CsHa 229e,230e  34.3 2.6:1 82
6 p-CICeH4 229f, 230f 17.4 1.8:1 72
7 0-CICsH, 229g,230g  14.7 5.9:1 84
8 p-CRCeHa 229h, 230h 21.5 1.7:1 76
9 1-Naphthyl 229i, 230i 17.3 trans only 80
10 p-FCeHa 229j, 230j 47.8 1.9:1 75
11 p-MeOGsH, 229k, 230k 52.8 231 60
12 0-MeOGsH4 2291, 230l 34.3 251 84

2 Determined by 1H NMR? Isolated yields of mixtures ¢fans-230andcis-230,
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Finally, the reaction should be carefully monitoreg GC analysis to avoid
overreduction of the target monobromi@&0 into cyclopropane€232 (Scheme 43,
Method B). The possibility of this side process occurringreases when the exact
concentration of the employed Grignard reagenthb&cunknown (i.e., it was not
titrated prior to use, or moisture was presenthi iteaction mixture). We found it
convenient to add ca. 1.1 equiv of EtMgBr usingradgated addition funnel, then
allow the reaction mixture to stir for 15 minutesd analyze it by GC. An additional
amount of Grignard reagent, if needed, could beirately estimated based on GC
conversion. In a typical reaction run, the cruelaction mixture would consist of 98-
99 % of bromocyclopropar230, and no more than 1 % of the starting matetk9
and cyclopropan232 (Scheme 43, MethoH). In the perspective of the next step, it
is better to leave behind some dibromRR9 rather than allow overreduction into
232, since229 will eventually be destroyed upon treatment WBnOK during the
1,2-elimination step, while separation of cyclopmoe231 and cyclopropan@32 is
essentially impossible. Therefore, if notable antewf the overreduced prodi&32
were obtained, monobromi@30 must be purified by vacuum distillation, whichals
allows for removal of the by-produ@36, resulting from radical dimerization of
diethyl ether (Table 13). Purification by colummr@matography can be an option, if
the reaction is performed in a relatively smallls@nd side produ@32is present in
insignificant amounts. In the latter case it isesgial to completely remove any
remaining ethereal solvent from the crude prodyat\mporation in vacuum, as even

a small amount of diethyl ether in the mixture efffethe polarity of the system and
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complicates separation. The yields of monobromi&&swere generally high, while
the diastereoselectivity depended on the naturearofnatic substituent at C3.
Generally, substrates possessing bulky aryl grosys) asrtho-substituted phenyls
(Table 13, entries 4,7), or 1-naphthyl (entry Qvided higher diastereoselectivities,
than those bearing less bulkgara- or meta-substituted arenes. In contrast, both
para- (230Kk) and ortho-(230l) anisyl cyclopropanes were obtained as mixtures of
trans- andcis-isomers with almost the same ratios (entries 11,12 the context of
cyclopropene synthesis, however, the diasteredsgtgds not an issue since both

diastereomers df30are reactive toward dehydrohalogenation.

3.2.6. Dehydrohalogenation of monobromocyclopropass.

Synthesis of cyclopropene®31 from monobromocyclopropane®30 was
carried out in anhydrous DMSO in the presence ighstlexcess ofBuOK (Table
14)° |t should be mentioned that the reaction is \@mgsitive to both traces of
moisture and oxygen, and must be set up with ap@tepprecautions. In all our
experiments potassiunert-butoxide was stored and handled in the nitrogkedfi
glovebox, while Schlenk techniques were used farafons with all other reagents
and solvents. The level of oxygen and moisturehm system could be visually
monitored by the color of the reaction mixture whidepending on the substitution
pattern, ranged from a baltic blue to dark sprucCkhe correctly set up reaction
develops color very quickly and retains it untihq@etion; however, in the presence

of even small amounts of moisture and oxygen thdure rapidly turns dark brown.
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The product should be extracted and purified askiyias possible after completion
of the reaction to avoid decomposition. We foulnal textraction can be carried out
under ambient atmosphere, as the product is reblgostable in solution towards
aqueous work up. Removal of solvents after extwactan be carried out using a
rotovap; however, upon completion, the rotovap &hdae filled with inert gas in
order to avoid exposure of the concentrated cruddyet to air. Final purification by
distillation should be carried out in vacuum at thgghest possible rate, at
temperatures below 65 °C. The purified productushdoe stored in a freezer and
handled under inert atmosphere, if prolonged stoiagplanned. We noticed that
accidental brief exposure of arylcyclopropenes to aauses their slow
decomposition, potentially, via a free radical-tatad polymerization. Thus, when a
sample of cyclopropen23lawas exposed to air for one hour at room tempezatur
and then was sealed under nitrogen, it completeoohposed within two weeks.
Generally, cyclopropenes possessing electron-dumagroups 231b-d,k,l) were
more susceptible to decomposition, while more edectleficient compounds
231f-h,j were significantly more stable. However, with #ie above-mentioned

precautions the shelf life of arylcyclopropenes barextended to more than a year.
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Table 14.Synthesis of cyclopropen@sl

R_ Me tDB'\:SOg RAMe

230 Br RT, 18 hrs 031
4 R fncri'oel bp,°C(torr)  Yield231, %
1 PH®! 230a,231la 540 61-62(10) 79
2 p-MeCsH, 230b, 231b  17.8 30-35 (0.4) 77
3 m-MeCsH, 230c, 231c ~ 18.4 60-61(5) 76
4 0-MeCgH, 230d, 231d  27.9 25-29 (0.4) 68
5 p-(Bu)CsHs,  230e,23le  34.3 ND 86
6 p-ClICgH4 230f, 231f 12.5 ND 79
7 0-CICgH4 230g,231g 123 ND 86
8 p-CRCeHs  230h,231h  16.3 49-52 (5) 69
9 1-Naphthyl  230i, 231i 17.3 ND 66
10 p-FCeHa 230j, 231; 47.8 58-61(10) 76
11 p-MeOGHs 230k, 231k  25.2 64-65(5) 82
12 0-MeOGH,  230l, 231l 28.9 64-65(5) 92

2 |solated yields. " Boiling points were not determined; compounds wismated by flash column
chromatography.
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3.2.7. Synthetic Studies toward 3-Methyl-3-(4-niwphenyl)cyclopropene

In order to investigate the scope and limitatiohthe developed method, we
also attempted synthesis of cycloprope2®lm possessing a strongly electron-
withdrawing para-nitro substituent.  Our initial approach involvatle Wittig
olefination of acetophenon234m, followed by cyclopropanation of the resulting
olefin 228m with a dibromocarbene generated under the opttnREC conditions
(Scheme 46). These two transformations proceedeelventfully, efficiently
providing dibromocyclopropan229m However, all our attempts to perform partial
reduction of229m into bromocyclopropan230m were unproductive. The most
efficient reduction protocols, such as Ti(IV)-cgizd reduction with EtMgB# Mg-
or Zn-assisted reduction& and radical reduction with tributyltin hydridleproduced
no reaction, while an attempt to carry out the otidm in the presence of

methyllithium'"®lead to complete decomposition of the startingemialt

Scheme 46.
M
e ® o Me
e Ph3PMe Br C14H29NMe3Br
ON t-BuOK ON CHBr3, ag. NaOH
2 234m 86% 2 228m 85%
Me pBr Me

B
Br [Red] '
_____ X---->
O,N OxN

229m 230m
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Accordingly, alternative approaches to monobron#288m were explored (Scheme
a7). First, we attempted cyclopropanation 2#8m with a monohalocarbene
generated from dibromomethane and M&Lihowever, this reaction did not provide
the desired product. In contrast, the electrophiltratiort” of bromocyclopropane
230a provided para-nitro-derivative 230m along with small amounts of amrtho-
isomer (Scheme 47). However, all our attemptsatoycout 1,2-dehydrobromination
of 230min the presence dBuOK in DMSO at various temperatures failed, legdin

to complete decomposition of the starting maté¢Gaheme 47).

Scheme 47.
Me Me
CHzBrz Br
_______ X----->
MeLi
O:N 228m O,N 230m
Me
Br HNO; | 63%
ACQO
230a
Me Me
{-BuOK
------- X- - \/
DMSO
O2N 230m O,N 231m

3.2.8. Conclusions

In conclusion, an efficient preparative protocok feynthesis of various
3-arylcyclopropenes in a multigram-scale was dexig®ptimization of the reaction

conditions and isolation procedures allowed forngigant improvement of the
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chemical yields of these strained products. Thecmleed protocol was used for
efficient preparation of a series of 3-methyl-3layglopropenes possessing different
substituents in the aromatic ring. Further worlexpand the scope of this method to
3-alkyl-3-aryl- and 3-alkyl-3-hetarylcyclopropenas currently underway in our

laboratories.

3.3. Synthesis of Cyclopropenes via 1,2-Eliminaticof Bromocyclopropanes
Catalyzed by Crown Ether

3.3.1. Introduction

As it was described in section 3.1 of this chapt®g general methods have
largely been used for the synthesis of cycloprop@B&. These include the transition
metal-catalyzed addition of carbenoid®38 to alkynes 239 (Scheme 48,

PathA)!t3114.140a14L 176 90 3 protocol involving  1,2-elimination of H-

36a,39b,156,163d,174b 30,142c¢,143 17
Hal*%2 Hal-Hat c.143 177

or entities from cyclopropyl halide
precursor240 (Scheme 48, PatB). The former method has been receiving much
attention from the synthetic community, resulting substantial expansion of its
scope, thereby making available a range of cyclogmes-****"?including optically
active compound$*4112149n contrast, the second approach has not undergone
any significant development in decat!iésince the first report on the synthesis of
3,3-disubstituted cyclopropenes via the 1,2-eliniamaof a hydrogen halide in the

presence 0BuONa and DMSG!® At the same time, the requisite use of DMSO as a

reaction medium significantly limits the potentafl the method for scale up and its
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appeal for process development. Furthermore, ibines a major liability when the
target cyclopropene is relatively hydrophilic. Imst case, repetitive washing of the
organic phase with water, necessary for completaoval of DMSO (Chapter
3.5.6)!"® leads to substantial loss of the product. Altéwmeaapproaches involving
removal of DMSO by distillation or column chromataghy usually do not provide
satisfactory results, particularly in multigram lecayntheses. In an attempt to
overcome this issue, we considered the possibiityreplacing DMSO with
alternative, more practical solvents. We ratioradizhat employment of chelating
agents, such as crown eth&fcould potentially help enhance the basicityRifOK
and enable an efficient elimination reaction inslgmlar media. It should be
mentioned that preparative methods for 1,2-dehyalogfenation in non-polar media
employing 18-crown-6 ether as phase-transfer csttalyave been previously
reported®® however, they have never been used for the préparaf strained
olefins. Herein we wish to report a new protoawl the synthesis of cyclopropenes
via a base-assisted 1,2-elimination in etherealest$ in the presence of catalytic
amounts of 18-crown-6 ether. We also demonstrage application of the new
method for the efficient synthesis of cyclopropeBytarboxamides, an important

class of functionalized cyclopropenég>15%-181
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Scheme 48.Two most important retro-synthetic approaches tapropene core

2 R3
RA_R®  PathA RYR? Path B RUR
238 —— A —
RI— R 237 v X
239 240
Formal [2+1] o
cycloaddition 1,2-elimination

3.3.2. Results and Discussion

First, we  tested dehydrobromination of  2-bromo-lhylkel-
phenylcyclopropane2@0g with potassiuntert-butoxide in THF in the presence of
various amounts of 18-crown-6 ether (Table 15, iestd-3). It was found that
addition of stoichiometric amounts of crown etheacilitated a rapid
dehydrohalogenation; however, notable decompostfgroduct231lawas observed
leading to moderate overall yields. Decreasing d@n@ount of crown ether was
beneficial for the reaction yield (Table 15, ergri@,3), and with additional
optimization we discovered yields can be furtheprioved by lowering the reaction
temperature to 30C (Table 15, entry 4). Screening of various ethessdvents
demonstrated that THF and diethyl ether appeaetihé most suitable media for this
transformation. In contrast, reactions in dibutiiez and diglyme did not produce
any product at all (Table 15, entries 6,9), whiheptoying other ethers resulted in a
much slower and less efficient reaction. Althougbth THF and diethyl ether

provided essentially the same results, we chose 8$#more practical solvent.



Table 15.0ptimization of 1,2-Elimination Reaction
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Me. _Ph 'BuOK (1.2 equiv) Me_ _Ph
% 18-crown-6 - K
B
r 230a solvent 231a
entry 18-crown-6  Solvent  Time (h) TEC) GC yield (%)

(equiv)
1 1.2 THF 1 50 40
2 0.3 THF 3 50 65
3 0.1 THF 3 50 70
4 0.1 THF 14 30 93
5 0.1 1,4- 48 30 86

dioxane

6 0.1 BuyO 48 30 0
7 0.1 TBDME 48 30 76
8 0.1 DME 48 30 21
9 0.1 Diglyme 48 30 0
10 0.1 E1O 14 30 84
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Table 16.Preparative Syntheses of Cyclopropenes

Me. R  'BuOK (1.2 equiv) Me. R
A 18-crown-6 (10 mol%) T K
Br™ 230 THF 231
entry R Time T(°C) Yield (%Y
(h)
1 Ph 2303 2319 18 30 88 (79)
2 2-Naphthyl 230n 231n) 18 30 84
3 2-FGH, (230q 2319 18 40 75
4 C(O)NE$ (230p, 231p 3 30 90 (60)
5 C(O)N(-Pr), (230q, 2310 2 30 85 (69)
6 C(O)N(CHCH,),0 (230r, 231r) 1 30 81 (30)
7 C(O)N(CHCH;,),CH, (230s 2319 1 30 85 (61)
8 C(O)N(CHCH,),NMe (230t, 231%) 1 30 75 (50)
9 C(O)N{-Hex)Me @30y, 2314 2 30 95
10 C(O)NPh (230v, 231V) 2 30 0
11 C(O)N(GH.NO,-4)Et (230w, 231w) 18 40 0
12 C(O)NPhEt230x 231X 2 30 30
13 C(O)N(GH,OMe-4)Et 230y, 231y) 24 30 53

2 |solated yields (250 mg scale); isolated yieldsaoted in DMSO are provided in parentheSé&ghe
reaction was performed on a 10.0 g scalEhe reaction performed on a 15.0 g scale affo@2Rabin
89 % yield.
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Preparative scale synthesis under the optimizeditons provided 3-methyl-
3-phenylcyclopropene2B1g in high yield, which slightly exceeded that obtdl in
DMSO (Table 16, entry Y® Similarly, other 3-methyl-3-arylcyclopropenes
(231n0) were efficiently synthesized using the THF praiodable 16, entries 2,3).
The major advantage of the new method was revéalg synthesis of significantly
more polar cyclopropenylcarboxamid281p-u,x,y (Table 16, entries 4-9, 12, 13).
Thus, in contrast to the reactions performed in @MSvhich suffered from
substantial product loss due to high hydrophilictly the compounds, the new

conditions allowed for high isolated yields for alkyl-substituted amides tested.

Scheme 49.Decomposition of cyclopropene-3-carboxamides upgasieophilic
attack bytert-butoxide species

< ig OBu-t

/d\
Me S) Me Yy
NR, OBu-t _ NR,
-
241 242
0
)
-NR; (242) MGKJ\OBH

243

On the other hand, an attempted reaction employidl-diphenyl-
carboxamide230v did not lead to the formation of a cyclopropenalf€ 16, entry
10). The only product detected by GC/MS analysihe crude reaction mixture was

diphenylamine, suggesting this type of substrate ihareased carbonyl activit{?
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Apparently, the less electron rich nitrogen in dipylamide230v as compared to
dialkylamide analogs (Scheme 49), results in atgrgaositive charge on the carbon
atom of carbonyl group. Furthermore, diphenylangdecie241 (R = Ph) makes a
much better nucleofuge then dialkylamide equivagealtogether making arylamides
much more sensitive towards nucleophilic substitutty an alkoxide. To prove this
rationale, we tested the dehydrobromination reactom a series oN-ethyl-N-
arylamides230w-y. Expectedly, the reaction of monobrom2{&0w possessing the
electron-poorp-NO,CgH,4 group resulted in rapid alcoholysis, affordihgethyl{-
nitroaniline as the sole reaction product. It dddoe mentioned that formation of
tert-butyl ester243was observed in this case at early stages ofethetiort® (Table
16, entry 11). Similar results were obtained wptienyl-substituted amid230x
however, product decomposition proceeded much s|gueemitting isolation of the
corresponding cycloproper#881x in poor yield (Table 16, entry 12). Finally, more
electron-rich anisidine-derived ami@80y afforded cyclopropen231ly in moderate
yield (Table 16, entry 13). Overall, these reswu&snonstrated a clear-cut trend
between the electronic nature of the carboxamide &me stability of the
corresponding product towards nucleophilic attacidar the described reaction

conditions.
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3.3.3. Conclusions

In conclusion, a convenient, general protocol fdre tsynthesis of
cyclopropenes via dehydrobromination of bromocyapanes has been developed.
The new optimized conditions significantly improvéte scale-up compatibility of
the method and allowed for expanding the scope \&#ilable cyclopropenes,
particularly those possessing polar functionalitAgsplication of the new protocol for
the efficient preparation of cyclopropene-3-carbuides has been demonstrated.
While all the cyclopropenes used in this work hawaethyl group at C3, there is no
indication that the presented synthetic methodnstdd to this particular type of
substrates. The latter were chosen for this stuaBebie most readily available model

compounds.

3.4. Rhodium-Catalyzed Hydroformylation of Cyclopropenes

3.4.1. Introduction

Cyclopropylcarboxaldehydes are arguably some of rtfest sought after
compounds in the chemistry of small cycles. Ndy@me they themselves important
biologically active targets®® but also are extremely versatile synthons as the
aldehyde moiety can be readily transformed intomlmer of useful functionaliti€s>

Established synthetic approaches towards these riamgotargets include various
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modes of [2 + 1] cycloadditions (Scheme 50, @thsuch as Michael-initiated ring-
closure reaction (MIRCY®the cyclization of conjugated aldehydes with cadie
equivalents derived from dihalomethan&¥,' *®® diazocompounds™® nitrogen
ylides!*® sulphur ylides®* or arsonium ylided®?as well as functional group trans-
formations in pre-existing cyclopropyl rings, suclas oxidation of

193

cyclopropylmethanols (Scheme 50, pdda)y " reduction of cyclopropylcarboxylic

acid derivatives (Scheme 50, pa)il®* and oxidative cleavage of the double bond in

195

vinylcyclopropanes (Scheme 50, padi. In light of the recent advances in

chemistry of cyclopropendé®!43¢9 1%ye envisioned an alternative approach to

cyclopropylcarboxaldehydes via catalytic hydrofotatipn®®’

of the cyclopropene
double bond (Scheme 50, pah We hoped to develop a practical, atom economic,
and mild protocol for the stereoselective instalatof a new carbon-carbon bond in
the three-membered cycle, while avoiding the useeaftive organometallic reagents

invoked in most C-C bond forming reactions involyisyclopropenes:®®142¢:146.

198,199

Scheme 50. Synthetic Approaches toward Formylcyghoopanes

[>—co,r
I>_\OH ﬂ . I>_\\
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To date, hydroformylation of cyclopropenes is repréged by a few stoichio-
metric reactions mediated by HMn(GOyr HCo(CO), reported by Orchin and
Noyori2%?° Orchin first demonstrated that 1,2-substitutediayropenes undergo
hydroformylation in the presence of Mn- and Co-cterps to afford low yields of
aldehyde246 accompanied by large amounts of the reductiodymi245 (Scheme
51). Application of micellar catalysis allowed fonproved yields of aldehydes (up
to 93%); however, this reaction produced mixturds sgn- and anti-addition
products?®® Later, Noyori investigated the hydroformylationaction using a
stoichiometric HMn(CQ) complex in various solvents, including sc£Qet was

unsuccessful in obtaining an aldehyde yield ab®#é %"

Scheme 51.
Me.__Me stoichiometric Me.__Me M Me Orchin 1981
/K\ HMn(CO)s A + .CHO -rehn
Noyori 1995
Ph Ph or HCo(CO) Ph Ph Ph Ph
244 4 245 246

Herein we report the first examples of catalytiastiereo- and enantioselective
hydroformylation of prochiral cyclopropenes to puod tri- and tetrasubstituted
cyclopropylcarboxaldehydes, proceeding under noladéitions and very low catalyst

loading (Scheme 52).
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3.4.2. Results and Discussion

Scheme 52.
R _R? Rh(l)-cat R R?
3E H,, CO . K\
R 31 TONT750-1500 R 547 CHO

The long-standing challenge associated with the akecoordinatively
unsaturated electron-deficient transition metahlyats derived from metal carbonyl
complexes in cyclopropene chemistry lies in thenifigantly more facile migratory
insertion of cyclopropene into a metal-carbon b®cheme 53, Patlh) as compared
to the CO insertion step (Palth Another commonly encountered problem is a very
fast formal [2 + 2] dimerization of cyclopropenescorring in the presence of
electron-poor transition metal reagents (Scheme PEgh 111).292:2°% These two
dominating side processes do not allow efficientorporation of the carbonyl
functionality into the final product, leading inateto the formation of polymers and
mixtures of oligocarbocyclic hydrocarbons and kesffi* To date, only one highly
selective carbonylative transformation involvingclopropenes, the Pauson-Khand
reaction, has been reported; however, this progesgires use of at least

stoichiometric amounts of metal carbonyl compleX&$2%



155

Scheme 53.Mechanistic Pathways for Different Processes Oangiin the Rh(l)-
Catalyzed Hydroformylation of Cyclopropenes
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In line with the reasoning mentioned above, ourtighi experiments
demonstrated that treatment of 3-methyl-3-phenyigyopene 2319 with syngas in
the presence of standard hydroformylation cataly®h(acac)(CQ) afforded
guantitatively dimeric produ@49 (Scheme 54). Attempts to suppress the unwanted
cyclization by saturating the coordination sphetffe tiee transition metal with
monodentate phosphine ligahf&°were unsuccessful (Scheme 54). Next, we tested
several bidentate diphosphine ligalr®f§:? anticipating their chelating effect would
help stabilize the catalytically active Rh(l) specin a more saturated form. It was

found that employment of dppm, dppp, and dppb miwoation with Rh(acac)(CQ)
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allowed for suppressing of the redundant cyclizgtltowever, it did not promote the
hydroformylation reaction, leading instead to coet@lrecovery of cyclopropene
231a (Scheme 54). In contrast, the Rh(acac)(@ippe combination produced
desired produc47ain low yield, whereas the analogous complex withae rigid
ferrocenyl backbone (dppf) provided complete cosier of 231ainto formylcyclo-
propanes247a and 248a (Scheme 54). The hydroformylation reaction proeee
very diastereoselectively affording less sterichliydered aldehyd247aas a major
product. Remarkably, no products of ring-openingrevdetected in this reaction.
Based on the ligand effect observed, it would laseeable to propose the reaction is
very sensitive to the ligand bite angle; howeviee, énhanced catalytic activity of the
dppf complex might also be explained by the inadasectronic density provided by

the ferrocenyl backbone.

Scheme 54.

Rh(CO),acac (0.067 mol%)  Ph,, _Me Ph., Me  Ph__Me

Ph._Me
x L (P:Rh=2:1) & s K s
H,/CO 1:1, 150 psi H “CH
231a 60 °C. PhMe 247a CHO 248a CHO 249

Me Ph
L Product
none, PPh;, (o-Tol;)P, TTMPP 249 only
dppm, dppp, dppb No reaction
dppe 247a, 248a (conv. 30%, 247a:248a = 20:1)

dppf 247a, 248a (conv. >99%, 247a:248a = 11:1)
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Preparative scale hydroformylation #81a also proceeded smoothly under
these conditions providing aldehy@é7ain high isolated yield. It was found that as
little as 0.067 mol % of Rh(l) was enough to dritaes reaction to completion under
very mild conditions (Tabld7, entry 1). Efficient isolation of products cdube
achieved either by column chromatography or byatliracuum distillation of the
reaction mixtures. The scope of this novel tramafdion was examined on a series
of 3,3-disubstituted cyclopropenes (Table 17). Gpuobpenes231f,j bearing
substituted aryl groups at C3 reacted uneventftdlyprovide the corresponding
aldehydes247f,j (entries 1-3). Both acetal (entry 4) and estetr{eB) protecting
groups for a primary alcohol function were perfeatbmpatible with the reaction
conditions: the corresponding aldehy@d§zand247aawere obtained in high yield
and good selectivity. The diastereoselectivity tbis transformation is largely
controlled by steric factors. Thus, the reactionetdctron-deficient cyclopropene
231ab provided a nearly equimolar mixture of two diasteneric cyclopropyl-
carboxaldehyde®47aband248abdue to the similar effective size of the substitse
at C3 (entry 6). At the same time, the analogatsralerivative bearing a small Me-
group at C3 Z31aQ reacted very selectively (entry 7). Finally, tkabstrate
possessing a very bulky Bn-protected tertiary adtdbnction 31ad provided a
single diastereomer of formylcyclopropa2d7ad (entry 8). We also tested
hydroformylation reaction of 1,3,3-trisubstitutedyclopropene 231ae which
represents a more challenging model, as it cannpally produce four different

products in thesyn-specific addition and, therefore, requires simngtaus control of
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facial and regioselectivity. It was found that stard reaction conditions using
0.067 mol % of Rh-catalyst did not produce any tieacwith 231ae presumably,
due to the increased steric demand in the substriieever, increasing catalyst
loading to 1 mol % provided tetrasubstituted cyobgane247aein good yield and

high regio- and diastereoselectivity (entry 9).
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Table 17.Rh(l)-Catalyzed Hydroformylation of 3,3-Disubstiédt Cyclopropenes

Rl R Rh(CO),acac R', _R? R, _R?
/K dppf (P:Rh = 2:1) & * A
3 H,/CO 1:1, 150 psi R cHo R “CHo
R 231 60 °C, PhMe 247 248

Rxn time, hrs Yyield of
ey R =2 R dr (247:248"
(246Rh ratiof 247, %

1 Ph Me H 231a 18(1500:1) 247a 87 11:1
2 p-Cl-CgHs Me H 231f 18(1500:1) 247f 71¢ 8:1
3  p-F-CHy Me H 231 18(100:1) 247j 91° 121
4 Ph  CHOMOM H 231z 36(1500:1) 247z 72 10:1
5 Ph CHOAc H 23laa 36(1500:1) 247aa 75 7:1
6 Ph CGMe H 23lab 18(1500:1) 247ab 90 1:1
7  COMe Me H 23lac 36 (1500:1) 247ac 64 24:1
8 CMeOBn Me H 231ad 72 (1500:1) 247ad 91 ®

9 Ph Me Me 23lae 18(100:1) 247ae 80 7:1

2dppf:Rh molar ratio of 2:1 was employed.Determined byH NMR analysis of crude reaction
mixtures.® Isolated yields of a major diastereonfe€ombined isolated yields of two diastereomeérs.
A single diastereomet47adwas obtained. Regioselectivity of >10:1 was observed.
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Naturally, having in hand efficient conditions fdhe diastereoselective
hydroformylation, we were very intrigued by the gibdity of performing an
asymmetric hydroformylation of prochiral cycloproes (Table 18). We began our
optimizatiorf®’ by testing several commercially available ligangkich were shown
to produce high enantioselectivities in the asymimétydroformylation (AHF) of

Styrer.]eéf2,80,81,82,84

82081owever, all of these ligands provided unsatisfacresults
in the hydroformylation of cycloproper28la Thus, Ph-BPE&R),?® reported by
Klosin as one of the best-performing ligands foe tAHF of terminal olefins,
provided247awith 42% ee only (Tabld8, entry 1). Another highly reputed AHF
ligand BINAPINE (21) afforded 18% ee in the reaction witBla(entry 2). Further
optimization demonstrated that, generally, alks§mmetric phospholane ligands
provided significantly lower enantioselectivitidsah those observed in the AHF of
styrenes (entries 3-7). Next, we screened a sefigs;-symmetric ligands with
planarly chiral ferrocene backbone (entries 8 -. 19Fhis family of ligand$®
possesses great structural diversity and a widetrsjme of electronic properties.
Here again, it was found that several ligands shgwespectable selectivities in
hydroformylation of styrenes, demonstrated lesa g&tisfying results in the reaction
with 231a (entries 10,11). Andice versa, the “obvious outsiders” unexpectedly
produced promising enantioselectivities (entry 19Yhile not comprehensive, this

screening clearly demonstrated that the existingnemse experience in ligand

optimization acquired
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Table 18.Ligand Screening in the Asymmetric Hydroformylatioin
3-Methyl-3-phenylcyclopropen@31a).

Me Ph Rh(CO),acac, L* Me_.Ph Me,, ,Ph
K CO/H,, 150 psi A + &

CHO CHO
231a 247a 248a

conv, % dr° ed% ee%
# Ligand

(NMR) 247a248a 247a  248a
1 (RRRR)-Ph-BPE 83) 100 12:1 -42 -3
2 (R)-BINAPINE (121) 49 13:1 +18 +1
3 RRSS-Tangphos127) 100 2.9:1 +31 -24
4  (RRSS-DUANPHOS (126 100 14:1 +8 -3
5 (SSS9-Me-DUPHOS (01) 6 4:1 -10 N/D
6 (RRRR)-iPr-DUPHOS {04 100 13:1 -18 +43
7 CatASium m(R) &6) 0 - - -
8 Josiphos J001-B9) 82 14:1 +14 -6
9 Josiphos J002-B0) 80 10.6:1 +56 -41
10 Josiphos J003-B() 95 18.5:1 +24 -7

11 Josiphos- J0O08-1249) 100 14:1 +16 -20
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13

14

15

16

17

18

19

20

21

22

23

24

25

26

Table 18.Continued

Josiphos- J010-1260)

Walphos W001-193)

Walphos W002-194)

Taniaphos T001-196)

Taniaphos T003-1261)

Taniaphos T021-1262)

Mandyphos M001-187)

Mandyphos M004-188)

(R)-BINAP (80)

(R)-Tol-BINAP (81)

(R)-Xyl-BINAP (82)

CTH-(R)-BINAM (110

(R)-SYNPHOS {11)

(R)-SOLPHOS {12

(R)-Xyl-SOLPHOS (13

23

100

100

96

100

<1

<1

100

84

86

271

54:1

10.3:1

71

12:1

271

12:1

13:1

20:1

15:1

22:1

31:1

-19

+50

+42

N/D

N/D

+14

-64

-68

162

+33

+28

N/D

N/D

+23

+28

+19

-10

+77

+78

N/D
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28

29

30

31

32

33

34

35

36

37

38

39

40

41

Table 18.Continued

(R)-Cs-TUNEPHOS 118

(R)-DIFLUOROPHOS {14

BIPHEP SL-A101 {15

BIPHEP SL-A109 {16)

(R)-CI-MeO-BIPHEP {17)

CTH-R-P-PHOS49)

CTH-R-Xyl-P-PHOS 100

(RR)-NORPHOS 105

(RR)-DIOP (123

(S9-CHIRAPHOS (07)

(9-PHANEPHOS 97)

(9-Xyl-PHANEPHOS 08)

CARBOPHOS {09

(RR)-BINAPHANE (122

(R)-SDP (120)

100

86

4

36

64

100

100

2

100

91

0

30

8

25:1

12:1

13:1

34:1

13:1

151

36:1

9:1

10:1

16:1

11:1

6:1

-13

N/D

-16

+13

+2

163

+78

+64

+10

+47

+55

+22

N/D

+27

+10

+20



164

Table 18.Continued

42 CTH-R-SpiroP 119 90 5:1 +36 -50
43 CatASium | (25 <1 N/D N/D
44 CatASium T2 106) 7 4.4:1 +2 0

45 CatASium DR (24 50 13:1 +12 -6
46 Rhophos P001-263) 0 - - -

2 A RhiL ratio of 1:1.2 was employ&d” In the cited literature the opposite enantiomdrthese
ligands were employed; accordingly, the oppositeantiomers of the products were obtained.
°Determined by*H NMR analysis of crude reaction mixturdsNegative values of ee are provided
when the levorotatoryR|R)-enantiomer was obtained as major product. Resitalues of ee indicate
the predominant formation of the dextrorotatd®ys(-product.

through the AHF of terminal olefins cannot be dilecapplied to the
hydroformylation of small cycles. Such a discrepars not surprising, considering
the significant difference in geometry, electroproperties, and reactivity of the two
types of substrates.

Accordingly, we performed an independent search the best catalytic
system. To this end, we performed screening céva rhore sets of commercially
available chiral diphosphine ligands, which incld@egroup of &symmetric ligands
with a flexible axially chiral backbone (entries-28), and several other types of
chiral ligands featuring both flexible and rigica$iolds (entries 34-46). Although no
promising results were obtained in the latter c#se,screening of the former group

appeared to be more rewarding. Thus, promisingilteeswere obtained for
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SYNPHOS (11, entry 24), SOLPHOS1(2, entry 25), and DIFLUOROPHOS3.14,
entry 28), while the best conversion and enantausigity were attained in the
presence of C3-TUNEPHOS1i8, entry 27). Notably, C3-TUNEPHOS was

previously reported to be a marginal ligand for At¢F of styrene®

3.4.3. Stereochemical Rational

The following rationale, based on molecular mectamodeling (UUF), was
used to account for the origins of diastereo- amgh&oselectivity in the asymmetric
hydroformylation reaction (stereomodeid and A2, Figure 22F° As mentioned
above, the facial selectivity of the reaction isitrolled by sterics, as the approach of
the rhodium hydride species predominantly occusmfthe less hindered face of the
cyclopropene i(e,, syn- to a smaller substituent, Figure 22). The alisolu
stereochemistry of the process is determined by réiative orientation of the
cyclopropene in the resulting rhodium compléXl (vs A2). Molecular modeling
suggests the two pseudo-equatorial phenyl ringeeaphosphorus atoms dR)(C3-
TUNEPHOS obstruct quadrants and IV (shaded in gray in Figure 22), while
quadrantd andlll , with the pseudo-axial phenyl groups slightlyedltback, remain
relatively unhindered™ Accordingly, the orientation of the cyclopropeime the
trigonal bipyramidal rhodium compleXl is such that it minimizes the unfavorable
interaction of the small substituent “S” with thieemyl groups of the ligand, favoring
complex Al vs A2, which explains the absolute stereochemistry ef dbtained

products247a(Figure 22)%*2



(R\)q?)\Me
OHC"

Ph
(R,R)-247a - major
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I A2

Me,{;&@)
"“CHO

Ph
(S,S)-247a - minor

Figure 22.Proposed stereomodels for the RYC3-TUNEPHOS-catalyzed
hydroformylation.

3.4.4. Scope and Limitation Studies

To investigate the scope of the asymmetric hydrojdation reaction, we
tested a series of cyclopropenes possessing diffsubstituents at C3 in the presence
of Rh/C3-TUNEPHOS catalyst (Table 19). It was fddhat the enantioselectivity of
this reaction depended significantly on the substreture. Thus, phenyl- and ester-
substituted cyclopropenes23lac and 23la provided the corresponding
formylcyclopropanes with 74 % ee (entries 1,3), leehhydroformylation of
cyclopropene23lad possessing a benzyl-protected tertiary alcohottfan afforded
aldehyde247ad with only moderate ee of 57 % (entry 2). Rerably, in the

hydroformylation of the 3-arylcyclopropene serieSalfle 19, entries 3-5),
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introduction of an electron-withdrawing substituemtthe para-position of the aryl

ring led to a notable improvement of enantioselggtientry 4), whereas installation
of an electron-donating group resulted in detetioraof ee (entry 5). The reasons
for this unusual electronic effect are not yet ctetgly understood. Further work to
improve the enantioselectivity of this asymmetriensformation, and to understand
the origins of the observed significant electroaeftect on the enantioinduction of

hydroformylation, is currently underway in our labtories.
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Table 19.Rh-Catalyzed Asymmetric Hydroformylation of 3,3-Dixstituted
Cyclopropenes

R1
:R1 Rh(acac)CO,/C3-TUNEPHOS ) <: PPh,
Me PhMe 60 °C, H,/CO 1:1 OHC Me ~PPhy

231 247
conversion (NMR) >99%

(R)- CS TUNEPHOS

246 dr ee % Yield, [ad]p
# R
[Rh] ratio (247:248 247 % (conc., CHCIy)

1 COMe 23lac  750:1 22:1 74 63 -109.8 (c 1.17)
2 CMeOBn 23lad 375:1 247only 57 82 -24.6 (c 1.25)
3 Ph 23la 7501 25:1 74 86  -114.3 (c 1.42)
4  p-Cl-CgHy 231f 375:1 17:1 83 54 -137.8 (c 0.64)
5 pMe-GH,; 231b  750:1 17:1 68 78 -128.1 (c 1.56)

3.4.5. Conclusions

In conclusion, we demonstrated the first catalytitastereo- and
enantioselective hydroformylation of prochiral aymtopenes proceeding under very
mild conditions and low loadings of the Rh(l)-cg&tl Optimization of the reaction

protocol allowed for complete suppression of thenohating side processes, and
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permitted design of a novel, efficient catalyticlmanylative transformation amenable
for scale-up production. This methodology opens rewenues toward efficient
preparation of optically active cyclopropylcarbakethydes, valuable building blocks

for synthetic chemistry.

3.5. Experimental Section

3.5.1 Improved Preparative Route toward 3-Arylcycbpropenes (DMSO
Method)

3.5.2. General Information

See Chapter 1.4.1. for instrumentation details.

Anhydrous dimethylsulfoxide was purchased form Acrganics and used
as received. Anhydrous diethyl ether and tetrabfydan were obtained by passing
degassed HPLC-grade commercially available solveatsecutively through two
columns with activated alumina (Innovative Techigglo All other chemicals were

purchased from Sigma-Aldrich or Acros Organics, ased as received.
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3.5.3. Preparation of dibromocyclopropanes

Typical procedure:

Cl 229f Magnesium turnings (1.44 g, 60 mmol) were stirried

anhydrous ether (60 mL) and methyl iodide (3.7 migs added

Br dropwise maintaining moderate reflux of the reactmixture. Then
the mixture was stirred for 30 min and etlpythlorobenzoate (3.50
g, 19 mmol) in ether (10 mL) was added dropwisée fesulting mixture was stirred
for 2 hrs, then quenched with saturated aqueousCNENd extracted with ether.
Combined ethereal layers were washed consecutiiely 5% aqueous HCI, 10%
NaHCG;, and brine, dried with MgSQfiltered and concentrated. The residue was
dissolved in toluene (50 mLjp-toluenesulfonic acid (100 mg) was added, and the
mixture was stirred at reflux for 2 hrs. When GRalgsis showed the reaction
complete, the mixture was cooled to room tempeeatand quenched with aqueous
NaHCQs. The organic phase was separated, aqueous |ageextracted with EtOAc
(2 x 30 mL). The combined organic phases were &eshkith brine, dried with
MgSOQ;, filtered and concentrated. To the vigorouslyreti solution of the resulting
residue, bromoform (61 mmol, 4.9 mL) and cetrim{@®0 mg) in dichloromethane
(20 mL), 50 % aqueous solution of NaOH (5 mL) weddexd dropwise. The stirring
at room temperature was continued for 24 hrs, wh€ranalysis showed the reaction
complete. Then the mixture was quenched with wgt@® mL) and extracted with

dichloromethane (3 x 50 mL). Combined organic psasere washed consecutively

with dilute aqueous HCI, water, and brine, theredirivith MgSQ, filtered and
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concentrated in vacuum. Flash column chromatograplthe residual oil on Silica
gel (eluent - hexane) gave dibromocyclopropa8f as colorless oil. Overall yield
5.63 g (17.4 mmol, 91 %).

'H NMR (CDCL, 400.13 MHz)d 7.36 (d,J = 8.0 Hz, 2H), 7.26 (d] = 8.0 Hz, 2H),
2.15 (d,J = 7.6 Hz, 1H), 1.81 (d] = 7.6 Hz, 1H), 1.72 (s, 3H}*C NMR (CDC},
100.61 MHz)5 140.8, 133.0, 129.9 (+, 2C), 128.6 (+, 2C), 3802, 33.8 (-), 27.5
(+). GCIMS (El 70 eV) 12.01 min, m/z 324 (M+, <19809 (M-Me, 1%)+, 245
(34%), 163 (55%), 129 (100%); HRMS (TOF ES) Fod@.9578, Calculated for

C10HeBICl (M-Br) 242.9576 (0.1 ppm).

229b*% 'H NMR (400.13 MHz, CDG)) & 7.25 (d,J = 8.3 Hz, 2H),

7.22 (d,J = 8.3 Hz, 2H), 2.40 (s, 3H), 2.19 (@@= 7.6 Hz, 1H), 1.81 (d,
BrBr J=7.6 Hz, 1H), 1.75 (s, 3H}°C NMR (100.67 MHz, CDG) d 139.3,
136.9, 129.1 (+, 2C), 128.3 (+, 2C), 37.1, 35.4733), 27.7 (-), 21.2 (+); HRMS

(TOF ES) Found 223.0122, Calculated fagHg; .Br (M-Br) 223.0122 (0.0 ppm).

229¢ 'H NMR (400.13 MHz, CDCI3) 7.28 (t,J = 7.8 Hz, 1H),

7.15 (s, 1H), 7.14 (d] = 7.8 Hz, 2H), 2.41 (s, 3H), 2.19 @@= 7.6
BrBr Hz, 1H), 1.80 (d,) = 7.6 Hz, 1H), 1.74 (s, 3H)**C NMR (100.67
MHz, CDChk) 8142.2, 138.0, 129.2 (+), 128.2 (+), 128.0 (+), 525:), 36.9, 35.7,
33.7 (-), 27.8 (+), 21.5 (+); HRMS (TOF ES) FouB#3.0114, Calculated for

CuH12Br (M-Br) 223.0122 (3.6 ppm).
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229¢?* *H NMR (400.13 MHz, CDG)) 5 7.29 (d,J = 7.6 Hz, 1H),
7.25 (ps.-tJ = 7.6 Hz, 7.1 Hz, 1H), 7.19 (ps.d,= 7.3 Hz, 7.1 Hz,
BrBr 1H), 7.13 (dJ = 7.3 Hz, 1H), 2.58 (s, 3H), 2.14 @= 7.3 Hz, 1H),
1.84 (d,J = 7.3 Hz, 1H), 1.69 (s, 3H);*C NMR (100.67 MHz, CDG) & 140.9,

137.6, 130.8 (+), 128.4 (+), 127.3 (+), 126.0 37,7, 35.8, 34.4 (-), 25.7 (+), 20.0

(+);
229e 'H NMR (400.13 MHz, CDGJ) & 7.40 (d,J = 8.3 Hz, 2H),
7.26 (d,J = 8.3 Hz, 2H), 2.19 (d) = 7.6 Hz, 1H), 1.80 (d] = 7.6
Hz, 1H), 1.74 (s, 3H), 1.36 (s, 9H)®C NMR (100.67 MHz,

Br
Br CDCly) & 150.0, 139.2, 128.0 (+, 2C), 125.2 (+, 2C), 3B4.3,

34.5, 33.7 (+), 31.4 (+, 3C), 27.7 (-); HRMS (TOB)Bround 265.0588, Calculated

for Ci14H18Br (M-Br) 265.0592 (1.5 ppm).

229g 'H NMR (CDCk, 400.13 MHz)3 major atropomer: 7.47 (m,
o1 1H), 7.28-7.24 (m, 2H), 7.20 (m, 1H), 2.11 & 7.6 Hz, 1H), 1.84
B:ar (d,J =7.6 Hz, 1H), 1.75 (s, 3H); minor atropomer: 7(88,J = 7.6
Hz, 1.8 Hz, 1H), 7.38 (dd} = 7.7 Hz, 1.3 Hz, 1H), 7.33 (td,= 7.6 Hz, 1.3 Hz, 1H),
7.28 (m, 1H), 2.21 (dJ = 8.1 Hz, 1H), 2.05 (dJ = 8.1 Hz, 1H), 1.69 (s, 3H}*C
NMR (CDCl, 100.61 MHz)é major atropomer: 140.4, 135.2, 130.2 (+), 1300 (+

128.7 (+), 127.0 (+), 36.2, 35.6, 34.3 (-), 24.9; (minor atropomer: 138.8, 134.1,
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132.7 (+), 130.1 (+), 128.5 (+), 126.4 (+), 37.5 86.2, 34.1, 27.1 (+); GC/MS (EI
70 eV) 11.75 min, m/z 324 (M+, <1%), 309 (M-Me, 39P45 (35%), 163 (58%),
129 (100%); HRMS (TOF ES) Found 242.9576, Caleddbr GoHeBrCl (M-Br)

242.9576 (0.0 ppm).

CF3 229h 'H NMR (400.13 MHz, CDG) 5 7.65 (d,J = 8.3 Hz, 2H),

7.46 (d,J = 8.3 Hz, 2H), 2.21 (d] = 7.6 Hz, 1H), 1.87 (dJ = 7.6

Br Hz, 1H), 1.75 (s, 3H)**C NMR (100.67 MHz, CDG) 5 146.2,
1285.5 (9,2Jcr = 32.9 Hz), 129.0 (+, 2C), 125.4 @ce = 3.7 Hz, +, 2C), 124.1 (q,

YJce = 272.3 Hz), 35.5, 35.2, 33.8 (-), 27.5 (¥ NMR (376.50 MHz, CDG) 5 -

62.4; HRMS (TOF ES) Found 276.9843, CalculateddaHsBrF; (M-Br) 276.9840

(2.1 ppm).

O 229 'H NMR (400.13 MHz, CDG) 6 8.23 (d,J = 8.6 Hz, 1H),
X 7.96 (d,J = 8.1 Hz, 1H), 7.85 (d] = 8.1 Hz, 1H), 7.71 (ps.§, =
BrBr 7.3 Hz, 7.1 Hz, 1H), 7.59 (8 = 7.3 Hz, 1H), 7.46 (ps.l = 7.8
Hz, 7.3 Hz, 1H), 7.36 (d] = 7.1 Hz, 1H), 2.31 (d) = 7.6 Hz, 1H), 2.01 (d] = 7.6
Hz, 1H), 1.88 (s, 3H)**C NMR (100.67 MHz, CDG) & 139.7, 134.0, 131.4, 128.6
(+), 128.0 (+), 126.2 (+), 126.0 (+), 125.9 (+, 2C35.4 (+), 37.3, 35.4, 34.4 (-), 27.0
(+); HRMS (TOF ES) Found 259.0130, Calculated faiHzBr (M-Br) 259.0122

(3.1 ppm).
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3.5.4. Preparation of dibromocyclopropanes from ad-sensitive styrenes

Alternative procedure:

Scheme 55.
Ar_ _Me  PhsPCH3Br Arw _Me CHBr3 Ar__Me
\”/ t-BUOK, THF \W 50% aq. NaOH Br
o n-C16H33NMe3Br cat. Br
234 228

229j: Ar=4-FCgH5
229k: Ar = 4-OMeCgH5
2291: Ar = 2-OMeCgH5
229n: Ar = 2-naphthyl
2290: Ar = 2-FCgHy4
229m Ar = 4-NO,CgH5

F 229j. To a stirred at 0 °C suspension of methyltripteimosphonium
bromide (41.37 g, 115.8 mmol, 1.6 equiv.) in anloydr THF (175

5 mL) was added dropwise solution of potassiient-butoxide (7.76 g,
"

Br 69.13 mmol, 0.955 equiv.) The resulting yellow mrssion was

stirred for 1 hr at 0 °C, thegmfluoroacetophenone (10.0 g, 8.7 mL, 72.39 mmol§ wa
added dropwise. The mixture was stirred overnigien quenched with aqueous
NH4CI, and partitioned between water and diethyl eth&€he ethereal extract was
dried with NaSQ,, filtered, and concentrated. The residue wasfipdriby short
column chromatography (eluent - hexane) to affefdioro-a-methylstyrene (10e) as
a colorless oil. Yield 7.68 g (56.4 mmol, 82%).hid material without further
purification was mixed with bromoform (25.22 g, 8dL, 99.8 mmol, 1.66 equiv.),
benzyltriethylammonium chloride (TEBAC) (117 mgs0.mmol, 0.85 mol%), and
dichloromethane (20 mL). The mixture was vigorgusiirred, and 50% aqueous

solution of sodium hydroxide was added dropwiséhe Tixture was stirred (900-
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1100 rpm) overnight at 30-35 °C, when GC/MS analysdicated full conversion of
the olefin. Then, the mixture was quenched withew&100 mL) and extracted with
dichloromethane (3 x 50 mL). Combined organic psasere washed with brine,
dried with MgSQ, filtered and concentrated. The residue was ipdriby flash

column chromatography on silica gel, eluting wittxane. Yield 14.63 g (50.97

mmol, 86%).

'H NMR (CDCl, 400.13 MHz)5 7.31 (dd,J = 8.3 Hz,*J4r = 5.3 Hz, 2H), 7.07 (ps.-t,
J =3J4r = 8.3 Hz, 2H), 2.16 (d) = 7.6 Hz, 1H), 1.82 (d) = 7.6 Hz, 1H), 1.73 (s,
3H); **C NMR (CDCE, 100.61 MHz)3 161.8 (d,*Jce = 245.9 Hz), 138.1 (dJcr =
3.7 Hz), 130.1 (dJcr = 8.1 Hz, +, 2C), 115.3 (dJcr = 21.2 Hz, +, 2C), 36.4, 35.1,
33.8 (-), 27.7 (+); HRMS (TOF ES) Found 226.98Z2]culated for GHoBrF (M-

Br) 226.9872 (1.3 ppm).

OMe  229k'*> 'H NMR (400.13 MHz, CDG) & 7.25 (d,J = 8.6 Hz,

2H), 6.92 (d,J = 8.6 Hz, 2H), 3.84 (s, 3H), 2.15 (@= 7.6 Hz,

Br 1H), 1.78 (d,J
Br

7.6 Hz, 1H), 1.73 (s, 3H)*C NMR (CDCE,
100.61 MHz)3 158.6, 134.5, 129.5 (+, 2C), 113.7 (+, 2C), 55.2

(+), 37.4,35.1, 33.7 (-), 27.7 (+);
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2291 *H NMR (CDCk, 400.13 MHz)(] 7.32 (td,J = 7.8 Hz, 1.8

ome Hz, 1H), 7.09 (ddJ = 7.6 Hz, 1.8 Hz, 1H), 6.97 (d,= 8.3 Hz,

Br
Br 1H), 6.95 (ps.-t, J = 8.3 Hz, 7.6 Hz, 1H), 3.9934), 2.05 (dJ =

7.6 Hz, 1H), 1.77 (d) = 7.6 Hz, 1H), 1.69 (s, 3H)**C NMR (CDCk, 100.61 MHz)
5 158.1, 131.2, 128.9 (+), 128.6 (+), 120.4 (+), .B1Q+), 55.6 (+), 37.5, 34.1 (-),
34.0, 24.6 (+); HRMS (TOF ES) Found 239.0072, Giaked for GiH1,BrO (M-Br)

239.0072 (0.0 ppm).

O 229n: Flash column chromatography on silica gel (eluent -

hexane) gave clear oil, yield 10.31 g (30.3 mm6#,p.
Br /\

Br
'H NMR (400.13 MHz, CDG)) 5 7.90 (m, 4H), 7.76 (s, 1H), 7.56 (m, 2H), 2.36.1d,
= 7.6 Hz, 1H), 1.91 (d] = 7.6 Hz, 1H), 1.85 (s, 3H}*C NMR (100.61 MHz, CDG)
3140.0, 133.3, 132.6, 128.2 (+), 127.9 (+), 1278 {27.0 (+), 126.9 (+), 126.3 (+),

126.1 (+), 36.7, 36.0, 33.9 (-), 27.7 (+).

2290: Quick filtration through a short plug of silica gétluent:

r hexane) afforded clear oil, yield 10.14 g (32.9 mr88%).
Br
Br
'H NMR (400.13 MHz, CDG) 5 7.31 (m, 2H), 7.15 (m, 2H), 2.14 (br. &z 7.6 Hz,
1H), 1.84 (br. s, 1H), 1.72 (s, 3HC NMR (100.61 MHz, CDG) 4 160.2 (d,*Jcr =

250.3 Hz), 130.0 (br.), 129.7 (+, br.), 129.2 (+J& 8.0 Hz), 124.2 (+), 115.8 (+, d,
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2Jcr = 21.2 Hz), 35.5 (br.), 33.8 (-, br.), 25.1 (bd}X.1 (+, br.);*F NMR (376.50

MHz, CDCk) 5 -113.6.

NO, 229m [2 + 1] cycloaddition of dibromocarbene to oleiB8mwas
carried out according to the typical procedure dbeed above. The
Br reaction was performed in 2.37 mmol scale, andréét 674.8 mg

Br
(2.01 mmol, 85%) of dibromocyclopropaB29m

'H NMR (400.13 MHz, CDG)) 5 8.24 (d,J = 8.8 Hz, 2H), 7.50 (d] = 8.8 Hz, 2H),
2.23 (d,J = 7.8 Hz, 2H), 1.92 (dJ = 7.8 Hz, 2H), 1.75 (s, 3H)**C NMR (100.67

MHz, CDCk) 6 149.5, 145.0, 129.6 (+, 2C), 123.7 (+, 2C), 3545333.9 (-), 27.3

(+)-

3.5.5. Partial reduction of dibromocyclopropanes:

Typical procedure:
¢ 230f To a stirred solution of dibromocyclopropa229f (5.63 g,
17.4 mmol) and titanium (IV) isopropoxide (10 mol%7 mmol, 490
puL) in anhydrous diethyl ether (50 mL) was addedpedise 3M
o solution of ethylmagnesium bromide (21 mmol, 7.0)mLWhen

intensive gas evolution had ceased, the mixturestragd at room temperature for 2

hrs, then cooled in an ice bath and quenched bgemnive addition of water (10
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mL) and 10 % aqueous sulfuric acid (20 mL). Orggmase was separated; agueous
layer was extracted with ether (3 x 25 mL). Coneblirethereal phases were washed
consecutively with 10% aqueous NaH{C&nhd brine, dried with MgSQfiltered, and
concentrated in vacuum. The residue was purbigélash column chromatography
on Silica gel (eluent — hexane) to afford bromoopcbpane230f as colorless oil
(mixture of two diastereomers 1.845. Yield 3.08 g (12.5 mmol, 72%)H NMR
(CDCls, 400.13 MHz)3 major: 7.29 (dJ = 8.3 Hz, 2H), 7.21 (dJ = 8.3 Hz, 2H),
3.20 (dd,J = 8.0 Hz, 4.8 Hz, 1H), 1.64 (ps,= 8.0 Hz, 7.2 Hz, 1H), 1.62 (s, 3H),
3.20 (dd,J = 7.2 Hz, 4.8 Hz, 1H); minor: 7.35 (= 8.3 Hz, 2H), 7.28 (d] = 8.3 Hz,
2H), 3.11 (ddJ = 7.4 Hz, 4.5 Hz, 1H), 1.46 (s, 3H), 1.41 (pd.t 7.4 Hz, 6.8 Hz,
1H), 1.37 (ddJ = 6.8 Hz, 4.5 Hz, 1H)*C NMR (CDCk, 100.61 MHz)3 major:
142.9, 132.2, 128.6 (+, 2C), 128.4 (+, 2C), 30.), 6.3, 23.8 (+), 23.3 (-); minor:
140.7, 132.5, 130.7 (+, 2C), 128.3 (+, 2C), 279 27.0, 26.8 (+), 22.2; GC/MS (EI
70 eV) major: 10.80 min, m/z 246 (1%), 165 (M-Br, 100%); minor: 10.65 min,
m/z 246 (M, <1%), 165 (M-Br, 100%), HRMS (TOF ES) Found 163.00

Calculated for gH10Cl (M-Br) 165.0470 (0.6 ppm).

230b *H NMR (CDCk, 400.13 MHz)3 major: 7.17 (d,) = 8.3 Hz,

2H), 7.14 (dJ = 8.3 Hz, 2H), 3.23 (ddl = 7.8 hz, 4.3 Hz, 1H), 2.35 (s,
B 3H), 1.65 (ps.-tJ = 7.8 Hz, 6.5 Hz, 1H), 1.62 (s, 3H), 1.07 (dd; 6.5
Hz, 4.6 Hz, 1H); minor: 7.25 (d,= 8.1 Hz, 2H), 7.20 (d] = 8.1 Hz, 2H), 3.11 (dd, J

= 7.2 Hz, 4.6 Hz, 1H), 2.38 (s, 3H), 1.47 (s, 3&)$30-1.37 (m, 2H); °C NMR
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(CDCls, 100.61 MHz)d major 141.5, 136.1, 129.2 (+, 2C), 126.9 (+, 28,6 (+),
25.4, 24.0 (+), 23.2 (-), 21.0 (+); minor 139.2618 129.2 (+, 2C), 128.9 (+, 2C),
28.4 (+), 27.2, 27.0 (+), 22.1 (-), 21.1 (+); HRMBOF ES) Found 223.0121,

Calculated for ¢H;,Br (M-H) 223.0122 (0.4 ppm).

230c 'H NMR (CDCk, 400.13 MHz)3 major: 7.36-7.11 (m, 4H),

3.31 (dd,J = 8.1 Hz, 4.8 Hz, 1H), 2.43 (s, 3H), 1.72 (psl-& 8.1
Br Hz, 6.3 Hz, 1H), 1.70 (s, 3H), 1.14 (dii= 6.3 Hz, 4.8 Hz, 1H);
minor: 7.36-7.11 (m, 4H), 3.15 (dd,= 7.6 Hz, 4.3 Hz, 1H), 2.47 (s, 3H), 1.53 (s,
3H), 1.48-1.41 (m, 2H)-*C NMR (CDC}, 100.61 MHz)> major: 144.4, 138.1, 128.4
(+), 127.8 (+), 127.2 (+), 124.0 (+), 30.6 (+),@T+), 25.7, 24.0 (+), 23.2 (-); minor:
142.0, 137.6, 130.1 (+), 128.0 (+), 127.6 (+), 42@), 28.3 (+), 27.5 (+), 22.0 (-),
21.5, 21.4 (+); HRMS (TOF ES) Found 223.0123, Qated for GiHiBr (M-H)

223.0122 (0.4 ppm).

230d 'H NMR (CDCh, 400.13 MHz)d 7.24-7.21 (m, 1H), 7.18-7.14

(m, 3H), 3.22 (dd) = 8.1 Hz, 4.6 Hz, 1H), 2.43 (s, 3H), 1.57 (psl<,
Br 8.1 Hz, 6.3 Hz, 1H), 1.52 (s, 3H), 1.09 (dd= 6.3 Hz, 4.6 Hz, 1H);
13C NMR (CDCE, 100.61 MHz)5 142.7, 137.2, 130.6 (+), 128.9 (+), 126.9 (+),.026
(+), 30.8 (+), 26.1, 23.3 (+), 23.2 (-), 19.3 (H{RMS (TOF ES) Found 208.9958,

Calculated for GH10Br (M-Me) 208.9966 (3.8 ppm).
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230e 'H NMR (CDCk, 400.13 MHz)> major: 7.41 (dJ) = 8.3 Hz,
2H), 7.26 (d,J = 8.3 Hz, 2H), 3.30 (dd] = 7.8 Hz, 4.8 Hz, 1H),
1.73 (dd,J = 7.8 Hz, 6.3 Hz, 1H), 1.42 (s, 3H), 1.40 (s, OH)}4
o (dd,J = 6.3 Hz, 4.8 Hz, 1H); minor 7.45 (d,= 8.3 Hz, 2H), 7.34
(d, J = 8.3 Hz, 2H), 3.16 (dd] = 7.3 Hz, 4.3 Hz, 1H), 1.70 (s, 3H), 1.47-1.43 (m,
2H), 1.42 (s, 9H);**C NMR (CDC}, 100.61 MHz)d major: 149.3, 141.3, 126.5 (+,
2C), 125.4 (+, 2C), 34.4, 31.3 (+, 3C), 30.7 (9,12 23.8 (+), 23.4 (-); minor: 149.4,
139.0, 128.9 (+. 2C), 125.0 (+, 2C), 34.4, 31.438@), 28.5 (+), 27.1, 27.0 (+), 22.1

(-); HRMS (TOF ES) Found 187.1491, Calculated@gH1o (M-Br) 187.1487 (2.1

ppm).
230g 'H NMR (CDCk, 400.13 MHz)d major: 7.40-7.37 (m, 1H),
cl 7.34-7.31 (m, 1H), 7.26-7.18 (m, 2H), 3.28 (dds 8.3 Hz, 4.9 Hz,
Br 1H), 1.61 (ddJ = 8.3 Hz, 6.2 Hz, 1H), 1.59 (s, 3H), 1.16 (dd; 6.2

Hz, 4.9 Hz, 1H); **C NMR (CDC}, 100.61 MHz)d major: 141.9, 135.0, 130.5 (+),
129.9 (+), 128.2 (+), 126.9 (+), 30.3 (+), 26.1,28), 22.6 (+); HRMS (TOF ES)

Found 165.0478, Calculated fog810Cl (M-Br) 165.0471 (4.2 ppm).

CFs 230h 'H NMR (400.13 MHz, CDG) & major: 7.59 (dJ = 8.2 Hz,
2H), 7.39 (d,J = 8.2 Hz, 2H), 3.24 (dd] = 8.1 Hz, 4.8 Hz, 1H),
1.71 (dd,J = 8.1 Hz, 6.6 Hz, 1H), 1.66 (s, 3H), 1.17 (dd 6.6 Hz,

Br
4.8 Hz, 1H); minor: 7.64 (d] = 8.0 Hz, 2H), 7.47 (d] = 8.0 Hz, 2H), 3.14 (dd] =
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7.5 Hz, 4.4 Hz, 1H), 1.50 (s, 3H), 1.47 (dd; 7.5 Hz, 6.6 Hz, 1H), 1.43 (dd= 6.6
Hz, 4.4 Hz, 1H)**C NMR (100.67 MHz, CDG) & major: 148.4, 128.8 ({fJcr =
32.9 Hz), 127.4 (+, 2C), 125.5 {cr = 3.7 Hz, +, 2C), 124.1 (4Jcr = 272.3 Hz),
30.0 (+), 25.6, 23.54 (+), 23.49 (-); minor: 146129.8 (+, 2C), 129.0 (GJcr = 32.9
Hz), 125.2 (9. Jcr = 3.7 Hz, +, 2C), 124.1 (dJcr = 271.5 Hz), 27.5 (+), 26.6 (+),
25.6, 22.3 (-); *F NMR (376.50 MHz, CDG) & major: -62.44; minor: -62.37;
GC/MS: major (R= 9.40 min) 278 (M, <1%), 259 (M — F, 1%) , 209 (M- CF;,
1%), 199 (M — Br, 100%); minor (R= 9.22 min) 278 (M, <1%), 259 (M — F, 1%) ,
209 (M' — CR, 1%), 199 (M — Br, 100%). HRMS (TOF ES) Found 199.0734,

Calculated for H;oF; (M-Br) 199.0735 (0.5 ppm).

O 230t *H NMR (CDCh, 400.13 MHz)5 8.24 (d,J = 8.3 Hz, 1H),

X 7.91 (d,J = 8.1 Hz, 1H), 7.79 (dd] = 6.3 Hz, 3.3 Hz, 1H), 7.63

Br (td, J = 8.3 Hz, 1.7 Hz, 1H), 7.55 (td, = 8.1 Hz, 1.0 Hz, 1H),

7.46-7.43 (m, 2H), 3.39 (d,= 8.1 Hz, 4.5 Hz, 1H), 1.75 (s, 3H), 1.76 (m, 1HR8
(dd,J = 6.3 Hz, 4.5 Hz, 1H)*C NMR (CDC}, 100.61 MHz)3 141.1, 134.0, 131.6,
128.8 (+), 127.6 (+), 126.3 (+), 126.0 (+), 125t], (125.5 (+), 124.8 (+), 30.8 (+),
25.6, 24.2 (+), 23.1 (-); HRMS (TOF ES) Found 1814, Calculated for GH;3 (M-

Br) 181.1017 (1.7 ppm).
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F 230} 'H NMR (CDCk, 400.13 MHz)3 major: 7.25 (dd,) = 8.6 Hz,
“Jue = 5.3 Hz, 2H), 7.02 (ps.-fl = *Jue = 8.6 Hz, 2H), 3.22 (dd] =
o 7.8 Hz, 4.8 Hz, 1H), 1.64 (dd,= 7.8 Hz, 6.3 Hz, 1H), 1.62 (s, 3H),
1.10 (dd,J = 6.3 Hz, 4.8 Hz, 1H); minor: 7.31 (dd= 8.8 Hz,*Jur = 5.6 Hz, 2H);
7.07 (ps.-tJ = *Jue = 8.8 Hz, 2H), 3.11 (dd] = 7.3 Hz, 4.3 Hz, 1H), 1.47 (s, 3H),
1.41 (dd,J = 7.3 Hz, 6.8 Hz, 1H), 1.37 (dd,= 6.8 Hz, 4.3 Hz, 1H)**C NMR
(CDCls, 100.61 MHz)d major: 161.4 (diJcr = 245.2 Hz), 140.2 (d'Jcr = 2.9 Hz),
128.7 (d,*Jcr = 8.1 Hz, +, 2C), 115.3 (dJcr = 21.2 Hz, +, 2C), 30.1 (+), 25.3, 24.1
(+), 23.2 (-); minor: 161.6 (dJcr = 245.2 Hz), 138.0 (d\Jcr = 3.7 Hz), 130.9 (d,
3Jce = 8.1 Hz, +, 2C), 115.0 (dJcr = 21.2 Hz, +, 2C), 28.1 (+), 26.97 (+), 26.94,

22.3 (-); HRMS (TOF ES) Found 149.0767, CalculdtedCigH:oF (M-Br) 149.0767

(0.7 ppm).

OMe  230k***> 'H NMR (CDCk, 400.13 MHz)d major: 7.20 (d, J = 8.7
Hz, 2H), 6.87 (dJ = 8.7 Hz, 2H), 3.82 (s, 3H), 3.22 (d#i= 8.3

o Hz, 4.8 Hz, 1H), 1.63 (dd] = 8.7 Hz, 4.1 Hz, 1H), 1.62 (s, 3H),
1.07 (dd,J = 6.1 Hz, 4.8 Hz, 1H); minor: 7.28 (@z= 8.7 Hz, 2H), 6.93 (d] = 8.7 Hz,
2H), 3.84 (s, 3H), 3.11 (ps.-t), 1.46 (s, 3H), 1(87J = 5.8 Hz, 2H); **C NMR
(CDCls, 100.61 MHz)d major: 158.2, 136.6, 128.1 (+, 2C), 113.9 (+, 2%5.3 (+),

30.5 (+), 25.2, 24.2 (+), 23.2 (-); minor: 158134.4, 130.4 (+, 2C), 113.5 (+, 2C),

55.1 (+), 28.7 (+), 27.1 (+), 26.9, 22.2 (-);
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230t *H NMR (CDCk, 400.13 MHz)3 major: 7.29-7.23 (m, 2H),
oMe 6.96 (t,d = 7.5 Hz, 1H), 6.91 (d] = 8.1 Hz, 1H), 3.92 (s, 3H), 3.25
Br (dd,J = 7.8 Hz, 4.8 Hz, 1H), 1.57 (s, 3H), 1.54 (psl-& 7.8 Hz,
6.1 Hz, 1H), 1.07 (dd] = 6.1 Hz, 4.8 Hz, 1H); minor: 7.35-7.26 (m, 2H))T-6.96,
m, 2H), 3.93 (s, 3H), 3.17 (dd,= 7.6 Hz, 4.3 Hz, 1H), 1.46 (s, 3H), 1.39 (dd, 2.6
Hz, 6.3 Hz, 1H), 1.31 (dd} = 6.3 Hz, 4.3 Hz, 1H)*C NMR (CDCk, 100.61 MHz)
5 major: 158.3, 132.6, 129.4 (+), 128.0 (+), 126:3 10.6 (+), 55.29 (+), 30.6 (+),
23.6, 22.84 (+), 22.78 (-); minor: 158.6, 130.7, #30.5, 128.2 (+), 120.2 (+), 110.7
(+), 55.32 (+), 28.4 (+), 25.4, 24.3 (+), 22.6 (MRMS (TOF ES) Found 161.0968,

Calculated for ¢H;30 (M-Br) 161.0966 (1.2 ppm).

O 230n: was obtained as a mixture of diastereomers in ia Ht
O ~2:1 as determined b4 NMR. Isolated and purified via short

Br /\ column chromatography on silica gel (eluent - hejao afford

an opaque, slowly crystallizing oil. Yield 5.18%30.3 mmol, 73%).

'H NMR (400.13 MHz, CDG)) §[7.84 (m), Z4H], [7.72 (s),Z1H], [7.50 — 7.42 (m),
>2H], [3.35 (dd,J = 8.1 Hz, 4.5 Hz) & 3.19 (dd] = 7.3 Hz, 4.3 Hz)z1H], [1.81
(ps.t,J = 6.6 Hz) & 1.57 (m)X1H], [1.74 (s) & 1.57 (s)Z3H], [1.49 (ps.td = 7.3
Hz) & 1.02 (ps.tJ = 6.1 Hz),31H], [1.19 (dd,J = 6.3 Hz, 4.6 Hz) & 0.85 (dd,= 5.8
Hz, 4.0 Hz),=1H]; *C NMR (100.61 MHz, CDG) 5141.9, 140.0, 139.9, 133.4,

132.5, 132.2, 128.4 (+), 128.0 (+), 127.9 (+), 8A2C, +), 127.7 (2C, +), 127.6 (2C,
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+), 126.3 (+), 125.9 (+), 125.7 (+), 125.6 (+), B25+), 30.4 (+), 28.3 (+), 27.9, 26.9
(+), 26.3, 24.1 (+), 23.3 (-), 22.3 (-); HRMS (T@S) Found 181.1022, Calculated

for C14H13 (M-Br) 181.1017 (2.8 ppm).

2300: was purified through flash chromatography on sigieh (eluent
r - hexane) to afford a mixture of diastereomers mate of ~ 2:1 as a

Br colorless oil. Yield 6.89 g (30.1 mmol, 91%).

'H NMR (400.13 MHz, CDG) 5[7.27 (m), & 7.09 (mE 4H], [3.27 (ddJ = 8.3, 4.8
Hz) & 3.15 (dd,J = 7.6, 4.6 Hz)¥1H], [1.58 (s) & 1.43 (5)Z3H], [1.58 (m) & 1.43
(ps.t,J = 6.6 Hz),Z1H], [1.35 (m) & 1.10 (dd,) = 6.3, 4.8 Hz)Z1H]; **C NMR
(100.61 MHz, CDGJ) 5 163.4 (d,"Jcr = 248.1 Hz), 163.0 (dJcr = 248.8 Hz), 131.6,
131.4 (+, dJ = 4.3 Hz), 130.0 (+, dJ = 4.0 Hz), 129.6, 128.8 (+, d,= 8.3 Hz),
128.6 (+, dJ = 7.9 Hz), 124.1 (+, dl = 3.7 Hz), 123.9 (+, d] = 3.7 Hz), 115.7 (+, d,
J = 21.2 Hz), 115.6 (+, d] = 22.0 Hz), 29.2 (+), 27.3 (+), 24.9 (+), 24.4,28+),
22.5, 22.4 (-), 22.3 (-)**F NMR (376.50 MHz, CDG) & -114.9, -115.8; HRMS

(TOF ES) Found 149.0767, Calculated fapHGioF (M-Br) 149.0767 (0.7 ppm).

NO, 230m Bromocyclopropan230a(5.00 g, 23.7 mmol) was stirred at
0 °C in acetic anhydride (22 mL), and nitric acid (9r®) was
added dropwise. The mixture was stirred 8&C0for 10 min, then

Br
warmed up to RT and stirred overnight, then quedickgéth brine (20 mL),
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neutralized with aqueous NaHGBO0 mL), and extracted with EtOAc (3 x 100 mL).
Combined organic phases were dried with MgSiiltered, and concentrated. The

residue was purified by vacuum distillation on Kluger (ot 110-112C at 0.4 torr).

'H NMR (400.13 MHz, CDG) 5[8.24 (d,J = 8.5 Hz) & 7.82 (dJ = 8.5 Hz) & 8.18
(d,J=7.8 Hz), & 7.41 (dJ = 7.8 Hz)= 2H], 7.53 (m, 2H), [3.23 (m) & 3.16 (dd,=
7.6 Hz, 4.6 Hz)Z 1H], [1.76 (ps. tJ = 7.3 Hz), & 1.45 (ps.t, 6.8 Hz), & 1.23 (diiz
6.7 Hz, 4.8 Hz), & 1.15 (dd] = 11.6 Hz, 6.8 Hz, 4.8 H#) 1H], [1.71 (s), & 1.67
(s), & 1.62 (s), & 1.51 (sf 3H], 1.53-1.43 (m, 4H)**C NMR (100.67 MHz, CDG)
5152.0, 149.7, 139.1, 133.0 (+), 132.2 (+), 1304 {28.1 (+), 127.7 (+), 124.4 (+),
123.9 (+), 123.6 (+), 31.9 (+), 30.0 (+), 29.7 (27,6, 27.3 (+), 26.4 (+), 25.7, 25.4,

24.4,24.2 (), 23.3 (+), 23.1 (-), 22.6 ().
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3.5.6. Synthesis of Amido-monobromocyclopropanes

Scheme 56.
Me\‘ :COZH SOCl, Me\‘ :COCI
Br Br
250 251
Me cocl R'R2NH Me CONR'R?
K dry THF, NEt, K
Br Br
251 230p-y, 252
230p: R'=R2=Et 230v: R'=R?=Ph
230q: R' =R?=-Pr 230w: R" = p-NO,CgH,, R? = Et
230r: R'R? = (CH,CH,),0 230x: R' = Ph, R? = Et
230s: R'R? = (CH,CH,),CH, 230y: R' = p-MeOCgH,, R? = Et
230t: R'R? = (CH,CH,),NMe 252: R' = p-Hexyl, R = H
o 251 2-Bromo-1-methylcyclopropanecarboxylic aci26()*™® (25.9 g,

XCI 200 mmol, mixture of diastereomers, 1:1) and freshstilled thionyl
Br chloride (50 mL) were stirred at room temperaturernight. Excess of
thionyl chloride was distilled off at ambient press. The residue was distilled in
vacuum, b.p. 50-53 °C (10 mm Hg) to obtain a mixtwf diastereomeric
acylchlorides 1:1 as a colorless oil. Yield 37.91§2 mmol, 96%). This material

was used as is in further acylations of primary aadondary amines as described

below.

O Et 230p (Typical Procedure) To a stirred solution of figsdistilled
N

Et diethyl amine (5.56 g, 7.94 mL, 76 mmol) under amasphere of i
Br
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in anhydrous THF (20 mL) was added the acid ché?igll (5 g, 25.3 mmol) in dry
THF (35 mL) dropwise. After ~ 1 hr of stirring edom temperature the starting
materials was consumed as judged by GCMS analysn;the precipitate formed in
the reaction mixture was removed by suction filtnatand the filter cake was rinsed
with THF (2 x 20 mL). Then, the precipitate wasstilved in water (20 mL) and
extracted with EtOAc (2 x 20 mL). The combinedang phases were washed with
brine (20 mL), dried with MgsOs, combined with the THF filtrate and condensed in
vacuum. Vacuum distillation in a Kugelrohr at 9D 4t 0.6 mm Hg gave the product

as a pale-yellow oil. Overall yield 5.64 g (24.1 oin®5 %).

'H NMR (400.13 MHz, CDG) 5[3.71 (m) & 3.57 (m), & 3.32 (M), & 3.19 (m),
S4H], [3.13 (dd,J = 7.3 Hz, 4.6 Hz) & 2.96 (dd} = 7.3 Hz, 4.6 Hz)31H], [1.67
(dd,J = 6.7 Hz, 4.8 Hz) & 1.59 (dd,= 6.7 Hz, 4.8 Hz)Z1H], [1.25 (t,J = 14.3 Hz,
7.1 Hz) & 1.10 (tJ = 14.0 Hz, 7.0 Hz)$3H], [1.43 (s) & 1.35 (s)Z3H], [1.11-1.06
(m) & 0.86 (dd,J = 6.7 Hz, 5.0 Hz)¥4H]; **C NMR (125.76 MHz, CDG) 5171.1,
169.6, 41.2 (-), 41.1(-), 39.0 (-), 38.9 (), 2729,4 (+), 25.9 (+), 22.2 (-), 22.0, 21.6
(+), 21.4 (-), 20.6, 13.9 (+), 13.7 (+), 12.4 (4.2 (+); HRMS (TOF ES): found

234.0490, calculated forgH17,BrNO (M+H) 234.0493 (1.3 ppm).
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230qg This material was prepared according to the tygicatedure
o]

XN starting from 2.00 g (10.1 mmol) of acyl chlori@él and freshly

Br distilled diisopropylamine (4.50 mL, 3.13 g, 30.3nwl). Yield
2.31 g (8.79 mmol, 87 %). The physical and speraperties of this substance

were identical to those reported in literatfif®.

Q N/ \o 230r: This compound was obtained starting from 5.00 g325
X
Br

mmol) of acyl chloride251, and freshly distilled morpholine (6.6
mL, 6.62 g, 76 mmol) according to a typical proaedu Vacuum distillation in a
Kugelrohr (oven temperature 133 °C at 0.6 torrihefresulting residue afforded 5.52
g (22.3 mmol 88 % yield) of the title compoundiXtare of trans- and cis-isomers

1:1) as a colorless oil.

'H NMR (400.13 MHz, CDG)) 8 3.68 (m, 8H), [3.15 (dd] = 8.3 Hz, 5.1 Hz) & 2.98
(dd,J = 7.6 Hz, 4.8 Hz)g1H], [1.70 (ps.tJ = 8.1) & 1.58 (dd,) = 6.8 Hz, 4.8 Hz),
S1H], [1.45 (s) & 1.37 (s)£3H], [1.20 (ps.tJ = 7.3 Hz) & 0.91 (dd,) = 6.6 Hz, 4.8
Hz), =1H]; **C NMR (100.61 MHz, CDG) 5 170.6, 168.9, 67.1 (-), 66.9 (-), 66 .7 (-,
2C), 46.4 (-), 42.6 (-), 27.5 (+), 27.1, 25.6, 26t4, 21.6 (-), 21.4 (+), 21.2 (-), 19.4
(+); HRMS (TOF ES): found 168.1026, calculated @@H;,NO, (M-Br) 168.1025

(0.6 ppm).
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o 230s This compound was obtained starting from 5.102§.§
XND mmol) of acyl chloride251, and freshly distilled piperidine (7.7

Br mL, 6.60 g, 85 mmol). Vacuum distillation in a Kalghr (oven
temperature 150 °C at 0.4 torr) of the resultingjchee afforded 6.26 g (25.4 mmol,
98 % vyield) of the compound (mixture tins- andcis-isomers 1:1) as a colorless

oil.

'H NMR (400.13 MHz, CDG)) 8[3.70-3.57 (m) & 3.49-3.35 (m}4H], [3.11 (dd,J

= 8.1 Hz, 4.8 Hz) & 2.94 (dd} = 8.1 Hz, 4.8 Hz)£1H], 1.65-1.45 (m, 7H), [1.38 (s)
& 1.30 (s),=3H], [1.10 (ps. tJ = 8.6 Hz, 5.3 Hz) & 0.82 (ps.d, = 6.8 Hz, 4.8 Hz),
>1H]; *C NMR (100.61 MHz, CDG) 5170.1, 168.8, 46.9 (-), 43.2 (-), 27.9, 27.5
(+), 26.5 (-), 26.1 (-), 26.0 (+), 25.7, 25.6 @4.6 (-), 24.5 (-), 21.9 (-), 21.7 (+), 21.3
(-), 19.5 (+); HRMS (TOF ES): found 166.1233, c#éited for GoH1sNO (M-Br)

166.1232 (1.0 ppm).

Q N/_\ 230t This compound was obtained starting from 5.0@%.3
X mmol) of acyl chloride251, and freshly distilled 1-methyl-
pBirperazine (8.5 mL, 7.61 g, 76 mmol). Purificatiaras performed by vacuum
distillation in a Kugelréhr (oven temperature 1%D &t 0.6 torr), and afforded 5.72 g

(21.9 mmol 87 % yield) of the compound (mixturdrains- andcis-isomers 1:1) as a

colorless oil.
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'H NMR (400.13 MHz, CDG)) 8 3.75-3.45 (m, 4H), [3.09 (dd,= 4.89 Hz, 4.12 Hz)
& 2.92 (dd,J = 4.89 Hz, 4.12 Hz)z1H], 2.55-2.27 (m, 4H), [2.25 (s) & 2.24 (S),
>3H], [1.60 (ps.tJ = 8.1 Hz, 7.1 Hz) & 1.48 (ps.d,= 8.1 Hz, 7.1 Hz)Z1H], [1.38
(s) & 1.30 (s)X3H], [1.11 (ps.t) = 7.7 Hz, 6.8 Hz) & 0.82 (psd,= 7.7 Hz, 6.8 Hz),
>1H]; *C NMR (100.61 MHz, CDG) 8170.2, 168.8, 55.4 (-), 54.6 (-), 46.1 (+),
46.0 (+), 45.8 (-), 42.1 (-), 28.3 (-), 27.7 (+).2 (+), 25.6, 25.5, 21.7 (-), 21.6 (-),
19.5 (+); HRMS (TOF ES): found 261.0603, calculated C;gH1sBrN,O (M+H)

261.0603 (0.0 ppm)

O Ph 230u To a stirred solution of diphenylamine (4.23 §,8mol, 1eq.),

N
/XL Ph - DMAP (100 mg), and triethylamine (5 mL) in THF (30L) was
Br

added acid chlorid@51 (4.94 g, 25 mmol, leqg.) and the mixture was albbwe
reflux overnight. It was worked up according te tibove procedure and isolated via
column chromatography on silica gel (eluent — 5ek&he:EtOAc, R= 0.4 and 0.23).

The product was obtained as an off-white solididy&76 g (20.47 mmol, 82%).

'H NMR (400.13 MHz, CDG)); [7.38 — 7.24 (m)Z10H], [3.42 (dd,J = 8.5 Hz, 5.3
Hz) & 2.90 (dd,J = 7.6 Hz, 5.0 Hz)z1H], [2.07 (dd,J = 8.5 Hz, 6.4 Hz) & 1.53 (dd,
J =7.0 Hz, 5.0Hz)g1H], [1.17 (s) & 1.09 (s)£3H], [1.26 (ps.tJ = 7.0 Hz) & 0.86

(dd, J = 6.4 Hz, 5.3 Hz)g1H]; *C NMR (100.61 MHz, CDG) 5173.0, 171.2,
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144.0 (2C, +) 143.5 (2C,+), 129.8 (4C, +), 129.C,4, 128.0 (4C, +), 127.8 (4C, +),
127.4 (2C,+), 127.3 (2C, +), 30.9 (+), 29.0 (+),£86.8, 25.2 (-), 24.5 (-), 22.8 (+),
19.8 (+); HRMS (TOF ES): Found 330.0485, Calcuater C/H1;,BrNO (M+H)

330.0493 (2.4 ppm).

N 230t was prepared according to the typical procedtagisg from
X =t 2.0 g (10.1 mmol) of acyl chlorid251 andN-ethylaniline (3.81 mL,
3.68 g, 30.3 mmol). Purification involved partiting between a saturated aqueous
solution of citric acid (75 mL) and EtOAc (2 x 50Ljn Combined organic phases
were washed with brine, dried with MgaQiltered, and concentrated in vacuum.
The residue was distilled twice in a Kugelréhr appas (oven temperature 155 °C at

0.2 torr) yielding 1.45 g (5.13 mmol, 51 %) of ttmmpound as colorless oil.

'H NMR (400.13 MHz, CDG) 5[7.46 - 7.15 (m)35H], [4.18 (m) & 3.44 (br. s),
>1H], [3.81 (m) & 3.64 (m)Z1H)], [3.21 (dd,J = 8.3 Hz, 5.1 Hz) & 2.75 (br. s),
>1H], [1.85 (ps.tJ = 6.6 Hz) & 1.61 (ps.t) = 5.6 Hz),X1H], [1.13 (t,J = 7.1 Hz) &
1.08 (t,d = 7.3 Hz),23H], [1.03 (br. s) & 0.88 (br. s}3H], [0.88 (br.s) & 0.71 (ps. t,
J = 5.6 Hz),Z1H]; *C NMR (100.61 MHz, CDG) 5171.2, 169.1, 142.6, 141.6,
129.5 (2C, +), 129.4 (2C, +), 128.4 (2C, +), 122€, +), 127.6 (2C, +), 127.5 (2C,

+), 46.6 (-), 45.9 (-), 29.8 (+), 28.2, 27.2 (+}.2, 24.2 (-), 23.4 (), 19.9 (+), 12.8
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(+); HRMS (TOF ES): found 202.1234, calculated @gH16NO (M-Br) 202.1232

(2.0 ppm).

230w. This compound was prepared according to the pobto

@) Vam
N
X Q described above for ami@30t, starting from acylchlorid@51

Br (2.24 g, 6.25 mmol)N-ethyl-(4-nitroaniline) (0.99 g, 5.96

NO,
mmol), and triethylamine (1.68 g, 14.9 mmol). Crudaterial was purified via short

column chromatography on a silica gel (eluent HexatOAc 3:1, R= 0.39 and

0.32).

'H NMR (400.13 MHz, CDG) 5[8.34 (d,J = 8.8 Hz) & 8.31 (d,) = 8.8 Hz),Z2H],
[7.55 (d,J = 8.8 Hz) & 7.37 (d)) = 8.8 Hz),Z2H], [4.22 (sextet]) = 7.1 Hz) & 3.93
(sextet,d = 7.1 Hz),Z1H], [3.74 (sextet] = 7.1 Hz) & 3.66 (sextet] = 7.1 Hz),
>1H], [3.26 (dd,J = 8.3 Hz, 5.1 Hz) & 2.94 (dd, = 7.3 Hz, 4.8 Hz)z1H], [1.96 (dd,
J=8.3 Hz, 6.6 Hz) & 1.80 (ps.d,= 6.3 Hz),21H], [1.30 (dd,J = 7.6 Hz, 6.6 Hz) &
0.83 (dd,J = 6.6 Hz, 5.3 Hz)z1H], [1.18 (t,J = 7.1 Hz) & 1.12 (1) = 7.1 Hz),X3H],
1.10 (s, 3H);**C NMR (100.61 MHz, CDG) 5178.9, 171.4, 147.5, 146.2, 128.4 (+,
2C), 128.1 (+, 2C), 125.0 (+, 2C), 124.8 (+, 2@,04(-), 45.9 (-), 29.3 (+), 28.9 (+),
26.8, 25.9, 23.6 (-), 23.2 (-), 21.6 (+), 19.6 (¥3,4 (+), 13.0 (+); HRMS (TOF ES):

Found 327.0345, Calculated fog#:6BrN,O3; (M+H) 327.0344 (0.3 ppm).
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OMe 230y. This compound was obtained according to procedure

o @ described above f&30t, starting from acyl chlorid@51 (1.24

XN‘Et g, 6.29 mmol),N-ethylanisidine (0.99 g, 6.47 mmol), and

Br triethylamine (1.68 g, 14.9 mmol). Acid-base estie@n
followed by Kugelréhr vacuum distillation (oven tparature 200 °C at 0.1 torr)

afforded the title compound. Yield 2.025 g (6.481ah, 99 %).

'H NMR (400.13 MHz, CDG) 3[7.33 (d,J = 8.8 Hz) & 6.95 (d,] = 8.8 Hz),52H],
[7.07 (d,J = 8.8 Hz) & 6.97 (dJ = 9.1 Hz) Z2H], [4.17 (M) & 3.79 (M)Z1H], [3.87
(s) & 3.85 (s),23H], [3.60 (m) & 3.38 (M) 1H], [3.22 (dd,J = 8.3 Hz, 5.1 Hz) &
2.75 (dd,J = 7.1 Hz, 4.8 Hz)F1H], [1.85 (ddJ = 8.1 Hz, 6.6 Hz) & 1.66 (dd] =
6.3 Hz, 5.1 Hz)g1H], [ 1.14 (t,J = 7.1 HZ) & 1.08 (tJ = 7.1 Hz),=3H], [1.05 (br.s)
& 0.89 (br.s),=3H], [0.95 (ps.tJ = 7.1 Hz) & 0.72 (br.s)L1H] *°C NMR (100.61
MHz, CDCk) 3171.4, 169.2, 158.7 (2C), 135.3 (2C), 129.6 (2G,129.2 (2C, +),
114.6 (2C, +), 114.5 (2C, +), 55.5 (+), 55.4 (49,54(-), 45.9 (-), 29.7 (+), 28.2, 27.1
(+), 26.2, 24.1 (), 23.4 (-), 22.1 (+), 20.0 (#R.9 (+), 12.7 (+); HRMS (TOF ES):

Found 312.0593, Calculated foi81oBrNO, (M+H) 312.0599 (1.9 ppm).

/_¢_/)4 252 A solution of 4.01 mL (3 eq., 30.4 mmol) Bthexylamine
NH

@)
X in 10 mL of THF was added dropwise to a solutionacfd

B . . ,
' chloride251 (2 g, 10.13 mmol) in THF (7 mL). After the amine
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addition was complete, the mixture was allowed tio & room temperature until
GCMS analysis showed no remaining starting mage(ialhr). The precipitate was
filtered off through a fritted funnel, and the ifdte was washed with EtOAc (15 mL),
then dissolved in water (10 mL) and extracted WHiOAc (2 x 15 mL). The
combined organic layers were washed with brine @ned with MgSQ. All the
organics phases were combined together and cortlensier vacuum. The residue
was purified by Kugelréhr distillation (oven tempX¥y5 °C at 0.6 torr) to afford the

mixture of diastereomers (~ 1:1) as a clear oiel®’2.16 g (8.25 mmol, 81 %).

'H NMR (500.13 MHz, CDG) 5 [5.99 (s) & 5.87 (s)g£1H], [3.59 (dd,J = 8.2 Hz,
5.4 Hz) & 2.98 (ddJ = 7.6 Hz, 5.0 Hz)Z1H], [3.44-3.31 (m) & 3.08 (m)Z2H],
[1.95 (dd,J = 7.6 Hz, 5.7 Hz) & 1.75 (psd,= 5.7 Hz),31H], 1.62 (m, 2H), [1.58 (s)
& 1.48 (s),23H], 1.39 (m, 6H), 1.27 (ps.f, = 6.9 Hz, 1H), 0.98 (br. ] = 5.7 Hz,
3H); *C NMR (125.77 MHz, CDG) 4 172.1, 169.9, 40.3 (-), 40.2 (-), 31.5 (-), 31.2
(), 29.7 (-), 29.6 (), 29.2 (+), 27.9, 27.6 @B.7 (-), 26.3 (), 25.3 (+), 24.3 (-), 24.0,

22.6 (-), 22.5 (-), 21.6 (+), 21.1 (+), 17.3 (+4.1 (+).

230u Flame-dried flask was charged with NaH (60 weight %
0] —

XN\ suspension in mineral oil) (183 mg, 4.77 mmol, 2d under

Br nitrogen atmosphere. This was suspended in 25 fnalntoydrous

THF, and amide&52 (500.0 mg, 1.91 mmol) was added. The mixture stased at
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50 °C for 10 min before methyl iodide (325.0 mg314., 2.29 mmol, 1.2 eq.) was
added. The reaction was complete after 4 hrs 4C5s shown by the disappearance
of the starting material. The reaction was quedchg pouring into brine, and
extracting with EtOAc (3 x 15 mL). The combinedjanic layers were washed with
brine (~ 15 mL) and condensed under vacuum. Thdecproduct was purified via
column chromatography on silica gel (eluting witkne to remove the mineral oil,
and then with Hexane:EtOAc (3:1)) to obtain a migtof diastereomers (~ 2:1; R

0.34 and 0.27) as colorless oil. Yield 328.9 md9Immol, 62 %).

'H NMR (500.13 MHz, CDG) & [3.43 (m) & 3.30 (m)z2H], [3.18 (dd,J = 8.2 Hz,
5.0 Hz) & 2.99 (ddJ = 7.6 Hz, 4.7 Hz)T1H], [3.15 (s) & 2.94 (s)£3H], 1.71 (ps.t]
= 7.3 Hz) & 1.59 (m)1H], [1.59 (M) & 1.17 (dd)) = 14.9 Hz, 7.3 Hz)$1H], [1.47
(s) & 1.39 (s),23H], [1.30-0.88 m, 11H]**C NMR (125.77 MHz, CDG) & 169.8,
169.7, 49.8 (-), 48.2 (-), 47.8 (-), 47.7 (-), 3%, 35.3 (+), 32.8 (+), 31.6 (-), 31.5
(), 28.6 (-), 27.9, 26.7 (-), 26.5 (-), 25.9 (2R.6 (-), 22.5, 21.8 (-), 20.9 (+), 19.8 (),
18.9 (+), 14.0 (+), 13.9 (+); HRMS (TOF ES): FouA@6.0960, Calculated for

C1sH2aBINO (M+H) 276.0963 (1.1 ppm).
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3.5.7. Synthesis of cyclopropenes DMSO Method

Typical procedure:
Cl 231f Bromocyclopropan&f (3.08 g, 12.5 mmol) was added dropwise to

O a stirred solution ofBuOK (1.68 g, 15 mmol) in anhydrous DMSO (20
/\ mL). The resulting mixture was stirred at room pe&mature overnight,
then quenched with water (150 mL) and extractedti eiher (3 x 50 mL). Combined
organic phases were washed consecutively with Water50 mL) and brine (50 mL),
dried with MgSQ, filtered, and concentrated. Flash column chrography of a
residué'’ (eluent - hexane) afforded cyclopropedfeas colorless oil. Yield 1.62 g
(9.8 mmol, 79 %).'H NMR (CDCk, 400.13 MHz)3 7.28 (d,J = 8.6 Hz, 2H), 7.28
(s, 2H), 7.17 (dJ = 8.6 Hz, 2H), 1.65 (s, 3H}*C NMR (CDCE, 100.61 MHz)d
148.5, 130.7, 127.7 (+, 2C), 127.4 (+, 2C), 115:34C), 25.2 (+), 21.4; HRMS

(TOF ES) Found 165.0480, Calculated fagtGo>°Cl (M+H) 165.0471 (5.5 ppm).

231h *H NMR (CDClk, 400.13 MHz)$ 7.37 (s, 2H), 7.23 (s, 4H), 2.45 (s,
3H), 1.75 (s, 3H)*C NMR (CDC}k, 100.61 MHz)5 146.9, 134.4, 128.5
A\ (+, 2C), 125.9 (+, 2C), 115.7 (+, 2C), 25.5 (+),2120.8 (+); HRMS (TOF

ES) Found 145.1023, Calculated for i3 (M+H) 145.1017 (4.1 ppm).

Q 231c *H NMR (CDCk, 400.13 MHz)5 7.31 (s, 2H), 7.26 (f] = 7.6 Hz,

X 1H), 7.11-7.09 (m, 2H), 7.05 (d,= 7.6 Hz, 1H), 2.41 (s, 3H), 1.69 (s,
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3H); °C NMR (CDCE, 100.61 MHz)d 149.9, 137.3, 127.7 (+), 126.8 (+), 125.8 (+),
123.1 (+), 115.5 (+, 2C), 25.5 (+), 21.7, 21.5 (HRMS (TOF ES) Found 143.0866,

Calculated for ¢H11 (M-H) 143.0861 (3.5 ppm).

O 231d *H NMR (CDCk, 400.13 MHz)3 7.77 (s, 2H), 7.30-7.19 (m, 4H),
X 2.56 (s, 3H), 1.57 (s, 3H)**C NMR (CDCE, 100.61 MHz)> 147.6, 135.6,
130.3 (+), 127.5 (+), 126.2 (+), 125.9 (+), 121+ 2C), 28.2 (+), 23.5, 19.1 (+);

HRMS (TOF ES) Found 145.1019, Calculated forHGs (M+H) 145.1017 (1.4

ppm).

231e 'H NMR (CDCk, 400.13 MHZz)5 7.46 (d,J = 8.6 Hz, 2H), 7.36 (s,
Q 2H), 7.30 (d,J = 8.6 Hz, 2H), 1.76 (s, 3H), 1,45 (s, 9H}’C NMR
X (CDCl;, 100.61 MHz)5 147.7, 146.9, 125.7 (+, 2C), 124.7 (+, 2C), 115.5
(+, 2C), 34.3, 31.4 (+, 3C), 25.4 (+), 21.4; HRMBOF ES) Found 159.1179,

Calculated for @His (M-Me) 159.1174 (3.1 ppm).

O 231g 'H NMR (CDCh, 400.13 MHz)5 7.70 (s, 2H), 7.34 (dd,= 7.8 Hz,
X o 1.3 Hz, 1H), 7.30 (dd) = 7.5 Hz, 1.8 Hz, 1H), 7.22 (td,= 7.4 Hz, 1.3
Hz, 1H), 7.15 (tdJ = 7.8 Hz, 1.8 Hz, 1H), 1.54 (s, 3H}’C NMR (CDC}, 100.61
MHz) & 146.6, 133.6, 129.6 (+), 129.3 (+), 127.2 (+), 12(), 120.6 (+, 2C), 27.3
(+), 23.7; HRMS (TOF ES) Found 165.0476, Calculated CjgH15>°Cl (M+H)

165.0471 (3.0 ppm).
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CF3 231h 'H NMR (CDCk, 400.13 MHz)d 7.56 (d,J = 8.3 Hz, 2H), 7.34

Q (d, J = 8.3 Hz, 2H), 7.28 (s, 2H), 1.68 (s, 3H)c NMR (CDC}, 100.61
/A MHz) & 154.1, 127.2 (fJcr = 32.2 Hz), 126.3 (+, 2C), 124.7 (icr =
3.7 Hz, +, 2C), 124.5 (dJce = 271.5 Hz), 114.9 (+, 2C), 25.01 (+), 21'% NMR
(376.50 MHz, CDGJ) 6 major: -62.1; HRMS (TOF ES) Found 179.0677, Caltad

for C1HgF> (M-F) 179.0672 (2.8 ppm).

Q 231i *H NMR (CDClk, 400.13 MHz)5 8.47 (d,J = 8.6 Hz, 1H), 7.94
X (d,J = 8.1 Hz, 1H), 7.91 (s, 2H), 7.77 @= 7.6 Hz, 1H), 7.63 (ps.-3,
=7.8 Hz, 7.1 Hz, 1H), 7.56 (ps.&= 7.6 Hz, 7.3 Hz, 1H), 7.50-7.44 (m, 2H), 1.72 (s,
3H); *C NMR (CDCE, 100.61 MHz)d 146.3, 134.0, 130.1, 128.8 (+), 126.4 (+),
126.0 (+), 125.5 (+), 125.4 (+), 124.8 (+), 12440, (121.2 (+, 2C), 29.1 (+), 23.0;
HRMS (TOF ES) Found 147.0609, Calculated fapHgF (M-H) 147.0610 (0.7

ppm).

F 231 'H NMR (CDCk, 400.13 MHz)5 7.31 (s, 2H), 7.22 (dd, = 8.8 Hz,

Q “Jur = 5.3 Hz, 2H), 7.02 (ps.-8 = 3Jue = 8.8 Hz, 2H), 1.68 (s, 3H)*C

/A NMR (CDCl, 100.61 MHz)5 160.8 (d.XJcr = 243.0 Hz), 145.6 (d)cr =
2.9 Hz), 127.4 (d¥Jcr = 8.1 Hz, +, 2C), 115.7 (+, 2C), 114.4 fder = 21.2 Hz, +,
2C), 25.5 (+), 21.4;*F NMR (CDCk, 376.50 MHz)d -119.0; HRMS (TOF ES)

Found 180.0931, Calculated fog8:> (M*) 180.0939 (4.4 ppm).
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OMe 231k 'H NMR (CDCh, 400.13 MHz)3 7.33 (s, 2H), 7.20 (d] =

O 8.8 Hz, 2H), 6.91 (dJ = 8.8 Hz, 2H), 3.85 (s, 3H), 1.69 (s, 3H)’C
/A NMR (CDCl, 100.61 MHz)3 157.2, 142.1, 126.9 (+, 2C), 116.0 (+,
2C), 113.2 (+, 2C), 55.2 (+), 25.6 (+), 21.2; HRNBOF ES) Found 161.0968,

Calculated for ¢H;130 (M+H) 161.0966 (1.2 ppm).

Q 231 'H NMR (CDCk, 400.13 MHz)3 7.70 (s, 2H), 7.22 (td] = 8.1
X Ome Hz, 2.0 Hz, 1H), 7.19 (dd,= 7.1 Hz, 1.8 Hz, 1H), 6.94 (td= 7.3 HZ,
1.0 HZ, 1H), 6.90 (d, J = 8.1 HZ, 1H), 3.93 (s, 3H)66 (s, 3H)**C NMR (CDCE,
100.61 MHz)3 157.8, 137.6, 128.3 (+), 126.9 (+), 121.0 (+, 220.6 (+), 110.8 (+),
55.2 (+), 27.7 (+), 21.3; HRMS (TOF ES) Found 18X@®, Calculated for GH;50

(M+H) 161.0966 (2.5 ppm).
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3.5.8. Preparation of Cyclopropenes 18-Crown-6 Mabd

o}
XNEQ 231p (Typical procedure): An oven-dried 10 mL Wheatoa equipped

with a mininert cap was charged wiBuOK (160 mg, 1.43 mmol, 1.5
eq), 18-crown-6 (25.2 mg 0.095 mmol, 0.1 eq), andTldHF (5 mL). To this solution
was added 2-bromb;N-diethyl-1-methylcyclopropanecarboxami@gd) (250 mg,
0.954 mmol) and the reaction mixture was stirre@@&IC until the GCMS showed
the disappearance of the starting materials (3d9)ourhen the reaction was quenched
by pouring the mixture into brine (50 mL). The aqus layer was extracted with
EtOAc (2 x 25 mL). The combined organic phasesweasished with brine (25 mL),
dried with MgSQ, and concentrated under vacuum. The residue waBeg by
Kugelréhr distillation (oven temperature of 60 °€C (2 torr) to afford the title
cyclopropene as a colorless liquid, yield 146.7 (@57 mmol, 90 %). A scale-up
synthesis was performed according to the same g@uoee starting from
bromocyclopropanésd (15.0 g, 61.7 mmol)'BuOK (10.38 g, 92.5 mmol), and
18-crown-6 ether (1.63 g, 6.17 mmol, 10 mol%) inFT290 mL) to afford 8.74 g

(54.91 mmol, 89 %) of cycloprope81p.

'H NMR (400.13 MHz, CDG) & 7.28 (s, 2H), 3.54 (br. s, 2H), 3.29 (br. s, 2H}1
(s, 3H), 1.18 (br. s, 3H), 1.06 (br. s, 3 NMR (100.61 MHz, CDG) & 175.5,

115.8 (+, 2C), 41.3 (), 38.7 (-), 23.9 (+), 2312.3 (+), 12.6 (+); HRMS (TOF ES):
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Found 154.1231, Calculated fogH36NO (M+H) 154.1232 (0.6 ppmHRMS (TOF

ES): m/z [M+HT calcd for GH1gNO 154.1232; found 154.1231.

O 231a This compound was obtained from bromocycloprop23@a (10.00
A g, 47.18 mmol) according to the typical procedufie crude material was
purified by Kugelrohr vacuum distillation (oven tparature 75C at 5 torr) to afford
a clear oil, yield 5.22 g (40.1 mmol, 85 %). Ahysical and spectral properties of

this material were identical to those, describeliténature®*

231n was prepared from bromocyclopropa2i@on (250 mg, 0.95
QO mmol) according to the typical procedure. Puriima by Kugelrohr
A vacuum distillation (oven temperature of 120 °Qa torr) afforded

144.1 mg (0.80 mmol, 84 %) of a colorless oil.

'H NMR (400.13 MHz, CDG)) & 7.80 (m, 3H), 7.46 (m, 3H), 7.38 (s, 2H), 7.35
(dd, J = 8.6, 1.7, 1H), 1.78 (s) 3H’C NMR (100.61 MHz, CDG) & 147.4, 133.4,
131.5, 127.6 (+), 127.5 (+), 127.2 (+), 125.9 (¥25.0 (+), 124.7 (+), 124.5 (+),
115.8 (+, 2C), 25.6 (+), 22.2; HRMS (TOF ES): Foulitb.0859, Calculated for

Ci4H11 (M-H) 179.0861 (1.1 ppm).
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O 231a was obtained from bromocyclopropar@300 (250 mg, 1.09
rmmol), and purified via Kugelréhr vacuum distiltati (oven temperature

/A
of 75 °C at 10 torr) to afford a clear oil, yield@9 mg (0.816 mmol, 75 %).

'H NMR (400.13 MHz, CDG)) & 7.63 (s, 2H), 7.09 (m, 4H), 1.59 (s, 3HYC
NMR (100.61 MHz, CDGJ) 5 162.9 (d,"Jcr = 245.9 Hz), 136.1 (fJcr = 15.4 Hz),
129.1 (d,3Jce = 5.1 Hz, +), 127.4 (fJce = 8.1 Hz, +), 123.9 (d'Jce = 3.7 Hz, +),
119.8 (+, 2C), 115.8 (dJcr = 22.7 Hz, +), 27.6 (dJce = 2.2 Hz, +), 20.2'%F NMR
(376.50 MHz, CDGJ) & -117.5; HRMS (TOF ES) Found 129.0707, Calculdted

CioHs (M-F) 129.0704 (2.3 ppm).

o % 231g was obtained according to the typical proceduremf

: T—N
)_ bromocyclopropane€30q (250 mg, 0.96 mmol) and was purified by

Kugelrohr distillation (oven temperature of 55 °€0a2 torr) to afford a colorless

liquid, yield 147.6 mg (0.81 mmol, 85 %).

'H NMR (400.13 MHz, CDG)) & 7.31 (s, 2H), 4.57 (br. s, 1H), 3.30 (br. s, 1H),
1.38 (br. s, 6H), 1.31 (s, 3H), 1.24 (br. s, 6K NMR (100.61 MHz, CDG) &
175.2, 115.6 (+, 2C), 48.9 (+), 45.3 (+), 28.0,726+), 20.9 (+, 2C), 20.6 (+, 2C);
HRMS (TOF ES): Found 182.1543, Calculated fafHzoNO (M+H) 182.1545 (1.1

ppm).



203

/_\ 231r. was obtained from cyclopropa280r (250 mg, 1.01 mmol)

\—/ using the same protocol as described above. Buo#ioa mixture was
guenched by pouring into brine and extracting theeaus layer with THF (2 x 25
mL). The combined organic layers were washed enttebrine (15 mL), dried with
MgSQ,, concentrated in vacuum. The residue was purifigcKugelrohr vacuum

distillation (oven temperature of 95 °C at 0.2 Xda afford cyclopropene as a clear

liquid, yield 136.7 mg (0.82 mmol, 81 %).

'H NMR (400.13 MHz, CDG) & 7.32 (s, 2H), 3.62 (br. s, 8H), 1.35 (s, 3¢

NMR (100.61 MHz, CDGJ)  174.8, 115.4 (+, 2C), 66.9 (-, 2C), 23.6 (+), B2(Bue
to the restricted rotation about the amide bonel pisak at 3.62 in thi# is broad, and
the CH groups alpha to the N are not observed in't6eNMR); HRMS (TOF ES):

Found 168.1024, Calculated fogH; ,NO, (M+H) 168.1025 (0.6 ppm).

/\:> 231s was obtained from cyclopropa30s (250 mg, 1.02 mmol)
X using the same protocol as described above. Tddgupt was isolated
by Kugelréhr vacuum distillation (oven temperatwk 75 °C at 0.2 torr) as a

colorless oll, yield 142.7 mg (0.86 mmol, 85 %).

'H NMR (400.13 MHz, CDG) & 7.28 (s, 2H), 3.61 (br. s, 2H), 3.46 (br. s 2HR11

(br. s 2H), 1.53 (br. s 4H), 1.31 (s, 3HJC NMR (100.61 MHz, CDG) & 174.5,
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115.7 (+, 2C), 46.7 (-), 42.5 (), 26.6 (-), 255 Q4.6 (-), 23.7 (+), 22.9; HRMS

(TOF ES): Found 150.0917, Calculated fgHEGNO (M-Me) 150.0919 (1.3 ppm).

o 231t was obtained from bromocyclopropa®@0t (250 mg, 0.96
N N—

X ~— mmol) according to the typical procedure. The piddvas isolated

by Kugelréhr vacuum distillation (oven temperatwk 85 °C at 0.2 torr) as a

colorless oll, yield 128.0 mg (0.71 mmol, 75 %).

'H NMR (400.13 MHz, CDG)) & 7.28 (s, 2H), 3.70 (br. s, 2H), 3.56 (br. s 2H3R
(br. s, 4H), 2.29 (s, 3H), 1.31 (s, 3HIC NMR (100.61 MHz, CDG) & 174.6, 115.5
(+, 2C), 55.3 (-), 54.6 (-), 46.0 (+), 45.5 (-),.81-), 23.7 (+), 22.7; HRMS (TOF ES):

Found 181.1343, Calculated fogE1/N,O (M+H) 181.1341 (1.1 ppm).

Q N‘/"5_ 231u Purified via column chromatography Hex: EtOAc &fl= 0.31;
>_<\ \

'H NMR (500.13 MHz, @D¢) & 7.27 (s, 2H), 3.35-3.25 (br.s, 2H), 2.76 (br.s),3H
1.37 (s, 3H), 1.47-1.16 (m, 8H), 0.97 Jt= 7.3 Hz, 3H); °C NMR (125.67 MHz,
CeéDe) 8 174.8, 116.1 (+, 2C), 53.4 (-), 47.1 (+), 34.2,93¢), 26.7 (-, 2C), 23.2 (+),
22.9 (-), 14.2 (+); HRMS (TOF ES): Found 180.1388]culated for ¢H;sNO (M-

Me) 180.1388 (2.2 ppm).
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o  Pnh 231x was obtained from bromocyclopropa80x (250 mg, 0.89
N
>_<\ Et mmol) according to the typical procedure. The pridvas isolated as a
yellow oil by column chromatography on silica geluent hexane-EtOAc 2:1, Rf =

0.35). Yield 51.9 mg (0.26 mmol, 30 %).

'H NMR (400.13 MHz, CDG) & 7.41 (m, 2H), 7.32 (m, 1H), 7.15 (m, 2H), 6.56 (s,
2H) 3.70 (q,J = 14.1 Hz, 7.1 Hz, 2H), 1.14 (s, 3H), 1.08Xt= 7.3 Hz, 3H);"C
NMR (100.61 MHz, CDG)) & 176.4, 142.1, 129.1 (2C, +), 128.1 (2C, +), 1J#2
114.37 (2C, +), 44.9 (-), 24.0 (+), 23.9, 12.9 HRMS (TOF ES): Found 202.1231,

Calculated for gzH16NO (M+H) 202.1232 (0.5 ppm)

OMe 231y. was obtained from bromocyclopropa@80y (110 mg,

(@)

@ 0.353 mmol) according to a typical procedure. #adivia column
2 i N, chromatography on silica gel (eluent — hexane:EtQAL R =

Et
0.32) to afford a yellow oil, yield 37.6 mg (0.18¥nol, 53 %).

'H NMR (500.13 MHz, CDGQ) & 7.05 (d,J = 8.8 Hz, 2H), 6.94 (d] = 8.8 Hz, 2H),
3.85 (s, 3H), 6.62 (s, 2H), 3.65 @= 7.3 Hz, 2H), 1.15 (s, 3H), 1.07 &= 6.9 Hz,
3H). °C NMR (125.67 MHz, CDG) & 176.3, 158.5, 134.8, 129.2 (2C, +), 114.5 (2C,
+), 114.2 (2C,+), 55.5 (+), 44.9 (-), 24.1 (+), 2312.8 (+); HRMS (TOF ES): Found

230.1180, Calculated forigH;6NO, (M-H) 230.1181 (0.4 ppm).
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3.5.9. Rhodium-Catalyzed Hydroformylation of Cyclg@ropenes

3.5.10. General Information

See Chapter 1.4.1. for instrumentation details.

Anhydrous toluene, diethyl ether, and tetrahydmafumwere obtained by
passing degassed HPLC-grade commercially avaitaddlents consecutively through
two columns with activated alumina (Innovative Tealogy). Anhydrous
dimethylsulfoxide was purchased form Acros Orgaraosl used as received. The
Rh(CO)(acac) complex was purchased from Sigma-Aldriclt, pinosphine ligands
were obtained from Strem Chemicals. Starting maeri 3-methyl-3-
phenylcyclopropene2@1g,*®* 1’8 1-chloro-4-(1-methylcycloprop-2-en-1-yl)benzene
(2319),'®  1-fluoro-4-(1-methylcycloprop-2-en-1-yl)-benzene 23gj),  '"®
[1-[(methoxymethoxy)methyl]-2-cyclopropen-1-yl]-besne p31]),1482 (1-

148a

phenylcycloprop-2-en-1-yl)methyl acetat23(ag, ™ methyl 1-phenylcycloprop-2-

148b

ene-1-carboxylate2@lab), and 1-methylcycloprop-2-ene-1-carboxyla81aq

148, 161 1 3-dimethyl-3-phenylcyclopropene 231ad,'*®  1-methyl-4-(1-

methylcycloprop-2-en-1-yl)benzene231b)*"®

were prepared according to the
published procedures. Preparative procedures fuothegis cyclopropen23lacare
provided below. Syngas (equimolar mixture of hydnogand carbon monoxide,

certified Standard Spec.) was purchased from Aiegabused as received. All other
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chemicals were purchased from Sigma-Aldrich or Acfrganics, and used as

received.

3.5.11. Special Equipment

See Chapter 2.4.2. for this information.

3.5.12. Construction of the Synthesis Gas Manifold

See Chapter 2.4.3. for this information

3.5.13. Synthesis of a Cyclopropene Containing a Beyl Protected Tertiary
Alcohol

Me Me Me Me Me Me
Mezi,/\OH BnBr Me; fogn ‘BUOK Me; ,KOBn
NaH/TBAI DMSO
Br THE Br
253 230ac 231ac

Me e  230ac To a stirred suspension of sodium hydride (susip@nin

Me OBn

mineral oil, 60 %) (979 mg, 24.47 mmol, 1.05 equin. anhydrous
Br
THF (45 mL) was added 2-(2-bromo-1-methyl-cyclopidpropan-2-of*® (253

(4.50 g, 23.31 mmol) dropwise at room temperatline mixture was stirred for 1 hr,

then cooled to 0 °C and cannulated into a solubbbenzyl bromide (4.78 g, 28.00
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mmol, 1.2 equiv.) and tetrabutylammonium iodide7($ig, 1.40 mmol, 6 mol %) in
dry THF (25 mL). The resulting mixture was warmga to room temperature and
stirred overnight. Then, the mixture was quencheth water and partitioned
between water and diethyl ether. Combined ethevdahcts were washed with brine,
dried with MgSQ, filtered and concentrated to afford 7.54 g ofderumaterial in a
mixture with residual mineral oil. This was usedthe following transformation

without further purification.

y Me e  23lac Crude bromocycloproparg30ac(7.54 g) was added dropwise
) ©8n to a stirred solution ofBuOK (3.57 g, 31.8 mmol) in anhydrous
DMSO (20 mL). The resulting mixture was stirredrabm temperature for 5 hrs,
when GC/MS analysis indicated full consumption obthb diastereomeric
bromocyclopropanes. Then the mixture was quenchigd water (150 mL) and
extracted with hexane (3 x 50 mL). Combined orgapltases were washed
consecutively with water (3 x 50 mL) and brine (80Q), dried with NaSGO;, filtered,
and concentrated. Flash column chromatography & thsidue (eluent —

hexane/EtOAc 7:1) afforded cycloprope2@lacas colorless oil. Yield 3.42 g (16.9

mmol, 73 % over two steps).

'H NMR (CDCk, 400.13 MHz) 7.42 (d,J = 7.6 Hz, 2H), 7.37 (ps.-8,= 7.6 Hz, 7.3

Hz, 2H), 7.32 (s, 2H), 7.28 @,= 7.3 Hz, 1H), 4.53 (s, 2H), 1.28 (s, 3H), 1.136(4);
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3C NMR (CDCE, 100.61 MHz)s 140.0, 128.2 (+, 2C), 127.4 (+, 2C), 127.0 (+),

118.4 (+, 2C), 79.5, 64.1 (-), 25.7 (+, 2C), 2230 (+).

3.5.14. Optimization Procedure

All loading operations were performed in a nitrogdled glovebox. To an oven-
dried 8 mL glass liners was added 28tol of chiral diphosphine ligand and 1.46
umol of the Rh source (29L of a 0.05 molar Rh(acac)(CO¥tock solution in
toluene) followed by 1.75 mL of dry toluene. 3-mgdtB-phenyl cyclopropene (250
mg, 1.92 mmol) was then added to give a total Jegseime of ~ 2 mL and a
substrate to catalyst ratio of 1500:1. Then therlimas placed in 10 mL stainless steel
Parr reactor, which was sealed, removed from tbeegbox and placed in the RS10
unit. The reaction mixture was stirred at 800 rpmd heated to 60 °C for 15 hours. A
constant supply of syn gas (1:2:60) was provided at a pressure of 150 psi. Then
the vessel was vented to a well ventilated fumedhared opened (after this point all
the operations were performed in air). The reactioxture was transferred into 50
mL round bottomed flask and concentrated in vaculime. residual oil was dissolved
in carbon tetrachloride (1 mL) and dibromomethad@ (L) was added via
microsyringe. Then the flask was capped, and timecd was stirred for 10 minutes
at room temperature. An aliquot (fQ) of the mixture was placed in NMR tube and

diluted with chloroformd for measurement o NMR spectra. An aliquot (3QL)
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of solution form NMR tube was dissolved in dichlorethane (1 mL) for GC/MS and

chiral GC analysis.

Table 20. Optimization of diastereoselective hydroformylatmfrB-methyl-3-
phenylcyclopropeng3la.

MeAPh Rh(CO),acac,L ~ Me .Ph
CO/H, 150 psi Z NCHO
231 247a

# Ligand Yield of2473 % (NMR) 247a248aratio

1 None 0 N/D
2 PPh 0 N/D
3 o-TokP 0 N/D
4 TTMPP 0 N/D
5 dppm 0 N/D
6 dppe 50 21:1
7 dppp 0 N/D
8 dppb 0 N/D

9 dppf 100 11:1
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3.5.15. Preparative Procedures

@ 247a Typical procedure. All loading operations werafpemed in
§ nitrogen-filled glovebox. To oven-dried 8 mL gldssers was added
CHO  dppf (2.84 mg, 5.1umol, 0.13 mol %) and 0.05M solution of
Rh(acac)(C0)2 in anhydrous toluétig51 pL, 2.56 umol, 0.07 mol%) followed by
3.08 mL of dry toluene. 3-methyl-3-phenylcyclopropeba) (500 mg, 3.84 mmol)
was then added to give a total vessel volume ofmlL4and a substrate to catalyst
ratio of 1500:1. Then the reaction and the posttrea work up were carried out as
described in the previous section. The residue ywasfied by bulb-to-bulb
distillation (oven temperature 70 °C at 0.4 toijeld 419 mg (3.23 mmol, 84 %).
Alternatively, purification by flash column chronography on silica gel can be
performed, affording the same product (eluent he#&®©Ac 10:1, Rf 0.40). Yield

533 mg (3.33 mmol, 87 %). Relative configuratiorsvaasigned by comparison’tf

NMR spectra with known literature d&t&.

'H NMR (400.13 MHz, CDG) § 9.63 (d,J = 4.8 Hz, 1H), 7.38-7.32 (m, 4H), 7.29-
7.25 (m, 1H), 2.20 (ddd] = 8.3 Hz, 5.8 Hz, 4.8 Hz, 1H), 1.74 (ps}& 5.8 Hz, 4.8
Hz, 1H), 1.68 (ddJ = 8.3 Hz, 4.8 Hz, 1H), 1.63 (s, 3HyC NMR (100.67 MHz,
CDCly) 5 200.6 (+), 144.9, 128.5 (+, 2C), 127.1 (+, 2C)8.T2(+), 36.7 (+), 33.9,
21.9 (-), 20.9 (+); HRMS (TOF ES) Found 159.081a|cOlated for GH1,0 (M-H)

159.0810 (1.9 ppm).
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Cl 247f This compound was obtained in a similar mannartisg
@Me from 250 mg (1.52 mmol) of cycloproperth. A substrate to

rhodium ratio of 1500:1 was employed. Isolation vpesformed
CHO
using column chromatography on silica gel (eluemtame/EtOAc 20:1. Rf 0.30).

Yield 210 mg (1.08 mmol, 71 %).

'H NMR (400.13 MHz, CDG) & 9.61 (d,J = 4.8 Hz, 1H), 7.30 (d] = 8.3 Hz, 2H),
7.24 (d,J = 8.3 Hz, 2H), 2.14 (dddl = 8.4 Hz, 5.3 Hz, 4.8 Hz, 1H), 1.72 (psJt
5.3 Hz, 5.1 Hz, 1H), 1.62 (dd, J = 8.4 Hz, 5.1 HH), 1.58 (s, 3H)*C NMR
(100.67 MHz, CDGJ) & 200.2 (+), 143.5, 132.6, 128.6 (+, 4C), 36.6 33,3, 21.9
(-), 20.7 (+); HRMS (TOF ES) Found 165.0468, Caitedl for GoH1oCl (M-CHO)
165.0471 (1.8 ppm).

R 247jc. This compound was prepared in a similar mannartisg
@ M from 250 mg (1.69 mmol) of cyclopropede 4.36 mg (1fumol) of

Rh(acac)(CQ) and 19 mg (34umol) of dppf were employed to
maintain a substrate to rhodium ratio of 100:1. Wdw®ection was carried out at 60 °C
for 18 hrs. Isolation was performed using colummoatatography on silica gel

(eluent hexane/EtOAc 7:1, Rf 0.31). Yield 275 mé4lmmol, 91 %).

'H NMR (400.13 MHz, CDG)) § 9.60 (d,J = 5.1 Hz, 1H), 7.28 (dd] = 8.8 Hz,*Ju¢

= 5.3 Hz, 2H), 7.02 (ps.-t, J8ur = 8.8 Hz, 2H), 2.15 (ddd} = 8.3 Hz, 5.6 Hz, 5.1
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Hz,1H), 1.71 (dd) = 5.6 Hz, 4.8 Hz, 1H), 1.62 (dd,= 8.3 Hz, 4.8 Hz)*F NMR
(CDCI3, 376.50 MHz) -115.6; HRMS (TOF ES) Found 179.0877, Calculated f

C11H120F (M+H) 179.0872 (2.8 ppm).

@ 247z. This compound was prepared according to the typical
/—OMe
§ © procedure starting from 500 mg (2.63 mmol) of cpetpene
CHO 4f, maintaining a substrate to rhodium ratio of 1300The

reaction was carried out at 60 °C for 36 hrs. Thedpct was isolated by column
chromatography on silica gel (eluent hexane/EtOAc 1Rf 0.26). Yield 414 mg

(1.88 mmol, 72 %).

'H NMR (400.13 MHz, CDG) 5 9.68 (d,J = 4.6 Hz, 1H), 7.41 (m, 2H), 7.33 (m,
2H), 7.27 (m, 1H), 4.50 (s, 2H), 4.03 (= 10.5 Hz, 1H), 3.74 (d] = 10.5 Hz, 1H),
3.19 (s, 3H), 2.31 (ddd, = 8.1 Hz, 5.8 Hz, 4.6 Hz, 1H), 1.86 (ps}t= 5.8 Hz, 4.8
Hz , 1H), 1.59 (ddJ = 8.1 Hz, 4.8 Hz, 1H)**C NMR (100.67 MHz, CDG) 5 199.4
(+), 141.8, 128.6 (+, 2C), 128.3 (+, 2C), 127.2,©6.1 (-), 69.6 (-), 55.2 (+), 38.2,
34.6 (+), 19.1 (-); HRMS (TOF ES) Found 220.1093|cBlated for GsHyOs (M+)

220.1099 (2.7 ppm).

@ 247aa: This compound was prepared according to the typical

< Ohc procedure starting from 500 mg (2.66 mmol) of cpctpene4g,

CHO
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maintaining a substrate to rhodium ratio of 15001ie reaction was carried out at 60
°C for 36 hrs. The product was isolated by colurhnomatography on silica gel

(eluent hexane/EtOAc 4:1, Rf 0.26). Yield 435 m@@lmmol, 75 %).

'H NMR (400.13 MHz, CDG) & 9.70 (d,J = 4.3 Hz, 1H), 7.37-7.34 (m, 4H), 7.30
(m, 1H), 4.64 (dJ = 11.9 Hz, 1H), 4.25 (d] = 11.9 Hz, 1H), 2.37 (ddd),= 8.1 Hz,
5.8 Hz, 4.3 Hz, 1H), 1.98 (s, 3H), 1.88 (ps)-& 5.8 Hz, 5.1 Hz , 1H), 1.59 (dd,=
8.1 Hz, 5.1 Hz, 1H)!*C NMR (100.67 MHz, CDG) & 198.9 (+), 170.4, 140.9, 128.6
(+, 2C), 128.5 (+, 2C), 127.5 (+), 66.3 (-), 3738,5 (+), 20.6 (+), 19.5 (-); HRMS

(TOF ES) Found 189.0923, Calculated fqpH; 30, (M-CHO) 189.0916 (3.7 ppm).

247ab+248ab:This compound was prepared according to the typical
CO,Me procedure starting from 250 mg (1.44 mmol) of cpetpene23lah
CHO maintaining a substrate to rhodium ratio of 150Q:fe reaction was
carried out at 60 °C for 18 hrs. The product watated by column chromatography
on silica gel as mixture of diastereomers 1.12ldef@ hexane/EtOAc 7:1, Rf 0.37,
0.28). Yield 262 mg (1.29 mmol, 90 %). The matemas identical to the one

described in literatur&?*

(major): *H NMR (400.13 MHz, CDG) & 8.59 (d,J = 6.3 Hz, 1H), 7.40-7.32 (m,
5H), 3.68 (s, 3H), 2.76 (ddd,= 8.8 Hz, 6.3 Hz, 6.1 Hz, 1H), 2.17 (dbs 8.8 Hz, 4.8
Hz, 1H), 2.10 (ddJ = 6.1 Hz, 4.8 Hz, 1H); HRMS (TOF ES) Found 205.0862

Calculated for gH;1303 (M+H) 205.0865 (1.5 ppm).
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(minor): *H NMR (400.13 MHz, CDG) 5 9.48 (d,J = 5.8 Hz, 1H), 7.40-7.32 (m,
5H), 3.69 (s, 3H), 2.45 (dd,= 6.6 Hz, 4.8 Hz, 1H), 2.36 (ddd= 8.4 Hz, 6.6 Hz, 5.8

Hz), 1.82 (dd,) = 8.4 Hz, 4.8 Hz, 1H).

Meozg Me 247ac This compound was prepared according to the &pic
cHO Procedure starting from 250 mg (2.23 mmol) of cpctpene
231a¢ maintaining a substrate to rhodium ratio of 1800:he reaction was carried
out at 60 °C for 36 hrs. The product was purifigdshort filtration through silica gel
(eluent E£O). Yield 202 mg (1.42 mmol, 62 %). The materiabvidentical to the one

described in literatur&?

'H NMR (400.13 MHz, CDG) & 9.57 (d,J = 4.3 Hz, 1H), 3.75 (s, 3H), 2.57 (ddH,
= 8.6 Hz, 6.6 Hz, 4.3 Hz, 1H), 2.39 (s, 3H), 1.d6,J = 8.6 Hz, 4.6 Hz, 1H), 1.55
(dd, J = 6.6 Hz, 4.6 Hz, 1H); HRMS (TOF ES) Found 141.056&lculated for

C7HoO3 (M-H) 141.0552 (2.8 ppm).

Brg/ 247ad This compound was prepared according to the #&pic
2 Me
procedure starting from 500 mg (2.47 mmol) of cpetpene231ad
CHO
maintaining a substrate to rhodium ratio of 1500 ke reaction was carried out at
60 °C for 72 hrs. The product was purified by shidttation through silica gel

(eluent EtOAC). Yield 524 mg (2.26 mmol, 91 %).
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'H NMR (400.13 MHz, CDG) $ 9.50 (d,J = 5.3 Hz, 1H), 7.37-7.26 (m, 5H), 4.47
(d,J=11.4 Hz, 1H), 4.45 (dl = 11.4 Hz, 1H), 2.26 (ddd,= 8.3 Hz, 5.6 Hz, 5.3 Hz,

1H), 1.56 (ddJ = 8.3 Hz, 4.6 Hz, 1H), 1.35 (s, 3H), 1.32 (s, 3HB1 (s, 3H), 1.29

(dd, J = 5.6 Hz, 4.6 Hz, 1H)**C NMR (100.67 MHz, CDG) & 202.4 (+), 139.3,

128.2 (+, 2C), 127.1 (+), 126.9 (+, 2C), 75.6, 6@8)736.7, 31.8 (+), 22.6 (+), 22.2
(+), 19.1 (-), 15.6 (+); HRMS (TOF ES) Found 233l15Calculated for ¢gH»,0,

(M+H) 233.1542 (2.1 ppm).

@ 247ae This compound was prepared according to the &pic
2 M procedure starting from 250 mg (1.73 mmol) of cpctipene231ae
Me"™  “CHO maintaining a substrate to rhodium ratio of 100he reaction was

carried out at 60 °C for 18 hrs. The product wasfied by short filtration through

silica gel (eluent EtOAC). Yield 242 mg (1.39 mm&Q, %).

'H NMR (400.13 MHz, CDG) § 9.60 (d,J = 5.3 Hz, 1H), 7.38-7.25 (m, 5H), 2.05-
1.95 (m, 2H), 1.59 (s, 3H), 0.95 (@z= 6.1 Hz, 3H)*C NMR (100.67 MHz, CDG)
5 201.3 (+), 142.2, 129.1 (+, 2C), 128.6 (+, 2C)6.82(+), 42.1 (+), 40.3, 29.4 (+),
24.0 (+), 15.2 (+); HRMS (TOF ES) Found 145.1013jcGlated for GHis (M-

CHO) 145.1016 (0.7 ppm).
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3.5.16. Preparative Procedure for Asymmetric Hydréormylation

Ph  (-)-(RR)-247a All loading operations were performed in a nitag
OHC \ ve filled glovebox. To oven-dried 8 mL glass liners svadded C3-
TunePHOS (3.04 mg, 2.56no0l, 0.13 mol %) and 0.05M solution of Rh(acac)(g0)
in anhydrous tolueri&® (51 L, 2.56 umol, 0.13 mol %) followed by 3.08 mL of dry
toluene. 3-methyl-3-phenylcycloproper#81g (250 mg, 1.92 mmol) was then added
to give a total vessel volume of ~ 4 mL and a gabstto catalyst ratio of 750:1. Then
the liner was placed in 10 mL stainless steel Rector, which was sealed, removed
from the glove box and placed in the RS10 unit. fdeection mixture was stirred at
800 rpm and heated to 60 °C for 18 hours. A consgtapply of synthesis gas (1:1
H,:CO) was provided at a pressure of 150 psi. Thernvssel was vented to a well
ventilated fume-hood and opened. The reaction mextuas transferred into 50 mL
round bottomed flask and concentrated in vacuune. fésidue was purified by flash
column chromatography on silica gel, affording teaantiomerically enriched
aldehyde R R)-5a. Yield 265 mg (1.65 mmol, 86%). Enantiomeric extes74%; R:
42.59 min - §9-5a, minor; 43.07 min —RR)-5a major. NMR spectra of this
material were identical to spectra provided for #®ve racemic producta]D? -

114.3° (c 1.42, ChCly).

Cl (-)-(RR)-247f Was obtained in a similar manner starting from

cyclopropene231f (250 mg, 1.52 mmol). Yield 159 mg (0.82

OHC Me
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mmol, 54 %). Enantiomeric excé8583 %; R: 79.40 min - §5)-247f minor; 81.16
min — (RR)-247f, major. NMR spectra of this material were idertita spectra

provided for the above racemic product](?>-137.8° (c 0.64, CkCl,).

F (-)-(RR)-247j: Was obtained in a similar manner starting from

cyclopropene231j (250 mg, 1.69 mmol). Yield 187 mg (1.05
mmol, 62 %). Enantiomeric excé$569 %: R: 45.62 min - §9-

OHC Me
247}, minor; 46.25 min —RR)-247j, major. NMR spectra of this material were

identical to spectra provided for the above racepmaduct. fijD* -137.8° (c 0.64,

CH,Cl).

COMe (-)-(RR)-247ac Was obtained in a similar manner starting from

R
(R) ®)

7ARS

OHC Me cyclopropene&23lac(250 mg, 2.23 mmol). Yield 198.2 mg (1.39
mmol, 63 %). Enantiomeric excé$$74 %: R: 21.06 min - §S)-247a¢ minor; 21.38
min — (RR)-231a¢ major. NMR spectra of this material were iderititta spectra

provided for the above racemic producf)®-109.8° (c 1.17, CkCl,).

Me (-)-(RR)-247b Was obtained in a similar manner starting from

cyclopropene231b (250 mg, 1.73 mmol). Yield 236 mg (1.35

mmol, 78 %). Enantiomeric excé8$68 %; R: 38.98 min -
OHC Me



219

(§9-247b, minor; 39.41 min —R,R)-247b, major. NMR spectra of this material were
identical to spectra provided for the above racepnaduct. fjD* -137.8° (c 0.64,

CH,Cl).

'H NMR (400.13 MHz, CDG) 5 9.61 (d,J = 5.1 Hz, 1H), 7.22 (dJ = 8.1 Hz, 2H),
7.16 (d,J= 8.1 Hz, 2H), 2.36 (s, 3H), 2.17 (ddbk 8.3 Hz, 5.8 Hz, 5.1 Hz, 1H), 1.71
(dd, J = 5.8 Hz, 4.8 Hz, 1H), 1.66 (dd,= 8.3 Hz, 4.8 Hz, 1H), 1.61 (s, 3H)C
NMR (100.67 MHz, CDG)) 5 200.8 (+), 142.1, 136.5, 129.2 (+, 2C), 127.12@),
36.9 (+), 33.7, 22.1 (-), 20.9 (+), 15.4 (+); HRMBOF ES) Found 175.1123,

Calculated for gH;50 (M+H) 175.1123 (0.0 ppm).

OBn (-)-(RR)-247ad Was obtained in a similar manner starting from
oG cyclopropene23lad (250 mg, 1.73 mmol). Yield 236 mg (1.35
OHC Me

mmol, 78 %). Enantiomeric excess 57 % (was detexchias

described below); NMR spectra of this material widentical to spectra provided for

the above racemic produoD?® -24.6° (¢ 1.25, CbCl.).

OBn
NaBH,

OHC Me MeOH

(-)-(R R)-247ad (-)-(R R)-254ad
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To determine optical purity the sample of compo@ddad was converted
into primary alcohoRk54ad Aldehyde247ad (100 mg, 0.43 mmol) was added to a
stirred suspension of NaBH33 mg, 0.86 mmol, 2 equiv) in methanol (1.0 mLhe
mixture was stirred for 30 min at room temperatihen quenched with brine (10
mL) and extracted with EtOAc (2 x 5 mL). Combinegjanic phases were washed
with brine, dried with Ng5Q,, filtered and concentrated. The residue was @arifiy
preparative flash column chromatography on Silieh @ 0.35, eluent hexane-

EtOAc 2:1). Yield 56 mg (0.24 mmol, 55 %).

'H NMR (400.13 MHz, CDG) § 7.41-7.33 (m, 4H), 7.29-7.26 (m, 1H), 4.50 (s, 2H)
3.79 (dd,J = 11.4 Hz, 6.8 Hz, 1H), 3.61 (dd= 11.4 Hz, 8.3 Hz, 1H), 1.35-1.28 (m,
1H), 1.26 (s, 3H), 1.24 (s, 3H), 1.22 (s, 3H), 0(86,J = 9.1 Hz, 4.8 Hz, 1H), 0.19
(dd,J = 5.8 Hz, 4.8 Hz, 1H)**C NMR (100.67 MHz, CDG) & 139.8, 128.2 (+, 2C),
127.1 (+, 2C), 127.0 (+), 76.6, 63.7 (-), 63.5 5.1, 23.1 (+), 22.5 (+), 21.6 (+),
15.2 (-), 15.0 (+); ¢]D* -9.2° (c 0.62, ChCl,); HRMS (TOF ES) Found 217.1591,

Calculated for gH»;0 (M-OH) 217.1592 (0.5 ppm).

Acylation of 254 with (S)-Mosher acid chloride produced a diastereacmixture of

esters, which was analyzed B NMR.
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3.5.17. Assignment of Absolute Configuration

Ph Ph

NaBH,
® —X® ® —— R
OHC Me EtOH HO ~ Me
()-(RR)-247a ()-(RR)-254a

Assignment of absolute configuration for non-racemompound247a was
performed by chemical transformation of this prdadumto 2-methyl-2-
phenylcyclopropylmethand@54awith known absolute configuration. To a stirred at
0 °C solution of enantiomerically enriched sampile47a (265 mg, 1.65 mmol) in
ethanol (5 mL) was added dropwise a solution ofwsadborohydride (75 mg, 1.99
mmol, 1.2 equiv.) in ethanol (2 mL). The mixturesastirred for 10 min at 0 °C, and
then quenched by 3N aqueous NaOH (10 mL) and dtiiwe 2.5 hrs at RT. The
mixture was extracted by ether (3 x 15 mL), the bm@d organic phases were
washed with brine, dried with N&O,, filtered, and concentrated. Purification of the
crude residue by flash column chromatography oicéigel afforded (-)RR)-
alcohol 254a (253 mg, 1.56 mmol, 94%), which hdll NMR spectra identical to

those reported in literatufé®

'H NMR (400.13 MHz, CDG) 8 7.33-7.30 (m, 4H), 7.23-7.30 (m, 1H), 3.93 (A&

11.4 Hz, 6.3 Hz, 1H), 3.73 (dd,= 11.4 Hz, 8.3 Hz, 1H), 1.49 (s, 3H), 1.45 (m, 1H),
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1.17 (dd,J = 8.8 Hz, 4.6 Hz, 1H), 1.17 (dd,= 6.6 Hz, 4.6 Hz, 1H);d]D*° = -26.4°

(c = 1.00, CHCl,);

The sign of optical rotation found for the syntlzesi sample of alcoh@54a
was opposite to that reported by Charette for §94254g obtained in the
asymmetric cyclopropanation of ER3-phenyl-2-butene-1-ol in the presence of
titanium (&K 5R)-TADDOLate?”® Based on this comparison, the absolute
configuration of the obtained in our experimenisetatory produck54a and also
the absolute configuration of the parent aldel34iéa was assigned asRER).

The absolute configurations of compourig#/b,f,ac,adwere assigned by
analogy with 247a using the following considerations. The differenlbetween
cyclopropene231b,f,ac,ad employed in the asymmetric hydroformylation is the
large substituent “L”, which is turned outward imettrigonal bipyramidal rhodium
complex Il (Figure 22). Analysis of the corresponding steredet® suggests the
nature of the large substituent “L” should not daticelly affect the mode of
enantioinduction. Accordingly, we assigned the murhtions of products

247b,f,ac,adto be the same as that for aldehgd@a



223

Appendix Crystallographic Studies on Pd-Ligand Comjexes

A.l. Preparation of Palladium Complexes and Singl€rystal X-Ray Studies

A mixture of (MeCN)PdCL (30 mg, 0.116 mmol) andl (40 mg, 0.116
mmol) in degassed methylene chloride (3 mL) wasestiin a 10 mL round-bottomed
flask in a nitrogen-filled glove box for 30 min om temperature. Then, degassed
hexane was added (ca. 4 mL); the flask was clos#dawncotton ball to allow slow
evaporation of the solvent, and left overnight. eTobtained yellow crystalline
material was analyzed using single crystal X-raystallography. Analogously, a
sample of the palladium complek4)PdCL was obtained from (MeChRdCL (40
mg, 0.154 mmol) and4 (54 mg, 0.156 mmol). It should be mentioned that
crystallization of 4)PdCL complex produced a crystallosolvate with water and
dichloromethane. We failed to obtain suitable gyalrystals by crystallization from
anhydrous solvents, which suggested that incorporaif solvent was essential for

efficient packing of molecules in the crystalliragtice.

A.2. Single Crystal X-ray Studies for (L4)PdC}+0.25 CHCI, +0.50 HO and
(L1)PdCl..

Crystals of (4)PdCL:0.25 CHCI, +0.50 HO, (1) were analyzed at 100(2)
K, orthorhombic, space group 222; — D;* (No. 19)] (1§*°with a = 17.117(1)b =

17.473(1) A,c = 33.072(2) A, V = 9891(1) Aand Z = 16 formula units {ges=
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1.485 g/cmi; pa(MoKa) = 1.100 mrif}. Crystals of [4)PdCh (2), were analyzed at
100(2) K, monoclinic, space group P2 G? (No. 4) (1) witha = 7.2466(4),b =
19.576(1) Ac = 7.9997(4) AR = 104.296(1)°, V = 1110(1) Fand Z = 2 molecules
{dcaca= 1.579 glcm p(MoKa) = 1.171 mri} . Full hemispheres of diffracted
intensities (1850 10-second frames wittbacan width of 0.3) were measured for
single-domain specimens of both compounds usinghigge&zmonochromated MakK
radiation A= 0.71073 A) on a Bruker SMART APEX CCD Single QgJs
Diffraction Systemd?’.  X-rays were provided by a fine-focus sealedax-tube
operated at 50kV and 30mA. Lattice constants wgtermined with the Bruker
SAINT software package using peak centers for 98%4nd 8994 2) reflections.
Totals of 117245 1) and 13156 Z) integrated reflection intensities having
20(MoKa)< 61.15 () or 61.02° 2) were produced using the Bruker program
SAINT:?*29017 () and 6415%) of these were unique and gavg R 0.092 {) and
Rint = 0.036 B) with a coverage that was at least 98.4% compfeteboth
compounds. The data were corrected empiriéallipr variable absorption effects
using equivalent reflections; the relative transiois factors ranged from 0.742 to
1.000 forl and 0.803 to 1.000 fdt. The Bruker software package SHELXTL was
used to solve both structures using “direct methddshniques. All stages of
weighted full-matrix least-squares refinement wesaducted using £data with the
SHELXTL Version 6.10 software packaffg.

All methyl groups in both compounds were incorpedainto the structural

model as rigid groups (using idealized®-bybridized geometry and a C-H bond
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length of 0.98 A) which were allowed to rotate abitieir C-C bonds in least-squares
refinement cycles. Hydrogen atoms for the watelemdes of crystallization present
in 1 were not included in the structural model. Theaemmg hydrogen atoms were
incorporated into the structural model as idealizédms (assuming $por sp-
hybridization of the carbon atoms and C-H bond tlesgf 0.95 — 1.00 A). The
isotropic thermal parameters of all included hydmgtoms were fixed at values 1.2
(nonmethyl) or 1.5 (methyl) times the equivalemtigpic thermal parameter of the
carbon atom to which they are covalently bonded.

The CHCI, solvent molecule and one of the two crystallogiegly-
independent water molecules Inadopt three different arrangements in the crystal.
Dichloromethane chlorine atom Cl(1) and the oxygemm of the first water molecule
[O(1w)], both share the same two sites in the atysart of the time. The first site is
80 % CI(1) and 20 % O(Iyand the second site is 80 % O(1w) and 20 %'CI(1
The other dichloromethane chlorine atom [CI(2)] hae alternate positions [CI(2)
occupied 80 % of the time and C)Bccupied 20 % of the time] separated by 1.44 A.
The dichloromethane methylene group is disorderét three orientations in the
crystal. The methylene carbon occupies three réffite sites with the following
occupancy factors: 0.45, 0.35 and 0.20 for C(Cg)Ls) and C(1%), respectively.
The first orientation of the dichloromethane molecis occupied 45 % of the time
and specified by atoms CI(1), C(1s) and CI(2). $keond orientation is occupied
35 % of the time and specified by atoms CI(1), §(bnd CI(2) and the third

orientation is occupied 20 % of the time and spediby atoms CI(), C(1s) and
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Cl(2). A free variable representing the length of £€&ingle bond was included in
the refinement to restrain the disordered dichlativane molecule. The values of all
C-Cl bond lengths and tetrahedral CI-C-Cl anglestlie three different orientations
of this disordered molecule were restrained by iregupairs of non-hydrogen atoms
to have separations near idealized multiples o ftd@e variable. This free variable
refined to a final value of 1.623(6) A.

The final structural model for both compounds mpowated anisotropic
thermal parameters for all ordered non-hydrogemmatcand isotropic thermal
parameters for all included hydrogen atoms anaeh®ining non-hydrogen atoms.

A total of 1049 parameters were refined fousing 8 restraints, 29017 data
and weights of w = 1/g%(F?) + (0.0557 P} (21.277 P)], where P = [Ee 2F¢] / 3.
Final agreement factors at convergence arguridveighted, based on F) = 0.075 for
24699 independent absorption-corrected “observetiéations having @ MoKa)<
61.15 and I1>25(l); Ri(unweighted, based on F) = 0.090 and,(mRighted, based
on P) = 0.155 for all 29017 independent absorption@cted reflections having
20(MoKa)< 61.15. The largest shift/s.u. was 0.001 in the findinesment cycle.
The final difference Fourier had maxima and miniofial.90 &A°® and —2.01 @A°,
respectively, that were within 1.02 A of a Pd osaidered Cl atom. The absolute
configuration was established experimentallyfarsing anomalous dispersion of the
X-rays; the Flack “absolute structure parametefihesl to a final value of 0.06(3).

A total of 251 parameters were refined Pousing 1 restraint, 6415 data and

weights of w = 1/ §*(F?) + (0.0273 PJ, where P = [Fo+ 2F¢] / 3. Final agreement
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factors at convergence are: j;(Bweighted, based on F) = 0.025 for 6226
independent absorption-corrected “observed” ratiesthaving 8(MoKa)< 61.02
and 1>2(1); Ry(unweighted, based on F) = 0.025 and,(vRighted, based orfF=
0.058 for all 6415 independent absorption-correctdtbctions having @MoKa)<
61.0Z2. The largest shift/s.u. was 0.000 in the findlnement cycle. The final
difference Fourier had maxima and minima of 1.3%A% and —-0.40 A%,
respectively, that were within 1.27A of the Pd atofifhe absolute configuration was
established experimentally f@rusing anomalous dispersion of the X-rays; the Klac

“absolute structure parameter” refined to a firelue of -0.03(2).
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A.3. Crystallographic Data

Figure 23.ORTEP drawing ofl(1)PdCkL complex, showing the atom-numbering
scheme; 50 % probability amplitude displacemeipsdids are shown.

~L M >x
M=t

o

Figure 24.Packing of L1)PdCL complex in the crystalline lattice cell.



Table 21.Crystal data and structure refinement 1ot YPdCb.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

yA
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

k13f

GiH3.ClLNOPPd

522.75

100(2) K

0.71073 A

Monoclinic

R2

a=7.2466(4) A a= 90°.
b =19.5763(10) A
c=7.9997(4) A y=90°,
1099.71(10) R

2
1.579 g/ém

1.171 mrh

536

0.36 x 0.24 x 0.10 Mm

2.63 to 30.51°.

-186 h<10, -27<k<27,-11<1<11

13156

6415 [R(int) = 0.0358]

229

B= 104.2960(10)°.
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Table 21 Continued

Completeness to theta = 30.51° 98.4 %

Absorption correction Semi-empirical from equivaken
Max. and min. transmission 1.000 and 0.803

Refinement method Full-matrix least-squares én F
Data / restraints / parameters 6415/1/251
Goodness-of-fit on 1.011

Final R indices [I>2sigma(l)] R=0.0246 wR; = 0.0573

R indices (all data) R=0.0254wR;, = 0.0576
Absolute structure parameter -0.027(16)

Largest diff. peak and hole 1.327 and -0.403%A



Table 22.Atomic coordinates (x TP and isotropic displacement parameters
(A% x 10°) for (L1)PdCb

231

X y z U(eq)
Pd 4010(1) 1153(1) 1177(1) 12(1)
Ci(1) 6319(1) 1561(1) 3616(1) 19(1)
Ci(2) 5693(1) 153(1) 1449(1) 19(1)
P 1784(1) 724(1)  -1095(1) 12(1)
0 1350(2) 2999(1) -743(2) 16(1)
N 2856(3) 2115(1) 772(2) 14(1)
C(1) -389(3) 1215(1)  -1391(3) 14(1)
C(2) -1063(3) 1455(1) 147(3) 16(1)
C(3) -463(3) 1977(1)  -1010(3) 14(1)
C(4) 1333(3) 2338(1) -293(3) 14(1)
C(5) 3325(3) 3218(1) -88(3) 17(1)
C(6) 4024(3) 2732(1) 1427(3) 15(1)
C(7) 3568(3) 3011(1) 3053(3) 16(1)
Cc(8) 1825(4) 2916(1) 3425(3) 19(1)
C(9) 1369(4) 3275(1) 4784(3) 22(1)
C(10) 2649(4) 3727(1) 5759(3) 24(1)
C(11) 4426(4) 3805(1) 5436(3) 27(1)
C(12) 4900(4) 3451(1) 4097(3) 21(1)

C(13) -2000(3) 2392(1) -2217(3) 19(1)
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Table 22.Continued

C(14) 898(3) -167(1) -801(3) 16(1)
C(15) 883(3) -251(1) 1107(3) 19(1)
C(16) 2146(4) -724(1)  -1309(3) 21(1)
C(17) -1158(3) -259(1)  -1881(3) 20(1)
C(18) 2472(3) 832(1)  -3190(3) 15(1)
C(19) 2609(4) 1602(1)  -3504(3) 22(1)
C(20) 1014(4) 528(1)  -4744(3) 23(1)
C(21) 4424(3) 517(1)  -3071(3) 19(1)

U(eq) is defined as one third of the trace ofdhaogonalized Utensor.



Table 23.Bond lengths [A] and angles [°] fok.{)PdCb.

Pd-N

Pd-P

Pd-CI(2)

Pd-CI(1)

P-C(1)

P-C(18)

P-C(14)

0-C(4)

0-C(5)

N-C(4)

N-C(6)

C(1)-C(2)

C(1)-C(3)

C(2)-C(3)

C(3)-C(4)

2.0538(19)

2.2728(6)

2.2885(6)

2.3730(6)

1.810(2)

1.874(2)

1.892(3)

1.344(3)

1.462(3)

1.292(3)

1.493(3)

1.506(3)

1.526(3)

1.513(3)

1.467(3)

C(4)-0-C(5)

C(4)-N-C(6)

C(4)-N-Pd

C(6)-N-Pd

C(2)-C(1)-C(3)

C(2)-C(1)-P

C(3)-C(1)-P

C(1)-C(2)-C(3)

C(4)-C(3)-C(2)

C(4)-C(3)-C(13)

C(2)-C(3)-C(13)

C(4)-C(3)-C(1)

C(2)-C(3)-C(1)

C(13)-C(3)-C(1)

N-C(4)-O

233

105.07(17)

106.08(18)

131.39(16)

120.84(14)

59.86(15)

120.41(15)

124.46(16)

60.72(16)

116.57(19)

115.6(2)

118.33(19)

118.49(19)

59.42(14)

116.95(19)

116.0(2)
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C(3)-C(13) 1518(3)  N-C(4)-C(3) 128.8(2)
C(5)-C(6) 1.526(3)  0O-C(4)-C(3) 115.1(2)
C(6)-C(7) 1521(3)  O-C(5)-C(6) 101.81(17)
C(7)-C(8) 1.380(3)  N-C(6)-C(7) 111.50(18)
C(7)-C(12) 1.404(3)  N-C(6)-C(5) 100.25(17)
C(8)-C(9) 1.400(3)  C(7)-C(6)-C(5) 110.81(19)
C(9)-C(10) 1.376(4)  C(8)-C(7)-C(12) 119.1(2)
C(10)-C(11) 1.383(4)  C(8)-C(7)-C(6) 122.7(2)
C(11)-C(12) 1.389(4)  C(12)-C(7)-C(6) 117.8(2)
C(14)-C(16) 1.534(3)  C(7)-C(8)-C(9) 120.3(2)
C(14)-C(17) 1.537(3)  C(10)-C(9)-C(8) 120.5(2)
C(14)-C(15) 1.538(3)  C(9)-C(10)-C(11) 119.6(2)
C(18)-C(21) 1.524(3)  C(10)-C(11)-C(12) 120.5(3)
C(18)-C(19) 1.536(3)  C(11)-C(12)-C(7) 120.0(3)
C(18)-C(20) 1.538(3)  C(16)-C(14)-C(17) 108.7(2)
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N-Pd-P

N-Pd-CI(2)

P-Pd-CI(2)

N-Pd-CI(1)

P-Pd-Cl(1)

CI(2)-Pd-CI(1)

C(1)-P-C(18)

C(1)-P-C(14)

C(18)-P-C(14)

C(1)-P-Pd

C(18)-P-Pd

C(14)-P-Pd

91.84(5)

170.53(5)

90.92(2)

89.91(5)

177.60(2)

87.61(2)

103.80(10)

101.25(11)

112.84(11)

109.31(8)

112.34(8)

115.90(8)

C(16)-C(14)-C(15)

C(17)-C(14)-C(15)

C(16)-C(14)-P

C(17)-C(14)-P

C(15)-C(14)-P

C(21)-C(18)-C(19)

C(21)-C(18)-C(20)

C(19)-C(18)-C(20)

C(21)-C(18)-P

C(19)-C(18)-P

C(20)-C(18)-P

235

109.6(2)

107.58(19)

112.43(17)

110.44(17)

107.97(16)

108.1(2)

109.6(2)

107.8(2)

110.28(17)

107.40(16)

113.44(17)
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Table 24. Anisotropic displacement parameters ? ¢410°) for (L1)PdChL complex.
The anisotropic displacement factor exponent takesform: -2f[h? a*2U™* + ...
+2 h k a* b* U?]

ull U22 U33 U23 u13 U12

Pd 14(1) 12(1) 10(1) 1(1) 2(1) 1(1)
Ci(1)  19(1) 20(1) 14(2) -1(1) -1(1) 1(1)
Cl2) 20(1) 14(1) 22(1) 3(1) 3(1) 4(2)
P 14(1) 11(2) 12(1) -1(1) 3(1) 1(1)
0 18(1) 13(1) 16(1) 2(1) 2(1) -1(1)
N 16(1) 11(1) 14(1) -2(1) 2(1) -3(1)
c(1)  15(1) 13(1) 14(1) -3(1) 3(1) 1(1)
c(2)  18(1) 13(1) 19(1) 0(1) 6(1) -1(1)
c(3)  16(1) 12(1) 14(1) 0(1) 3(1) 1(1)
c(4)  18(1) 11(2) 13(1) -2(1) 6(1) 0(1)
cG)  17(1) 17(2) 16(1) 1(1) 3(1) -3(1)
ce)  17(1) 11(2) 17(1) -1(1) 3(1) -3(1)
c(7)  23(1) 11(2) 12(1) 2(1) 0(1) 1(1)
c®)  27(1) 15(1) 15(1) 1(1) 4(1) 0(1)
CO)  34(1) 18(1) 17(1) 4(1) 10(1) 4(1)
C(10) 43(2) 18(1) 12(1) 2(1) 7(1) 5(1)
C(1l) 42(2) 19(1) 14(1) -3(1) -5(1) -4(1)

C(12) 26(1) 18(1) 16(1) -1(1) 2(1) -3(1)
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Table 24.Continued

C(13) 19(1) 16(1) 21(1) 0(1) 1(1) 3(1)
C(14) 18(1) 13(1) 19(1) -1(1) 7(1) 0(1)
C(15) 24(1) 16(1) 19(1) 2(1) 7(1) -3(1)
C(16) 25(1) 13(1) 25(1) -2(1) 5(1) 5(1)
cC(17) 21(1) 14(1) 24(1) -4(1) 4(1) -2(1)
C(18) 15(1) 17(1) 13(1) 2(1) 5(1) 2(1)
C(19) 30(1) 19(1) 19(1) 5(1) 12(1) 5(1)
C(20) 26(1) 29(1) 13(1) -4(1) 5(1) 2(1)

C(21) 20(1) 21(1) 18(1) 0(1) 7(1) 2(1)
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Table 25. Hydrogen coordinates ( x 40and isotropic displacement parameters
(A% x 10°) for (L1)PdCL complex.

X y z U(eq)
H(L) 11437 1056 2376 16
H(2A) -209 1380 1305 20
H(2B) 2438 1415 91 20
H(5A) 3400 3700 299 20
H(5B) 4063 3163 969 20
H(6) 5415 2635 1616 18
H(8) 930 2607 2756 23
H(9) 168 3205 5035 27
H(10) 2313 3983 6648 29
H(11) 5330 4104 6137 33
H(12) 6126 3506 3887 25
H(13A) 2288 2799 11613 29
H(13B) 3152 2114 2594 29
H(13C) 1551 2533 3225 29
H(15A) 484 717 1303 29
H(15B) 8 77 1400 29
H(15C) 2165 168 1834 29

H(16A) 1768 1171 -955 32
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Table 25.Continued

H(16B) 3485 -637 -735 32
H(16C) 1983 -718 -2562 32
H(17A) -1511 742 -1893 29
H(17B) -1251 -104 -3064 29
H(17C) -2021 12 -1375 29
H(19A) 3160 1676 -4491 33
H(19B) 3419 1817 -2476 33
H(19C) 1333 1804 -3747 33
H(20A) 1407 629 -5805 34
H(20B) -241 730 -4814 34
H(20C) 946 32 -4603 34
H(21A) 4846 632 -4110 29
H(21B) 4343 19 -2973 29

H(21C) 5339 697 -2053 29




Table 26.Torsion angles [°] forl{1)PdChL complex.

N-Pd-P-C(1)

Cl(2)-Pd-P-C(1)

Cl(1)-Pd-P-C(1)

N-Pd-P-C(18)

Cl(2)-Pd-P-C(18)

Cl(1)-Pd-P-C(18)

N-Pd-P-C(14)

Cl(2)-Pd-P-C(14)

Cl(1)-Pd-P-C(14)

P-Pd-N-C(4)

Cl(2)-Pd-N-C(4)

CI(1)-Pd-N-C(4)

P-Pd-N-C(6)

CI(2)-Pd-N-C(6)

CI(1)-Pd-N-C(6)

-28.89(10)

160.17(8)

108.0(5)

85.77(10)

-85.17(9)

-137.3(5)

-142.47(10)

46.59(8)

-5.6(6)

5.6(2)

112.4(3)

-172.8(2)

-157.38(15)

-50.5(4)

24.26(15)

C(13)-C(3)-C(4)-0

C(1)-C(3)-C(4)-0

C(4)-0-C(5)-C(6)

C(4)-N-C(6)-C(7)

Pd-N-C(6)-C(7)

C(4)-N-C(6)-C(5)

Pd-N-C(6)-C(5)

0-C(5)-C(6)-N

0-C(5)-C(6)-C(7)

N-C(6)-C(7)-C(8)

C(5)-C(6)-C(7)-C(8)

N-C(6)-C(7)-C(12)

C(5)-C(6)-C(7)-C(12)

C(12)-C(7)-C(8)-C(9)

C(6)-C(7)-C(8)-C(9)

240

2.8(3)

149.01(19)

-26.8(2)

90.7(2)

-102.51(18)

-26.6(2)

140.15(15)

31.6(2)

-86.2(2)

-26.5(3)

84.2(3)

161.4(2)

-87.8(2)

2.4(3)

-169.6(2)



Table 26.Continued

C(18)-P-C(1)-C(2) -159.73(19)
C(14)-P-C(1)-C(2) 83.1(2)
Pd-P-C(1)-C(2) -39.7(2)
C(18)-P-C(1)-C(3) -87.40(19)
C(14)-P-C(1)-C(3) 155.45(18)
Pd-P-C(1)-C(3) 32.65(19)
P-C(1)-C(2)-C(3) 114.7(2)
C(1)-C(2)-C(3)-C(4) -108.9(2)
C(1)-C(2)-C(3)-C(13)  106.2(2)
C(2)-C(1)-C(3)-C(4) 105.7(2)
P-C(1)-C(3)-C(4) -2.5(3)
P-C(1)-C(3)-C(2) -108.15(19)
C(2)-C(1)-C(3)-C(13)  -108.5(2)
P-C(1)-C(3)-C(13) 143.31(18)

C(6)-N-C(4)-O 11.0(3)

241

C(7)-C(8)-C(9)-C(10)

0.3(4)

C(8)-C(9)-C(10)-C(11) -2.7(4)

C(9)-C(10)-C(11)-C(12) 2.4(4)

C(10)-C(11)-C(12)-C(7) 0.2(4)

C(8)-C(7)-C(12)-C(11) -2.7(4)

C(6)-C(7)-C(12)-C(11) 169.7(2)

C(1)-P-C(14)-C(16) 154.65(17)
C(18)-P-C(14)-C(16)  44.3(2)

Pd-P-C(14)-C(16)  -87.22(17)
C(1)-P-C(14)-C(17)  33.06(18)

C(18)-P-C(14)-C(17) -77.29(19)
Pd-P-C(14)-C(17)  151.18(14)
C(1)-P-C(14)-C(15) -84.31(16)
C(18)-P-C(14)-C(15) 165.34(15)

Pd-P-C(14)-C(15)  33.82(17)
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Table 26.Continued

Pd-N-C(4)-0 -153.81(16)  C(1)-P-C(18)-C(21) 173.03(17)
C(6)-N-C(4)-C(3) -165.2(2) C(14)-P-C(18)-C(21) -78.21(19)
Pd-N-C(4)-C(3) 30.0(4) Pd-P-C(18)-C(21)  55.06(18)
C(5)-0-C(4)-N 10.8(3) C(1)-P-C(18)-C(19)  55.5(2)
C(5)-0-C(4)-C(3) -172.42(18)  C(14)-P-C(18)-C(19) 164.22(18)
C(2)-C(3)-C(4)-N 33.2(3) Pd-P-C(18)-C(19)  -62.51(19)
C(13)-C(3)-C(4)-N 179.0(2) C(1)-P-C(18)-C(20)  -63.5(2)
C(1)-C(3)-C(4)-N -34.8(3) C(14)-P-C(18)-C(20)  45.2(2)

C(2)-C(3)-C(4)-O -143.1(2) Pd-P-C(18)-C(20)  178.48(15)
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Figure 25. ORTEP drawing of complex.4)PdCL - 0.25 CHCI, - 0.50 HO, (the

first (A) of four crystallographically-independemiolecules), showing the atom-
numbering scheme; 50 % probability amplitude disphaent ellipsoids are shown.
Four crystallographically-independent4()PdCL molecules in a crystalline complex
(L4)PdCL - 0.25 CHCI, - 0.50 HO have nearly identical molecular conformations.
27 Non-hydrogen atoms for the second (B), third @ fourth (D) molecules can

be superimposed with the corresponding non-hydragems of the first molecule

(A) with a maximum rms deviation of 0.29 A for amplecular pair. Furthermore,
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the maximum deviation for any pair of atoms forsthesuperimposed molecules is

0.90 A.
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Figure 26. Packing of [4)PdCL complex in the crystalline lattice cell, showirouf
sets of crystallographically-independent molecutesored by symmetry
equivalence. Molecule A is shown in green, moledil- in blue, molecule C —in
red, molecule D — in yellow. Disordered water aithloromethane molecules are
shown in purple, violet, gray, and turquoise.



Table 27.Crystal data and structure refinement o4 PdCb.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

k12f
G1.2H335¢C12.50NO1 5P Pd
552.99

100(2) K

0.71073 A
Orthorhombic

R2:2;

a=17.1172(12) A a=90°.
b=17.4726(12) A B=90°.

c =33.072(2) A y=90°.

9891.1(12) R

16
1.485 g/én

1.100 mrh

4536

0.40 x 0.30 x 0.09 Mm

1.67 to 30.57°

246

-283h<24,-24<k<24,-46<1<46

117245

29017 [R(int) = 0.0918]
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Table 27.Continued

Completeness to theta = 30.57° 98.5 %

Absorption correction Semi-empirical from equivaten
Max. and min. transmission 1.000 and 0.742

Refinement method Full-matrix least-squares én F
Data / restraints / parameters 29017 /8/1049
Goodness-of-fit on 1.121

Final R indices [I>2sigma(l)] R=0.0745mR; = 0.1490

R indices (all data) R=0.0898wR, = 0.1549
Absolute structure parameter 0.06(3)

Largest diff. peak and hole 1.901 and -2.0123A
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Table 28.Atomic coordinates (x ) and equivalent isotropic displacement
parameters (Ax ,_103) for (L4)PdCh. U(eq) is defined as one third of the tracehef t
orthogonalized Utensor.

X y z U(eq)
Pd(1A) 7573(1) 308(1) 614(1) 14(1)
CI(1A) 7757(1) 1170(1) 55(1) 20(1)
CI(2A) 7318(1) -622(1) 148(1) 26(1)
P(1A) 7459(1) -524(1) 1135(1) 16(1)
O(1A) 8079(3) 1958(3) 1515(1) 25(1)
N(1A) 7706(3) 1193(3) 1005(2) 15(1)
C(1A) 8020(4) -170(4) 1560(2) 18(1)
C(2A) 8841(4) 78(4) 1496(2) 25(2)
C(3A) 8246(4) 640(4) 1646(2) 22(1)
C(4A) 7998(4) 1251(4) 1361(2) 17(1)
C(5A) 7932(5) 2463(4) 1171(2) 30(2)
C(6A) 7412(5) 1980(4) 897(2) 25(2)
C(7A) 6559(4) 2019(4) 949(2) 23(2)
C(8A) 6205(5) 2287(5) 1292(2) 40(2)
C(9A) 5413(6) 2222(7) 1347(3) 54(3)
C(10A) 4948(5) 1960(7) 1053(3) 49(3)
C(11A) 5278(5) 1651(5) 704(2) 37(2)
C(12A) 6076(5) 1707(4) 649(2) 27(2)

C(13A) 8267(5) 877(5) 2086(2) 33(2)
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Table 28.Continued

C(14A) 7879(4)  -1509(4) 1068(2) 19(1)
C(15A) 8653(4)  -1438(4) 811(2) 25(2)
C(16A) 7329(5)  -2043(4) 847(2) 31(2)
C(17A) 8106(5)  -1866(4) 1482(2) 27(2)
C(18A) 6425(4) -563(4) 1319(2) 25(2)
C(19A) 6245(5) 214(5) 1515(2) 36(2)
C(20A) 6288(4)  -1179(5) 1646(2) 28(2)
C(21A) 5866(4) -663(5) 954(2) 31(2)
Pd(1B) 7498(1) 5099(1) 2067(1) 18(1)
CI(1B) 7803(1) 5739(1) 1448(1) 27(1)
CI(2B) 7196(2) 4055(1) 1687(1) 42(1)
P(1B) 7329(1) 4445(1) 2650(1) 17(1)
O(1B) 7933(3) 7002(3) 2817(1) 29(1)
N(1B) 7627(3) 6098(3) 2375(2) 18(1)
C(1B) 7894(4) 4902(4) 3043(2) 18(1)
C(2B) 8714(4) 5150(4) 2959(2) 24(2)
C(3B) 8116(4) 5745(4) 3060(2) 23(2)
C(4B) 7881(4) 6255(4) 2732(2) 20(1)
C(5B) 7825(5) 7406(4) 2434(2) 32(2)
C(6B) 7367(4) 6826(4) 2178(2) 22(1)

C(7B) 6498(4) 6886(4) 2179(2) 22(2)
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Table 28.Continued

C(8B) 6064(6) 7254(5) 2474(3) 45(2)
C(9B) 5275(6) 7249(6) 2472(3) 49(3)
C(10B) 4864(6) 6879(6) 2185(3) 49(3)
C(11B) 5274(6) 6510(7) 1887(4) 62(3)
C(12B) 6077(6) 6527(6) 1877(3) 45(2)
C(13B) 8123(6) 6111(5) 3479(2) 42(2)
C(14B) 7757(5) 3450(4) 2667(2) 29(2)
C(15B) 8519(5) 3453(5) 2426(2) 37(2)
C(16B) 7197(6) 2853(4) 2490(2) 38(2)
C(17B) 7954(5) 3216(4) 3107(2) 30(2)
C(18B) 6299(4) 4484(4) 2818(2) 25(2)
C(19B) 6126(5) 5318(5) 2952(3) 36(2)
C(20B) 6119(5) 3970(5) 3179(2) 37(2)
C(21B) 5749(5) 4286(5) 2470(3) 44(2)
Pd(1C) 1720(1) 4391(1) 1931(1) 17(1)
Cl(1C) 927(1) 4022(1) 2495(1) 23(1)
Cl(2C) 2763(1) 4399(1) 2366(1) 27(1)
P(1C) 2522(1) 4600(1) 1398(1) 19(1)
0(1C) -122(3) 4427(3) 1070(1) 23(1)
N(1C) 752(3) 4499(3) 1571(2) 17(1)

C(1C) 2047(4) 4305(4) 935(2) 18(1)
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Table 28.Continued

c(2C) 1670(4) 3528(4) 908(2) 20(1)
C(3C) 1178(4) 4231(4) 863(2) 16(1)
C(4C) 628(4) 4384(4) 1195(2) 18(1)
C(5C) -605(4) 4457(4) 1444(2) 24(1)
C(6C) -17(4) 4745(5) 1757(2) 25(2)
C(7C) -14(4) 5602(4) 1830(2) 24(2)
C(8C) -118(4) 6113(5) 1504(2) 29(2)
C(9C) -140(5) 6892(6) 1566(3) 41(2)
C(10C) -47(5) 7190(5) 1960(3) 37(2)
C(11C) 36(6) 6697(6) 2282(3) 44(2)
C(12C) 56(4) 5894(5) 2214(2) 26(2)
C(13C) 896(4) 4462(4) 446(2) 24(2)
C(14C) 3451(4) 4009(4) 1383(2) 23(2)
C(15C) 3248(5) 3207(5) 1549(2) 34(2)
C(16C) 4118(5) 4373(6) 1624(2) 39(2)
C(17C) 3723(4) 3901(4) 939(2) 23(2)
C(18C) 2694(4) 5653(5) 1319(2) 26(2)
C(19C) 1897(5) 6000(5) 1229(3) 32(2)
C(20C) 3253(5) 5811(5) 965(2) 34(2)
C(21C) 3027(5) 6021(5) 1715(2) 32(2)

Pd(1D) 6689(1) 5314(1) -511(1) 19(1)



Table 28.Continued
CI(1D)
CI(2D)
P(1D)
0(1D)
N(1D)
C(1D)
C(2D)
C(3D)
C(4D)
C(5D)
C(6D)
C(7D)
C(8D)
C(9D)
C(10D)
C(11D)
C(12D)
C(13D)
C(14D)
C(15D)

C(16D)

5871(1)
7725(1)
7517(1)
4896(3)
5731(3)
7069(4)
6693(4)
6187(4)
5630(4)
4395(4)
4968(4)
4966(4)
4853(5)
4843(6)
4968(5)
5103(5)
5111(4)
5930(4)
8463(4)
8292(5)

9120(5)

5758(1)
5434(1)
4986(1)
5061(3)
5111(3)
5204(4)
5960(4)
5261(4)
5151(4)
5065(4)
4889(4)
4059(4)
3467(5)
2725(5)
2521(5)
3094(5)
3859(5)
4997(5)
5556(5)
6375(5)

5212(7)

-1047(1)
-942(1)
-11(1)
363(1)
-154(2)
468(2)
534(2)
556(2)
224(2)
7(2)
-343(2)
-460(2)
-179(2)
-288(3)
-688(3)
-977(3)
-864(2)
976(2)
34(2)
-88(2)

-233(2)

27(1)
34(1)
23(1)
24(1)
18(1)
21(1)
25(2)
22(1)
23(1)
22(1)
22(1)
23(1)
35(2)
39(2)
39(2)
39(2)
26(2)
28(2)
28(2)
37(2)

43(2)
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Table 28.Continued

C(17D) 8756(5) 5559(6) 477(2) 42(2)
C(18D) 7673(5) 3929(5) 3(2) 31(2)
C(19D) 6900(5) 3562(5) 91(3) 35(2)
C(20D) 8262(6) 3675(5) 331(3) 42(2)
C(21D) 7972(6) 3637(5) -411(3) 41(2)
CI(1) 6738(5) 7557(4) -354(2) 174(3)
oaw') 6738(5) 7557(4) -354(2) 174(3)
Ci(2) 5346/(5) 8154(6) -510(3) 219(4)
CI(2) 5663(18)  7420(20)  -407(8) 188(15)
C(1S) 6044(5) 8098(7) -180(3) 13(3)
C(1S) 5961(8) 7487(11)  -633(6) 41(6)
C(1S") 4783(13)  7340(40)  -230(9) 76(19)
oIw) 4817(7) 6990(5) 225(4) 164(5)
CI(1) 4817(7) 6990(5) 225(4) 164(5)

o(2W) 4876(13)  7391(8) 1022(3) 231(11)
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Table 29.Bond lengths [A] and angles [°] fok4)PdCb.

Pd(1A)-N(1A) 2.029(5)  C(14B)-C(15B) 1.529(12)
Pd(1A)-P(1A) 2.2610(16) C(14B)-C(16B) 1.532(11)
Pd(1A)-CI(2A) 2.2818(17) C(14B)-C(17B) 1.548(10)
Pd(1A)-CI(1A) 2.4059(16) C(18B)-C(20B) 1.525(10)
P(1A)-C(1A) 1.812(6)  C(18B)-C(21B) 1.528(11)
P(1A)-C(18A) 1.873(7)  C(18B)-C(19B) 1.552(11)
P(1A)-C(14A) 1.878(7)  Pd(1C)-N(1C) 2.049(5)
O(1A)-C(4A) 1.343(8)  Pd(1C)-P(1C) 2.2643(17)
O(1A)-C(5A) 1.462(8)  Pd(1C)-CI(2C) 2.2921(17)
N(1A)-C(4A) 1.283(8)  Pd(1C)-CI(1C) 2.3963(17)
N(1A)-C(6A) 1.508(8)  P(1C)-C(1C) 1.809(7)
C(1A)-C(2A) 1.488(10)  P(1C)-C(18C) 1.882(8)
C(1A)-C(3A) 1.494(9)  P(1C)-C(14C) 1.896(7)
C(2A)-C(3A) 1.501(10)  O(1C)-C(4C) 1.350(8)

C(3A)-C(4A) 1.487(9)  O(1C)-C(5C) 1.487(8)



Table 29.Continued

C(3A)-C(13A)

C(5A)-C(6A)

C(6A)-C(7A)

C(7A)-C(8A)

C(7A)-C(12A)

C(8A)-C(9A)

C(9A)-C(10A)

C(10A)-C(11A)

C(11A)-C(12A)

C(14A)-C(16A)

C(14A)-C(17A)

C(14A)-C(15A)

C(18A)-C(19A)

C(18A)-C(20A)

C(18A)-C(21A)

1.511(9)

1.525(10)

1.472(11)

1.370(10)

1.402(10)

1.372(13)

1.337(13)

1.395(12)

1.381(12)

1.513(10)

1.554(9)

1.579(10)

1.536(11)

1.544(10)

1.550(10)

N(1C)-C(4C)

N(1C)-C(6C)

C(1C)-C(2C)

C(1C)-C(3C)

C(2C)-C(3C)

C(3C)-C(4C)

C(3C)-C(13C)

C(5C)-C(6C)

C(6C)-C(7C)

C(7C)-C(12C)

C(7C)-C(8C)

C(8C)-C(9C)

C(9C)-C(10C)

C(10C)-C(11C)

C(11C)-C(12C)
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1.280(8)

1.514(8)

1.506(10)

1.512(9)

1.496(9)

1.469(9)

1.517(9)

1.531(10)

1.516(11)

1.372(9)

1.413(10)

1.379(12)

1.412(12)

1.375(13)

1.422(12)



Table 29.Continued

Pd(1B)-N(1B)

Pd(1B)-P(1B)

Pd(1B)-CI(2B)

Pd(1B)-CI(1B)

P(1B)-C(1B)

P(1B)-C(18B)

P(1B)-C(14B)

O(1B)-C(4B)

O(1B)-C(5B)

N(1B)-C(4B)

N(1B)-C(6B)

C(1B)-C(2B)

C(1B)-C(3B)

C(2B)-C(3B)

C(3B)-C(4B)

2.032(5)

2.2583(16)

2.2753(19)

2.3912(17)

1.807(7)

1.851(7)

1.888(7)

1.337(8)

1.462(8)

1.290(8)

1.498(8)

1.496(10)

1.523(9)

1.497(10)

1.458(9)

C(14C)-C(16C)

C(14C)-C(15C)

C(14C)-C(17C)

C(18C)-C(19C)

C(18C)-C(20C)

C(18C)-C(21C)

Pd(1D)-N(1D)

Pd(1D)-P(1D)

Pd(1D)-CI(2D)

Pd(1D)-CI(1D)

P(1D)-C(1D)

P(1D)-C(18D)

P(1D)-C(14D)

O(1D)-C(4D)

O(1D)-C(5D)

256

1.531(11)

1.545(11)

1.551(9)

1.523(10)

1.537(10)

1.567(10)

2.053(6)

2.2514(18)

2.2844(18)

2.3889(17)

1.800(6)

1.868(8)

1.906(7)

1.348(8)

1.455(7)



Table 29.Continued

C(3B)-C(13B)

C(5B)-C(6B)

C(6B)-C(7B)

C(7B)-C(12B)

C(7B)-C(8B)

C(8B)-C(9B)

C(9B)-C(10B)

C(10B)-C(11B)

C(11B)-C(12B)

C(7D)-C(12D)

C(7D)-C(8D)

C(8D)-C(9D)

C(9D)-C(10D)

C(10D)-C(11D)

C(11D)-C(12D)

1.527(10)

1.537(9)

1.490(11)

1.382(11)

1.384(11)

1.351(13)

1.346(14)

1.372(13)

1.376(13)

1.401(10)

1.404(10)

1.345(12)

1.388(13)

1.402(13)

1.387(11)

N(1D)-C(4D)

N(1D)-C(6D)

C(1D)-C(2D)

C(1D)-C(3D)

C(2D)-C(3D)

C(3D)-C(4D)

C(3D)-C(13D)

C(5D)-C(6D)

C(6D)-C(7D)

C(18D)-C(21D)

CI(1)-C(1S)

CI(1)-CI(2)

Cl(2)-CI(2')

CI(2)-C(1S)

Cl(2)-C(1S")

257

1.263(8)

1.498(9)

1.486(10)

1.542(9)

1.499(10)

1.467(9)

1.528(9)

1.550(9)

1.501(10)

1.549(11)

1.623(6)

1.86(3)

1.44(4)

1.623(6)

1.623(6)
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Table 29.Continued

C(14D)-C(15D) 1.514(12)  Cl(2)-C(1S") 1.95(4)
C(14D)-C(16D) 1.550(11)  CI(2')-C(1S") 0.91(3)
C(14D)-C(17D) 1.550(9)  Cl(2')-C(1S) 1.55(4)
C(18D)-C(19D) 1.499(12)  Cl(2')-C(1S") 1.623(6)
C(18D)-C(20D) 1.547(11)  C(16A)-C(14A)-C(17A) 109.5(5)

N(1A)-Pd(1A)-P(1A)  90.83(15)  C(16A)-C(14A)-C(15A) 108.0(6)

N(1A)-Pd(1A)-CI(2A) 174.26(16)  C(17A)-C(14A)-C(15A) 107.3(6)

P(1A)-Pd(1A)-CI(2A)  92.28(6) C(16A)-C(14A)-P(1A) 112.5(5)

N(1A)-Pd(1A)-CI(1A)  89.91(15)  C(17A)-C(14A)-P(1A) 111.2(5)

P(1A)-Pd(1A)-CI(1A)  177.18(7) C(15A)-C(14A)-P(1A)  108.1(4)

CI(2A)-Pd(1A)-CI(1A)  87.21(6) C(19A)-C(18A)-C(20A) 106.8(6)
C(1A)-P(1A)-C(18A)  105.1(3) C(19A)-C(18A)-C(21A) 107.7(6)
C(1A)-P(1A)-C(14A)  101.6(3) C(20A)-C(18A)-C(21A) 111.9(6)
C(18A)-P(1A)-C(14A) 111.5(3) C(19A)-C(18A)-P(1A)  107.2(5)

C(1A)-P(1A)-Pd(1A)  109.1(2) C(20A)-C(18A)-P(1A)  113.3(5)



Table 29.Continued

C(18A)-P(1A)-Pd(1A)

C(14A)-P(1A)-Pd(1A)

C(4A)-O(1A)-C(5A)

C(4A)-N(1A)-C(6A)

C(4A)-N(1A)-Pd(1A)

C(6A)-N(1A)-Pd(1A)

C(2A)-C(1A)-C(3A)

C(2A)-C(1A)-P(1A)

C(3A)-C(1A)-P(1A)

C(1A)-C(2A)-C(3A)

C(4A)-C(3A)-C(1A)

C(4A)-C(3A)-C(2A)

C(1A)-C(3A)-C(2A)

C(4A)-C(3A)-C(13A)

C(1A)-C(3A)-C(13A)

110.6(2)

117.9(2)

104.0(5)

106.0(5)

133.6(4)

120.4(4)

60.4(5)

119.2(5)

127.4(5)

60.0(5)

119.1(5)

117.0(6)

59.6(5)

114.7(6)

116.7(6)

C(21A)-C(18A)-P(1A)

N(1B)-Pd(1B)-P(1B)

N(1B)-Pd(1B)-CI(2B)

P(1B)-Pd(1B)-CI(2B)

N(1B)-Pd(1B)-CI(1B)

P(1B)-Pd(1B)-CI(1B)

CI(2B)-Pd(1B)-CI(1B)

C(1B)-P(1B)-C(18B)

C(1B)-P(1B)-C(14B)

C(18B)-P(1B)-C(14B)

C(1B)-P(1B)-Pd(1B)

C(18B)-P(1B)-Pd(1B)

C(14B)-P(1B)-Pd(1B)

C(4B)-O(1B)-C(5B)

C(4B)-N(1B)-C(6B)

259

109.6(5)

91.22(15)

171.86(16)

92.14(7)

90.20(15)

174.34(7)

87.18(7)

106.0(3)

100.2(3)

113.2(4)

108.8(2)

111.1(2)

116.3(2)

106.4(5)

108.5(5)



Table 29.Continued

C(2A)-C(3A)-C(13A)

N(1A)-C(4A)-O(1A)

N(1A)-C(4A)-C(3A)

O(1A)-C(4A)-C(3A)

O(LA)-C(5A)-C(6A)

C(7A)-C(6A)-N(1A)

C(7A)-C(6A)-C(5A)

N(1A)-C(6A)-C(5A)

C(8A)-C(7A)-C(12A)

C(8A)-C(7A)-C(6A)

C(12A)-C(7A)-C(6A)

C(7A)-C(8A)-C(9A)

C(10A)-C(9A)-C(8A)

C(9A)-C(10A)-C(11A)

118.8(6)

117.5(6)

129.4(6)

113.0(5)

103.2(6)

110.3(6)

118.9(6)

99.7(5)

117.4(7)

123.4(7)

119.0(6)

121.2(8)

121.3(8)

119.6(9)

C(12A)-C(11A)-C(10A) 118.8(8)

C(4B)-N(1B)-Pd(1B)

C(6B)-N(1B)-Pd(1B)

C(2B)-C(1B)-C(3B)

C(2B)-C(1B)-P(1B)

C(3B)-C(1B)-P(1B)

C(1B)-C(2B)-C(3B)

C(4B)-C(3B)-C(2B)

C(4B)-C(3B)-C(1B)

C(2B)-C(3B)-C(1B)

C(4B)-C(3B)-C(13B)

C(2B)-C(3B)-C(13B)

C(1B)-C(3B)-C(13B)

N(1B)-C(4B)-O(1B)

N(1B)-C(4B)-C(3B)

O(1B)-C(4B)-C(3B)

132.8(5)

118.7(4)

59.5(5)

119.7(5)

125.9(5)

61.2(5)

116.7(6)

119.8(6)

59.4(4)

114.8(6)

119.1(6)

116.0(6)

115.0(6)

130.0(6)

115.0(6)

260
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C(11A)-C(12A)-C(7A)

O(1B)-C(5B)-C(6B)

C(7B)-C(6B)-N(1B)

C(7B)-C(6B)-C(5B)

N(1B)-C(6B)-C(5B)

C(12B)-C(7B)-C(8B)

C(12B)-C(7B)-C(6B)

C(8B)-C(7B)-C(6B)

C(9B)-C(8B)-C(7B)

C(10B)-C(9B)-C(8B)

C(9B)-C(10B)-C(11B)

C(10B)-C(11B)-C(12B)

C(11B)-C(12B)-C(7B)

121.1(7)

102.9(5)

110.8(5)

117.6(6)

99.7(5)

116.1(8)

119.1(7)

124.7(7)

122.0(8)

122.0(8)

117.7(9)

121.2(9)

121.0(9)

C(15B)-C(14B)-C(16B) 109.7(7)

C(15B)-C(14B)-C(17B) 107.7(6)

N(1C)-C(6C)-C(7C)

N(1C)-C(6C)-C(5C)

C(7C)-C(6C)-C(5C)

C(12C)-C(7C)-C(8C)

C(12C)-C(7C)-C(6C)

C(8C)-C(7C)-C(6C)

C(9C)-C(8C)-C(7C)

C(8C)-C(9C)-C(10C)

C(11C)-C(10C)-C(9C)

C(10C)-C(11C)-C(12C)

C(7C)-C(12C)-C(11C)

C(16C)-C(14C)-C(15C)

C(16C)-C(14C)-C(17C)

C(15C)-C(14C)-C(17C)

C(16C)-C(14C)-P(1C)

110.0(6)

101.7(5)

115.8(6)

118.8(7)

121.0(7)

120.1(6)

120.9(7)

119.9(8)

119.7(8)

119.9(8)

120.7(8)

111.1(6)

108.6(6)

107.1(6)

112.7(6)
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Table 29.Continued

C(16B)-C(14B)-C(17B) 108.5(6) C(15C)-C(14C)-P(1C)  107.2(5)
C(15B)-C(14B)-P(1B)  108.1(5) C(17C)-C(14C)-P(1C)  110.0(4)
C(16B)-C(14B)-P(1B)  111.8(6) C(19C)-C(18C)-C(20C) 109.7(6)
C(17B)-C(14B)-P(1B)  110.9(5) C(19C)-C(18C)-C(21C) 109.0(6)
C(20B)-C(18B)-C(21B) 109.4(6) C(20C)-C(18C)-C(21C) 109.6(6)
C(20B)-C(18B)-C(19B) 107.0(6) C(19C)-C(18C)-P(1C)  106.0(5)
C(21B)-C(18B)-C(19B) 108.0(7) C(20C)-C(18C)-P(1C)  112.3(5)
C(20B)-C(18B)-P(1B)  114.0(5) C(21C)-C(18C)-P(1C)  110.1(5)
C(21B)-C(18B)-P(1B)  110.6(6) N(1D)-Pd(1D)-P(1ID)  92.08(15)
C(19B)-C(18B)-P(1B)  107.6(5) N(1D)-Pd(1D)-CI(2D)  174.46(17)

N(1C)-Pd(1C)-P(1C) 91.31(15)  P(1D)-Pd(1D)-CI(2D)  89.65(7)

N(1C)-Pd(1C)-CI(2C)  173.48(16)  N(1D)-Pd(1D)-CI(1D)  90.80(15)

P(1C)-Pd(1C)-CI(2C)  90.91(6)  P(1D)-Pd(1D)-CI(1D)  175.21(7)

N(1C)-Pd(1C)-CI(1C)  91.07(15)  CI(2D)-Pd(1D)-CI(1D)  87.84(7)

P(1C)-Pd(1C)-CI(1C)  173.43(7)  C(1D)-P(1D)-C(18D)  104.4(3)



Table 29.Continued

CI(2C)-Pd(1C)-CI(1C)

C(1C)-P(1C)-C(18C)

C(1C)-P(1C)-C(14C)

C(18C)-P(1C)-C(14C)

C(1C)-P(1C)-Pd(1C)

C(18C)-P(1C)-Pd(1C)

C(14C)-P(1C)-Pd(1C)

C(4C)-O(1C)-C(5C)

C(4C)-N(1C)-C(6C)

C(4C)-N(1C)-Pd(1C)

C(6C)-N(1C)-Pd(1C)

C(2C)-C(1C)-C(3C)

C(2C)-C(1C)-P(1C)

C(3C)-C(1C)-P(1C)

C(3C)-C(2C)-C(1C)

87.39(6)

103.4(3)

101.6(3)

113.4(3)

110.0(2)

111.1(2)

116.1(2)

106.1(5)

107.2(5)

133.2(5)

119.5(4)

59.4(4)

120.0(5)

126.8(4)

60.5(4)

C(1D)-P(1D)-C(14D)

C(18D)-P(1D)-C(14D)

C(1D)-P(1D)-Pd(1D)

C(18D)-P(1D)-Pd(1D)

C(14D)-P(1D)-Pd(1D)

C(4D)-O(1D)-C(5D)

C(4D)-N(1D)-C(6D)

C(4D)-N(1D)-Pd(1D)

C(6D)-N(1D)-Pd(1D)

C(2D)-C(1D)-C(3D)

C(2D)-C(1D)-P(1D)

C(3D)-C(1D)-P(1D)

C(1D)-C(2D)-C(3D)

C(4D)-C(3D)-C(2D)

C(4D)-C(3D)-C(13D)

100.5(3)

113.1(4)

109.0(2)

111.0(3)

117.3(2)

105.9(5)

108.0(6)

132.0(5)

120.0(4)

59.3(5)

120.1(5)

126.7(4)

62.2(5)

116.5(6)

117.0(6)
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C(4C)-C(3C)-C(2C)

C(4C)-C(3C)-C(1C)

C(2C)-C(3C)-C(1C)

C(4C)-C(3C)-C(13C)

C(2C)-C(3C)-C(13C)

C(1C)-C(3C)-C(13C)

N(1C)-C(4C)-O(1C)

N(1C)-C(4C)-C(3C)

O(1C)-C(4C)-C(3C)

O(1C)-C(5C)-C(6C)

N(1D)-C(6D)-C(5D)

C(7D)-C(6D)-C(5D)

C(12D)-C(7D)-C(8D)

C(12D)-C(7D)-C(6D)

C(8D)-C(7D)-C(6D)

115.9(6)

119.9(5)

60.1(4)

115.2(5)

119.2(5)

115.6(6)

116.4(6)

130.5(6)

113.1(5)

102.0(5)

100.8(5)

112.6(6)

118.1(7)

119.1(6)

122.8(7)

C(2D)-C(3D)-C(13D)

C(4D)-C(3D)-C(1D)

C(2D)-C(3D)-C(1D)

C(13D)-C(3D)-C(1D)

N(1D)-C(4D)-O(1D)

N(1D)-C(4D)-C(3D)

O(1D)-C(4D)-C(3D)

O(1D)-C(5D)-C(6D)

N(1D)-C(6D)-C(7D)

C(1S)-Cl(1)-CI(2)

CI(2)-Cl(2)-C(1S)

CI(2)-Cl(2)-C(1S)

C(1S)-Cl(2)-C(1S")

CI(2')-Cl(2)-C(1S")

C(1S)-Cl(2)-C(1S")

117.2(6)

119.1(5)

58.5(5)

115.7(6)

117.3(6)

131.3(7)

111.4(6)

103.3(5)

111.1(5)

52.3(12)

60.5(16)

34.0(12)

69.3(3)

54.7(12)

89.9(10)
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C(9D)-C(8D)-C(7D)

C(8D)-C(9D)-C(10D)

C(9D)-C(10D)-C(11D)

C(12D)-C(11D)-C(10D)

C(11D)-C(12D)-C(7D)

C(15D)-C(14D)-C(16D)

C(15D)-C(14D)-C(17D)

C(16D)-C(14D)-C(17D)

C(15D)-C(14D)-P(1D)

C(16D)-C(14D)-P(1D)

C(17D)-C(14D)-P(1D)

C(19D)-C(18D)-C(20D)

C(19D)-C(18D)-C(21D)

C(20D)-C(18D)-C(21D)

C(19D)-C(18D)-P(1D)

122.4(8)

120.0(8)

119.4(8)

120.4(8)

119.7(8)

110.8(7)

108.0(7)

107.7(6)

108.0(5)

111.8(6)

110.5(5)

108.5(7)

108.9(7)

108.1(7)

107.5(5)

C(1S")-Cl(2)-C(1S")

C(1S)-CI(2)-CI(2)

C(1S')-Cl(2)-C(1S)

CI(2)-CI(2')-C(1S)

C(1S)-Cl(2)-C(1S")

CI(2)-Cl(2")-C(1S")

C(1S)-Cl(2)-C(1S")

C(1S)-CI(2)-Cl(1)

CI(2)-CI(2)-CI(1)

C(1S)-Cl(2))-Cl(1)

C(1S")-CI(2')-CI(1)

CI(2)-C(1S)-CI(1)

CI(2)-C(1S)-CI(2)

CI(1)-C(1S)-CI(2)

CI(2)-C(1S)-Cl(2)
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85.1(18)

84(3)

94(3)

65.7(17)

146(3)

79(2)

106(3)

60.6(18)

106(2)

55.9(12)

153(2)

71.9(12)

53.8(13)

109.55(9)

62(2)
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C(20D)-C(18D)-P(1D) 113.2(6) CI(2')-C(1S")-CI(2) 46.2(17)

C(21D)-C(18D)-P(1D) 110.6(6)
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Table 30.Anisotropic displacement parameters? §&10°) for (L4)PdCh complex.
The anisotropic displacement factor exponent tékegorm: -2f[ h? a*2U'* + ...
+2 h k a* b* U?]

ull U22 U33 U23 ul3 ul2

Pd(1A) 20(1) 14(1) 9(1) -2(1) 1(1) 1(1)
CI(1A) 27(1) 20(1) 12(1) 2(1) 1(1) 1(1)
CI(2A) 41(1) 23(1) 15(1) -4(1) -3(1) -2(1)
P(1A)  19(1) 17(1) 13(1) 2(1) 2(1) 0(1)
O(1A) 42(3) 16(2) 18(2) 1(2) -11(2) 0(2)
N(1A) 22(3) 12(2) 12(2) -1(2) 1(2) 6(2)
C(1A) 22(3) 18(3) 15(3) 6(2) 2(2) -5(3)
C(2A) 23(3) 30(4) 22(3) 3(3) -5(3) 0(3)
C(3A) 27(3) 22(3) 16(3) 3(3) -8(3) -3(3)
C(4A) 26(3) 11(3) 14(3) -1(2) 3(2) 3(2)
C(5A)  49(5) 19(4) 21(3) 5(3) -14(3) 7(3)
C(6A)  40(4) 18(3) 17(3) -4(2) -10(3) 8(3)
C(7A) 28(4) 19(3) 20(3) -4(3) -4(3) 11(3)
C(8A) 43(5) 49(5) 28(4) -27(4) -5(4) 16(4)
C(9A)  45(6) 86(8) 32(5) -27(5) 1(4) 21(5)
C(10A) 26(4) 78(8) 43(5) -17(5) -1(4) 19(5)
C(11A) 40(5) 45(5) 26(4) -1(4) -5(4) 7(4)
C(12A) 33(4) 31(4) 19(3) -1(3) -4(3) 1(3)

C(13A) 50(5) 31(4) 17(3) -5(3) -13(4) 3(4)
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C(14A) 26(3) 9(3) 22(3) 7(2) 1(3) -3(2)
C(15A) 35(4) 18(3) 21(3) -1(3) 8(3) 3(3)
C(16A) 45(5) 16(3) 32(4) 2(3) 6(3) -7(3)
C(17A) 38(5) 23(4) 22(3) 5(3) 3(3) 2(3)
C(18A) 22(3) 24(4) 28(4) 1(3) 2(3) 6(3)
C(19A) 26(4) 56(6) 26(4) 3(4) 12(3) 7(4)
C(20A) 23(4) 39(5) 22(3) 7(3) 2(3) -6(3)
C(21A) 27(4) 40(5) 25(4) 7(3) 4(3) -2(3)
Pd(1B) 22(1) 20(1) 10(1) -3(1) 0(1) 6(1)
CI(1B) 26(1) 45(1) 11(1) 3(1) 2(1) 6(1)
Ci(2B) 78(2) 26(1) 21(1) 11(1)  -15(1) 15(1)
P(1B) 22(1) 14(1) 14(1) -2(1) 1(1) -1(1)
O(1B) 52(4) 16(2) 19(2) 4(2) 15(2)  -11(2)
N(1B) 18(3) 20(3) 16(2) 3(2) -1(2) 3(2)
C(1B) 28(3) 12(3) 14(3) 1(2) -4(2) 4(3)
C(2B) 28(4) 18(3) 26(3) 8(3) 7(3) -5(3)
C(3B) 30(4) 23(4) 16(3) 2(3) -6(3) -7(3)
C(4B) 31(4) 12(3) 16(3) 7(2) -6(3) -7(3)
C(5B) 51(5) 19(4) 26(4) 2(3) -25(4) -8(3)
C(6B) 33(4) 14(3) 17(3) 5(2) -8(3) -2(3)

C(7B) 35(4) 14(3) 17(3) 1(2) -8(3) -1(3)
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Table 30.Continued

C(8B) 51(6) 46(5) 37(5) -22(4)  -15(4) 27(4)
C(9B) 45(6) 57(6) 46(5) -18(5) 3(5) 30(5)
C(10B) 32(5) 60(7) 54(6) -20(5) 0(4) 19(5)
C(11B) 31(5) 68(7) 87(8) 42(7)  -23(5) 5(5)
C(12B) 45(6) 61(6) 31(5) -19(4) -7(4) 12(5)
C(13B) 84(7) 24(4) 18(3) 0(3) -28(4) -7(4)
C(14B) 40(5) 22(4) 24(4) -4(3) -4(3) 8(3)
C(15B) 57(6) 26(4) 30(4) -5(3) -1(4) 19(4)
C(16B) 67(6) 15(4) 32(4) -3(3) -11(4) 2(4)
C(17B) 48(5) 16(3) 24(4) 7(3) -4(3) 3(3)
C(18B) 24(3) 30(4) 22(3) 7(3) 1(3) -3(3)
C(19B) 34(4) 35(5) 38(4) -2(4) 10(3) 12(4)
C(20B) 29(4) 48(5) 33(4) 15(4) -2(3) -10(4)
C(21B) 33(5) 39(5) 60(6) 18(5) -8(4) -10(4)
Pd(1C) 19(1) 24(1) 9(1) -2(1) 1(1) 2(1)
CI(1IC) 27(1) 27(1) 15(1) 1(1) 4(1) 2(1)
CI(2C) 26(1) 43(1) 12(1) -1(1) -3(1) 1(1)
P(1C)  19(1) 27(1) 11(1) -2(1) 1(1) 4(1)
0(1C) 21(2) 24(3) 24(2) -6(2) 3(2) 4(2)
N(1C) 22(3) 16(3) 12(2) -1(2) 3(2) 4(2)

C(1C) 14(3) 26(4) 13(3) 1(3) 2(2) 12(3)
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C(2C)
C(3C)
C(4C)
C(5C)
C(6C)
C(7C)
C(8C)
C(9C)
C(10C)
C(11C)
C(12C)
C(13C)
C(14C)
C(15C)
C(16C)
C(17C)
C(18C)
C(19C)
C(20C)
C(21C)

Pd(1D)

29(4)
18(3)
15(3)
20(3)
16(3)
24(3)
23(4)
32(5)
30(4)
36(5)
20(3)
20(3)
19(3)
37(4)
31(4)
24(4)
22(4)
30(4)
33(4)
43(5)

22(1)

20(3)
10(3)
20(3)
29(4)
34(4)
28(4)
31(4)
56(6)
28(4)
55(6)
33(4)
35(4)
38(4)
46(5)
68(6)
33(4)
36(4)
24(4)
41(5)
33(4)

26(1)

11(3)
18(3)
19(3)
22(3)
26(3)
20(3)
32(4)
34(5)
54(5)
40(5)
23(4)
16(3)
12(3)
19(3)
18(3)
12(3)
21(3)
42(5)
28(4)
20(4)

8(1)

-5(2)

-3(2)

2(3)

7(3)
-4(3)

-5(3)

0(3)

6(4)

-19(4)
-17(5)

-8(3)

0(3)
2(3)

4(3)

-3(4)
-1(3)

-1(3)

0(3)
5(3)
0(3)

1(1)

3(3)

-3(2)

-3(2)

4(3)
5(3)

2(3)

-1(3)
-9(4)

-10(4)

0(4)
1(3)

0(3)

-3(2)

9(3)

-6(3)

1(3)

1(3)

-5(3)
-1(3)
-2(3)

-1(2)

10(3)
7(2)
2(3)
1(3)
11(3)
9(3)
11(3)
17(4)
10(3)
-4(4)
-2(3)
2(3)
9(3)
12(4)
8(4)
-1(3)
3(3)
0(3)
7(4)
-8(4)

2(1)
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CI(1D)
CI(2D)
P(1D)
0(1D)
N(1D)
C(1D)
C(2D)
C(3D)
C(4D)
C(5D)
C(6D)
C(7D)
C(8D)
C(9D)
C(10D)
C(11D)
C(12D)
C(13D)
C(14D)
C(15D)

C(16D)

29(1)
29(1)
21(1)
22(2)
29(3)
17(3)
29(4)
19(3)
31(4)
21(3)
19(3)
25(3)
47(5)
45(5)
26(4)
37(5)
18(3)
24(3)
18(3)
34(4)

25(4)

40(1)
64(1)
36(1)
37(3)
15(3)
37(4)
31(4)
31(4)
21(4)
34(4)
33(4)
21(3)
30(4)
26(4)
27(4)
32(5)
29(4)
47(5)
47(5)
52(5)

92(8)

12(1)
9(1)
11(1)
13(2)
12(2)
9(3)
17(3)
14(3)
17(3)
11(3)
16(3)
22(3)
28(4)
47(5)
63(6)
47(5)
31(4)
13(3)
19(3)
26(4)

12(3)

6(1)
-1(1)
0(1)
3(2)
3(2)
3(3)
2(3)
-3(3)
2(3)
-2(3)
8(3)
5(3)
12(3)
8(4)

0(4)

-15(4)

-1(3)
6(3)
-3(3)
-8(4)

9(4)

-2(1)
3(1)
1(1)
1(2)

-5(2)

-3(2)

-4(3)
3(2)
-1(3)
-8(2)
1(2)

-3(3)

-12(4)

-1(4)
2(4)
-4(4)
-1(3)
0(3)
-8(3)
9(4)

0(3)
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4(1)
-4(1)
6(1)
-3(2)
5(2)

2(3)

-11(3)

2(3)
-3(3)
1(3)
5(3)
6(3)
-5(4)
-1(4)
-1(3)
1(4)
7(3)
-9(3)

-6(3)

-17(4)

10(5)
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C(17D) 22(4) 88(8) 16(3)
C(18D) 33(4) 36(4) 24(3)
C(19D) 38(5) 33(4) 34(4)
C(20D) 43(5) 44(5) 40(5)
C(21D) 59(6) 34(5) 31(4)

Ci(1) 206(8)  170(6)  146(6)
O(1W') 206(8)  170(6)  146(6)
O(W) 199(11)  74(6)  218(12)
CI(1) 199(11)  74(6)  218(12)

O(2W) 440(30)  176(13)  75(8)

-10(4)

-2(3)
3(3)
14(4)
4(4)
35(5)
35(5)
7(7)

7(7)

-16(8)

3(3)
-1(3)

1(4)

-12(4)

5(4)
-62(6)
-62(6)
-55(9)
-55(9)

46(12)

-3(4)
18(3)
16(4)
8(4)
14(4)
-31(6)
-31(6)
90(7)

90(7)

-254(1

272
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Table 31.Hydrogen coordinates ( x 90and isotropic displacement parameters
(A% x 10°) for (L4)PdCL complex.

X y z U(eq)
H(1AA) 7949 -484 1811 22
H(2AA) 9026 133 1213 30
H(2AB) 9241 -105 1689 30
H(5AA) 8425 2603 1033 36
H(5AB) 7660 2936 1257 36
H(6AA) 7545 2091 608 30
H(8AA) 6513 2522 1496 48
H(9AA) 5190 2366 1599 65
H(10A) 4397 1985 1081 59
H(11A) 4960 1405 507 45
H(12A) 6301 1532 403 33
H(13A) 7743 1034 2171 49
H(13B) 8629 1307 2119 49
H(13C) 8442 445 2251 49
H(15A) 8936 11925 818 37
H(15B) 8983 -1033 925 37
H(15C) 8520 11310 531 37
H(16A) 7574 2548 820 46

H(16B) 7217 -1836 578 46
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Table 31.Continued

H(16C) 6842 -2091 1000 46
H(17A) 8301 -2388 1441 41
H(17B) 7645 -1881 1658 41
H(17C) 8514 -1555 1610 41
H(19A) 5691 235 1589 54
H(19B) 6362 626 1322 54
H(19C) 6566 278 1758 54
H(20A) 5746 -1153 1740 42
H(20B) 6642 -1088 1874 42
H(20C) 6391 -1686 1532 42
H(21A) 5329 722 1052 46
H(21B) 6016 -1120 800 46
H(21C) 5898 -212 779 46
H(1BA) 7823 4663 3316 22
H(2BA) 8901 5122 2676 29
H(2BB) 9115 5034 3166 29
H(5BA) 8334 7531 2308 38
H(5BB) 7524 7884 2473 38
H(6BA) 7561 6841 1893 26
H(8BA) 6330 7519 2684 54

H(9BA) 5002 7514 2679 59
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Table 31.Continued

H(10B) 4309 6874 2189 58
H(11B) 4998 6237 1683 74
H(12B) 6347 6288 1660 55
H(13D) 8461 6564 3476 63
H(13E) 8321 5741 3677 63
H(13F) 7590 6263 3553 63
H(15D) 8739 2935 2421 56
H(15E) 8892 3803 2554 56
H(15F) 8415 3623 2149 56
H(16D) 7380 2339 2560 57
H(16E) 7181 2907 2195 57
H(16F) 6673 2933 2601 57
H(17D) 8141 2685 3111 44
H(17E) 7485 3260 3275 44
H(17F) 8363 3554 3213 44
H(19D) 5567 5373 3010 53
H(19E) 6273 5671 2735 53
H(19F) 6428 5438 3196 53
H(20D) 5628 4133 3305 55
H(20E) 6543 4008 3377 55

H(20F) 6070 3439 3088 55
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Table 31.Continued

H(21D) 5206 4354 2558 66
H(21E) 5831 3753 2388 66
H(21F) 5856 4625 2240 66
H(1CA) 2345 4448 686 22
H(2CA) 1771 3219 662 24
H(2CB) 1617 3229 1160 24
H(5CA) -808 3945 1516 28
H(5CB) -1048 4817 1413 28
H(6CA) -98 4470 2019 30
H(8CA) -173 5916 1237 34
H(9CA) -218 7229 1344 49
H(10C) -42 7727 2003 45
H(11C) 81 6893 2548 52
H(12C) 117 5555 2436 31
H(13G) 416 4183 381 36
H(13H) 1299 4340 245 36
H(131) 791 5013 442 36
H(15G) 3721 2891 1556 51
H(15H) 2859 2965 1373 51
H(151) 3035 3255 1823 51

H(16G) 4569 4027 1625 58
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Table 31.Continued

H(16H) 3946 4464 1903 58
H(161) 4266 4860 1499 58
H(17G) 4228 3637 936 34
H(17H) 3777 4403 810 34
H(171) 3336 3596 792 34
H(19G) 1944 6558 1212 48
H(19H) 1532 5866 1446 48
H(191) 1701 5800 971 48
H(20G) 3309 6365 928 51
H(20H) 3042 5583 717 51
H(201) 3765 5587 1024 51
H(21G) 3195 6547 1659 48
H(21H) 3475 5722 1810 48
H(21l) 2621 6026 1924 48
H(1DA) 7382 5023 705 25
H(2DA) 6630 6299 296 30
H(2DB) 6810 6229 790 30
H(5DA) 4143 5570 -30 26
H(5DB) 3985 4667 28 26
H(6DA) 4853 5219 -583 27

H(8DA) 4782 3595 97 42
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Table 31.Continued

H(9DA) 4749 2341 91 47
H(10D) 4963 1997 -766 46
H(11D) 5190 2058 -1251 47
H(12D) 5213 4245 -1059 31
H(13J) 5524 5341 1078 42
H(13K) 6379 5005 1159 42
H(13L) 5722 4475 959 42
H(15J) 8766 6684 -56 56
H(15K) 7878 6581 85 56
H(15L) 8124 6388 -371 56
H(16J) 9600 5511 -197 65
H(16K) 8962 5228 517 65
H(16L) 9215 4681 -152 65
H(17J) 9261 5822 491 63
H(17K) 8816 5031 572 63
H(17L) 8377 5826 648 63
H(19J) 6978 3018 150 52
H(19K) 6556 3616 -144 52
H(19L) 6660 3813 325 52
H(20J) 8263 3116 351 64

H(20K) 8111 3896 592 64



279

Table 31.Continued

H(20L) 8786 3854 258 64
H(21J) 7996 3077 -408 62
H(21K) 8495 3845 -463 62
H(21L) 7615 3805 -625 62
H(1SA) 6254 8596 -124 16
H(1SB) 5849 7892 70 16
H(1SC) 5702 7047 -522 50
H(1SD) 6029 7392 -917 50
H(1SE) 4570 6966 -412 91

H(1SF) 4467 7792 -245 91
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Table 32.Torsion angles [°] forl(4)PdCL complex.

N(1A)-Pd(1A)-P(1A)-C(1A)

CI(2A)-Pd(1A)-P(1A)-C(1A)

CI(1A)-Pd(1A)-P(1A)-C(1A)

N(1A)-Pd(1A)-P(1A)-C(18A)

CI(2A)-Pd(1A)-P(1A)-C(18A)

CI(1A)-Pd(1A)-P(1A)-C(18A)

N(1A)-Pd(1A)-P(1A)-C(14A)

CI(2A)-Pd(1A)-P(1A)-C(14A)

CI(1A)-Pd(1A)-P(1A)-C(14A)

P(1A)-Pd(1A)-N(1A)-C(4A)

CI(2A)-Pd(1A)-N(1A)-C(4A)

CI(1A)-Pd(1A)-N(1A)-C(4A)

P(1A)-Pd(1A)-N(1A)-C(6A)

CI(2A)-Pd(1A)-N(1A)-C(6A)

CI(1A)-Pd(1A)-N(1A)-C(6A)

C(7A)-C(8A)-C(9A)-C(10A) -6.3(17)

C(8A)-C(9A)-C(10A)-C(11A) 8.7(18)

C(9A)-C(10A)-C(11A)-C(12A)-7.9(16)

C(10A)-C(11A)-C(12A)-C(7A)4.6(13)

C(8A)-C(7A)-C(12A)-C(11A) -2.1(12)

C(6A)-C(7A)-C(12A)-C(11A) 172.5(7)

C(1A)-P(1A)-C(14A)-C(16A) 157.8(5)

C(18A)-P(1A)-C(14A)-C(16A) 46.3(6)

Pd(1A)-P(1A)-C(14A)-C(16A) -83.2(5)

C(1A)-P(1A)-C(14A)-C(17A) 34.6(5)

C(18A)-P(1A)-C(14A)-C(17A)-76.9(6)

Pd(1A)-P(1A)-C(14A)-C(17A) 153.6(4)

C(1A)-P(1A)-C(14A)-C(15A) -83.0(5)

C(18A)-P(1A)-C(14A)-C(15A) 165.6(5)

Pd(1A)-P(1A)-C(14A)-C(15A) 36.1(5)
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C(18A)-P(1A)-C(1A)-C(2A)

C(14A)-P(1A)-C(1A)-C(2A)

Pd(1A)-P(1A)-C(1A)-C(2A)

C(18A)-P(1A)-C(1A)-C(3A)

C(14A)-P(1A)-C(1A)-C(3A)

Pd(1A)-P(1A)-C(1A)-C(3A)

P(1A)-C(1A)-C(2A)-C(3A) 118.9(6)

C(2A)-C(1A)-C(3A)-C(4A)106.0(7)

P(1A)-C(1A)-C(3A)-C(4A) 0.2(10)

P(1A)-C(1A)-C(3A)-C(2A) -105.8(7)

C(2A)-C(1A)-C(3A)-C(13A)

P(1A)-C(1A)-C(3A)-C(13A)

C(1A)-C(2A)-C(3A)-C(4A)-109.5(7)

C(1A)-C(2A)-C(3A)-C(13A)

C(6A)-N(1A)-C(4A)-O(1A)
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C(1A)-P(1A)-C(18A)-C(19A) 49.5(6)

C(14A)-P(1A)-C(18A)-C(19A) 158.7(5)

Pd(1A)-P(1A)-C(18A)-C(19A) -68.1(5)

C(1A)-P(1A)-C(18A)-C(20A) -68.1(6)

C(14A)-P(1A)-C(18A)-C(20A) 41.1(6)

Pd(1A)-P(1A)-C(18A)-C(20A) 174.3(5)

C(1A)-P(1A)-C(18A)-C(21A) 166.1(5)

C(14A)-P(1A)-C(18A)-C(21A) -84.7(6)

Pd(1A)-P(1A)-C(18A)-C(21A) 48.5(6)

N(1B)-Pd(1B)-P(1B)-C(1B) -31.7(3)

CI(2B)-Pd(1B)-P(1B)-C(1B) 155.7(2)

CI(1B)-Pd(1B)-P(1B)-C(1B) 72.7(7)

N(1B)-Pd(1B)-P(1B)-C(18B) 84.7(3)

CI(2B)-Pd(1B)-P(1B)-C(18B) -87.9(3)

CI(1B)-Pd(1B)-P(1B)-C(18B) -170.9(7)
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Pd(1A)-N(1A)-C(4A)-O(1A)

C(BA)-N(1A)-C(4A)-C(3A)

Pd(1A)-N(1A)-C(4A)-C(3A)

C(5A)-O(1A)-C(4A)-N(1A)

C(5A)-O(1A)-C(4A)-C(3A)

C(1A)-C(3A)-C(4A)-N(1A)

C(2A)-C(3A)-C(4A)-N(1A)

C(13A)-C(3A)-C(4A)-N(1A)

C(1A)-C(3A)-C(4A)-O(1A)

C(2A)-C(3A)-C(4A)-O(1A)

C(13A)-C(3A)-C(4A)-O(1A)

C(4A)-O(1A)-C(5A)-C(6A)

C(4A)-N(1A)-C(6A)-C(7A)

Pd(1A)-N(1A)-C(6A)-C(7A)

C(4A)-N(1A)-C(6A)-C(5A)

N(1B)-Pd(1B)-P(1B)-C(14B)

282

-143.9(3)

CI(2B)-Pd(1B)-P(1B)-C(14B) 43.5(3)

CI(1B)-Pd(1B)-P(1B)-C(14B) -39.5(8)

P(1B)-Pd(1B)-N(1B)-C(4B)

CI(2B)-Pd(1B)-N(1B)-C(4B)

CI(1B)-Pd(1B)-N(1B)-C(4B)

P(1B)-Pd(1B)-N(1B)-C(6B)

Cl(2B)-Pd(1B)-N(1B)-C(6B)

CI(1B)-Pd(1B)-N(1B)-C(6B)

C(18B)-P(1B)-C(1B)-C(2B)

C(14B)-P(1B)-C(1B)-C(2B)

Pd(1B)-P(1B)-C(1B)-C(2B)

C(18B)-P(1B)-C(1B)-C(3B)

C(14B)-P(1B)-C(1B)-C(3B)

Pd(1B)-P(1B)-C(1B)-C(3B)

28.5(7)

142.8(10)

-146.0(7)

-149.1(5)

-34.8(15)

36.4(5)

-164.2(5)

77.9(6)

-44.6(5)

-92.2(6)

149.9(6)

27.4(7)
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Table 32.Continued

Pd(1A)-N(1A)-C(6A)-C(5A) P(1B)-C(1B)-C(2B)-C(3B)  116.6(6)
O(1A)-C(5A)-C(6A)-C(7A) C(1B)-C(2B)-C(3B)-C(4B)  -110.4(7)
O(1A)-C(5A)-C(6A)-N(1A) C(1B)-C(2B)-C(3B)-C(13B)  104.7(7)
N(1A)-C(6A)-C(7A)-C(8A) C(2B)-C(1B)-C(3B)-C(4B)  105.2(7)
C(5A)-C(6A)-C(7A)-C(8A)-18.9(11) P(1B)-C(1B)-C(3B)-C(4B)  -1.3(10)
N(1A)-C(6A)-C(7A)-C(12A) P(1B)-C(1B)-C(3B)-C(2B)  -106.5(6)
C(5A)-C(6A)-C(7A)-C(12A) C(2B)-C(1B)-C(3B)-C(13B) -109.9(8)
C(12A)-C(7A)-C(8A)-C(9A) P(1B)-C(1B)-C(3B)-C(13B)  143.6(6)
C(6A)-C(7A)-C(8A)-C(9A)-171.6(9) C(6B)-N(1B)-C(4B)-O(1B)  -7.1(8)
Pd(1B)-N(1B)-C(4B)-O(1B) N(1C)-Pd(1C)-P(1C)-C(14C) -141.6(3)
C(6B)-N(1B)-C(4B)-C(3B) 172.3(7) CI(2C)-Pd(1C)-P(1C)-C(14C) 44.5(3)
Pd(1B)-N(1B)-C(4B)-C(3B) CI(1C)-Pd(1C)-P(1C)-C(14C) -30.4(7)
C(5B)-O(1B)-C(4B)-N(1B) -11.4(9) P(1C)-Pd(1C)-N(1C)-C(4C)  27.1(7)
C(5B)-O(1B)-C(4B)-C(3B) 169.1(6) CI(2C)-Pd(1C)-N(1C)-C(4C) 137.0(12)

C(2B)-C(3B)-C(4B)-N(1B) 53.3(11) CI(1C)-Pd(1C)-N(1C)-C(4C) -146.7(7)
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C(1B)-C(3B)-C(4B)-N(1B) -15.0(12)

C(13B)-C(3B)-C(4B)-N(1B)

C(2B)-C(3B)-C(4B)-O(1B) -127.2(7)

C(1B)-C(3B)-C(4B)-O(1B) 164.5(6)

C(13B)-C(3B)-C(4B)-O(1B)

C(4B)-O(1B)-C(5B)-C(6B) 23.8(8)

C(4B)-N(1B)-C(6B)-C(7B) -103.6(6)

Pd(1B)-N(1B)-C(6B)-C(7B)

C(4B)-N(1B)-C(6B)-C(5B) 21.0(7)

Pd(1B)-N(1B)-C(6B)-C(5B)

O(1B)-C(5B)-C(6B)-C(7B) 93.7(7)

O(1B)-C(5B)-C(6B)-N(1B) -26.1(7)

N(1B)-C(6B)-C(7B)-C(12B)

C(5B)-C(6B)-C(7B)-C(12B)

N(1B)-C(6B)-C(7B)-C(8B) 93.4(9)

P(1C)-Pd(1C)-N(1C)-C(6C)

CI(2C)-Pd(1C)-N(1C)-C(6C)

CI(1C)-Pd(1C)-N(1C)-C(6C)

C(18C)-P(1C)-C(1C)-C(2C)

C(14C)-P(1C)-C(1C)-C(2C)

Pd(1C)-P(1C)-C(1C)-C(2C)

C(18C)-P(1C)-C(1C)-C(3C)

C(14C)-P(1C)-C(1C)-C(3C)

Pd(1C)-P(1C)-C(1C)-C(3C)

P(1C)-C(1C)-C(2C)-C(3C)

C(1C)-C(2C)-C(3C)-C(4C)

C(1C)-C(2C)-C(3C)-C(13C)

C(2C)-C(1C)-C(3C)-C(4C)

P(1C)-C(1C)-C(3C)-C(4C)

P(1C)-C(1C)-C(3C)-C(2C)
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-154.6(5)

-44.7(17)

31.5(5)

-168.2(5)

74.1(5)

-49.4(5)

-95.8(6)

146.5(6)

23.0(7)

117.6(5)

-111.0(6)

104.5(7)

104.5(7)

-1.9(9)

-106.4(6)



Table 32.Continued

C(5B)-C(6B)-C(7B)-C(8B) -20.4(10)

C(12B)-C(7B)-C(8B)-C(9B)

C(6B)-C(7B)-C(8B)-C(9B) -175.7(9)

C(7B)-C(8B)-C(9B)-C(10B)

C(8B)-C(9B)-C(10B)-C(11B)

C(9B)-C(10B)-C(11B)-C(12B)

C(10B)-C(11B)-C(12B)-C(7B)

C(8B)-C(7B)-C(12B)-C(11B)

C(6B)-C(7B)-C(12B)-C(11B)

C(1B)-P(1B)-C(14B)-C(15B)

C(18B)-P(1B)-C(14B)-C(15B)

Pd(1B)-P(1B)-C(14B)-C(15B)

C(1B)-P(1B)-C(14B)-C(16B)

C(18B)-P(1B)-C(14B)-C(16B)

Pd(1B)-P(1B)-C(14B)-C(16B)

C(2C)-C(1C)-C(3C)-C(13C)

P(1C)-C(1C)-C(3C)-C(13C)

C(6C)-N(1C)-C(4C)-O(1C)

Pd(1C)-N(1C)-C(4C)-O(1C)

C(6C)-N(1C)-C(4C)-C(3C)

Pd(1C)-N(1C)-C(4C)-C(3C)

C(5C)-O(1C)-C(4C)-N(1C)

C(5C)-O(1C)-C(4C)-C(3C)

C(2C)-C(3C)-C(4C)-N(1C)

C(1C)-C(3C)-C(4C)-N(1C)

C(13C)-C(3C)-C(4C)-N(1C)

C(2C)-C(3C)-C(4C)-O(1C)

C(1C)-C(3C)-C(4C)-O(1C)

C(13C)-C(3C)-C(4C)-O(1C)

C(4C)-O(1C)-C(5C)-C(6C)
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-110.3(6)

143.3(5)

-6.4(8)

171.9(4)

171.6(7)

-10.0(12)

-10.5(8)

171.2(6)

59.9(10)

-9.0(11)

-154.3(7)

-122.0(6)

169.1(6)

23.8(8)

21.8(7)



Table 32.Continued

C(1B)-P(1B)-C(14B)-C(17B)

C(18B)-P(1B)-C(14B)-C(17B)

Pd(1B)-P(1B)-C(14B)-C(17B)

C(1B)-P(1B)-C(18B)-C(20B)

C(14B)-P(1B)-C(18B)-C(20B)

Pd(1B)-P(1B)-C(18B)-C(20B)

C(1B)-P(1B)-C(18B)-C(21B)

C(14B)-P(1B)-C(18B)-C(21B)

Pd(1B)-P(1B)-C(18B)-C(21B)

C(1B)-P(1B)-C(18B)-C(19B)

C(14B)-P(1B)-C(18B)-C(19B)

Pd(1B)-P(1B)-C(18B)-C(19B)

N(1C)-Pd(1C)-P(1C)-C(1C)

CI(2C)-Pd(1C)-P(1C)-C(1C)

CI(1C)-Pd(1C)-P(1C)-C(1C)

C(4C)-N(1C)-C(6C)-C(7C)

Pd(1C)-N(1C)-C(6C)-C(7C)

C(4C)-N(1C)-C(6C)-C(5C)

Pd(1C)-N(1C)-C(6C)-C(5C)

O(1C)-C(5C)-C(6C)-N(1C)

O(1C)-C(5C)-C(6C)-C(7C)

N(1C)-C(6C)-C(7C)-C(12C)

C(5C)-C(6C)-C(7C)-C(12C)

N(1C)-C(6C)-C(7C)-C(8C)

C(5C)-C(6C)-C(7C)-C(8C)

C(12C)-C(7C)-C(8C)-C(9C)

C(6C)-C(7C)-C(8C)-C(9C)

C(7C)-C(8C)-C(9C)-C(10C)

286

-103.5(7)

77.8(6)

19.7(7)

-158.9(4)

-24.3(7)

94.9(7)

-106.5(7)

138.9(7)

76.2(8)

-38.4(9)

0.8(11)

178.1(7)

0.9(13)

C(8C)-C(9C)-C(10C)-C(11C) -2.4(13)

C(9C)-C(10C)-C(11C)-C(12C) 2.2(13)



Table 32.Continued

N(1C)-Pd(1C)-P(1C)-C(18C)

CI(2C)-Pd(1C)-P(1C)-C(18C)

CI(1C)-Pd(1C)-P(1C)-C(18C)

C(1C)-P(1C)-C(14C)-C(16C)

C(18C)-P(1C)-C(14C)-C(16C)

Pd(1C)-P(1C)-C(14C)-C(16C)

C(1C)-P(1C)-C(14C)-C(15C)

C(18C)-P(1C)-C(14C)-C(15C)

Pd(1C)-P(1C)-C(14C)-C(15C)

C(1C)-P(1C)-C(14C)-C(17C)

C(18C)-P(1C)-C(14C)-C(17C)

Pd(1C)-P(1C)-C(14C)-C(17C)

C(1C)-P(1C)-C(18C)-C(19C)

C(14C)-P(1C)-C(18C)-C(19C)

Pd(1C)-P(1C)-C(18C)-C(19C)
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C(8C)-C(7C)-C(12C)-C(11C) -1.0(11)

C(6C)-C(7C)-C(12C)-C(11C)  -178.3(7)

C(10C)-C(11C)-C(12C)-C(7C)  -0.5(13)

C(13D)-C(3D)-C(4D)-N(1D) -158.2(8)

C(1D)-C(3D)-C(4D)-N(1D)  -11.0(12)

C(2D)-C(3D)-C(4D)-O(1D)  -125.8(7)

C(13D)-C(3D)-C(4D)-O(1D) 20.0(9)

C(1D)-C(3D)-C(4D)-O(1D)  167.2(6)

C(4D)-O(1D)-C(5D)-C(6D)  18.8(7)

C(4D)-N(1D)-C(6D)-C(7D)  -102.8(7)

Pd(1D)-N(1D)-C(6D)-C(7D)  78.5(6)

C(4D)-N(1D)-C(6D)-C(5D)  16.7(7)

Pd(1D)-N(1D)-C(6D)-C(5D) -162.0(4)

O(1D)-C(5D)-C(6D)-N(1D)  -21.0(6)

O(1D)-C(5D)-C(6D)-C(7D)  97.5(6)



Table 32.Continued

C(1C)-P(1C)-C(18C)-C(20C)

C(14C)-P(1C)-C(18C)-C(20C)

Pd(1C)-P(1C)-C(18C)-C(20C)

C(1C)-P(1C)-C(18C)-C(21C)

C(14C)-P(1C)-C(18C)-C(21C)

Pd(1C)-P(1C)-C(18C)-C(21C)

N(1D)-Pd(1D)-P(1D)-C(1D)

Cl(2D)-Pd(1D)-P(1D)-C(1D)

CI(1D)-Pd(1D)-P(1D)-C(1D)

N(1D)-Pd(1D)-P(1D)-C(18D)

Cl(2D)-Pd(1D)-P(1D)-C(18D)

CI(1D)-Pd(1D)-P(1D)-C(18D)

N(1D)-Pd(1D)-P(1D)-C(14D)

CI(2D)-Pd(1D)-P(1D)-C(14D)

CI(1D)-Pd(1D)-P(1D)-C(14D)

288

N(1D)-C(6D)-C(7D)-C(12D) -99.4(7)

C(5D)-C(6D)-C(7D)-C(12D) 148.3(6)

N(1D)-C(6D)-C(7D)-C(8D)  78.2(9)

C(5D)-C(6D)-C(7D)-C(8D)  -34.0(9)

C(12D)-C(7D)-C(8D)-C(9D) -3.2(13)

C(6D)-C(7D)-C(8D)-C(9D)  179.1(8)

C(7D)-C(8D)-C(9D)-C(10D) 1.9(15)

C(8D)-C(9D)-C(10D)-C(11D) -0.2(14)

C(9D)-C(10D)-C(11D)-C(12D)-0.1(13)

C(10D)-C(11D)-C(12D)-C(7D)-1.3(12)

C(8D)-C(7D)-C(12D)-C(11D) 2.9(11)

C(6D)-C(7D)-C(12D)-C(11D) -179.4(7)

C(1D)-P(1D)-C(14D)-C(15D) -83.6(5)

C(18D)-P(1D)-C(14D)-C(15D) 165.7(5)

Pd(1D)-P(1D)-C(14D)-C(15D) 34.4(6)



Table 32.Continued

P(1D)-Pd(1D)-N(1D)-C(4D)

CI(2D)-Pd(1D)-N(1D)-C(4D)

CI(1D)-Pd(1D)-N(1D)-C(4D)

P(1D)-Pd(1D)-N(1D)-C(6D)

CI(2D)-Pd(1D)-N(1D)-C(6D)

CI(1D)-Pd(1D)-N(1D)-C(6D)

C(18D)-P(1D)-C(1D)-C(2D)

C(14D)-P(1D)-C(1D)-C(2D)

Pd(1D)-P(1D)-C(1D)-C(2D)

C(18D)-P(1D)-C(1D)-C(3D)

C(14D)-P(1D)-C(1D)-C(3D)

Pd(1D)-P(1D)-C(1D)-C(3D)

P(1D)-C(1D)-C(2D)-C(3D) 117.3(6)

C(1D)-C(2D)-C(3D)-C(4D)-109.3(6)

C(1D)-C(2D)-C(3D)-C(13D)

289

C(1D)-P(1D)-C(14D)-C(16D) 154.3(5)

C(18D)-P(1D)-C(14D)-C(16D) 43.6(6)

Pd(1D)-P(1D)-C(14D)-C(16D) -87.7(6)

C(1D)-P(1D)-C(14D)-C(17D) 34.4(7)

C(18D)-P(1D)-C(14D)-C(17D)-76.3(6)

Pd(1D)-P(1D)-C(14D)-C(17D) 152.4(5)

C(1D)-P(1D)-C(18D)-C(19D) 54.8(6)

C(14D)-P(1D)-C(18D)-C(19D) 163.2(5)

Pd(1D)-P(1D)-C(18D)-C(19D) -62.5(5)

C(1D)-P(1D)-C(18D)-C(20D) -65.0(6)

C(14D)-P(1D)-C(18D)-C(20D) 43.4(7)

Pd(1D)-P(1D)-C(18D)-C(20D) 177.8(5)

C(1D)-P(1D)-C(18D)-C(21D) 173.6(6)

C(14D)-P(1D)-C(18D)-C(21D)-78.0(6)

Pd(1D)-P(1D)-C(18D)-C(21D) 56.4(6)
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Table 32.Continued

C(2D)-C(1D)-C(3D)-C(4D)105.0(7) C(1S)-Cl(2)-CI(2)-C(1S")  -97(2)
P(1D)-C(1D)-C(3D)-C(4D) -1.6(11) C(1S")-CI(2)-CI(2')-C(1S")  150(4)
P(1D)-C(1D)-C(3D)-C(2D) -106.6(7) C(1S)-CI(2)-CI(2)-C(1S)  97(2)
C(2D)-C(1D)-C(3D)-C(13D) C(1S")-CI(2)-CI(2)-C(1S)  -114(2)
P(1D)-C(1D)-C(3D)-C(13D) C(1S)-CI(2)-CI(2)-C(1S")  114(2)
C(6D)-N(1D)-C(4D)-O(1D) C(1S)-CI(2)-CI(2)-C(1S")  -150(4)
Pd(1D)-N(1D)-C(4D)-O(1D) C(1S)-Cl(2)-CI(2)-Cl(1) -39.4(12)
C(6D)-N(1D)-C(4D)-C(3D) C(1S)-CI(2)-ClI(2')-CI(1) 57.1(15)
Pd(1D)-N(1D)-C(4D)-C(3D) C(1S")-CI(2)-CI(2)-CI(1)  -153(3)
C(5D)-O(1D)-C(4D)-N(1D) C(1S)-CI(1)-CI(2)-C(1S")  118(3)
C(5D)-O(1D)-C(4D)-C(3D) C(1S)-Cl(1)-CI(2)-CI(2) 44.4(14)
C(2D)-C(3D)-C(4D)-N(1D) C(1S)-Cl(1)-CI(2)-C(1S") -54(7)

C(1S)-Cl(2))-C(1S)-CI(1) -50(2)

CI(2)-CI(2')-C(1S)-CI(1)  -132.5(9)

C(1S")-CI(2)-C(1S)-CI(1) 157.8(18)



Table 32.Continued

C(1S)-Cl(2)-C(1S)-Cl(2) 82(2)

C(1S")-CI(2')-C(1S)-CI(2) -69.7(18)

CI(1)-CI(2')-C(1S)-CI(2)  132.5(9)

CI(2)-CI(1)-C(1S)-CI(2)  -39.1(12)

C(1S)-CI(2)-C(1S)-CI(2) -36.4(13)

C(1S")-CI(2)-C(1S)-CI(2") 48.4(19)

CI(2)-CI(2)-C(1S)-CI(1)  48.0(11)

C(1S)-Cl(2)-C(1S)-CI(1) 11.6(13)

C(1S")-CI(2)-C(1S)-CI(1) 96(2)

C(1S)-Cl(2)-C(1S)-CI(2) -65.1(16)

C(1S")-CI(2)-C(1S')-Cl(2) 61(8)

CI(1)-CI(2')-C(1S)-CI(2) -112.2(14)

C(1S)-Cl(2)-C(1S)-CI(2") 68(3)

C(1S")-CI(2)-C(1S")-CI(2) -24(3)

C(1S')-Cl(2)-C(1S")-CI(2) -62(8)
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Table 32.Continued

C(1S)-Cl(2')-C(1S")-CI(2) 60.5(17)

CI(1)-CI(2')-C(1S")-CI(2) 104(7)

C(1S)-CI(2)-C(1S")-CI(2") -53(2)

C(1S')-CI(2)-C(1S")-CI(2") 16.3(19)
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