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ABSTRACT

Chapter 1 describes the development of two nickel-catalyzed Suzuki cross-coupling
methodologies that employ alkyl halides as electrophiles. In Section 1.1, asymmetric y-alkylation
relative to a carbonyl group is achieved via the stereoconvergent cross-coupling of racemic
secondary y-chloroamides with primary alkylboranes. Section 1.2 describes the first Suzuki
carbon-carbon bond-forming reaction using tertiary alkyl halides as electrophiles; specifically,
unactivated tertiary alkyl bromides are cross-coupled with arylboranes.

Chapter 2 describes the establishment of photoinduced asymmetric copper-mediated C-N
Ullmann-type coupling processes between racemic secondary alkyl halides and N-heterocycles.
Preliminary yields and enantioselectivities for a reaction between secondary benzylic halides and
carbazoles, with the use of a monodentate chiral phosphine ligand, are presented. The
methodology is then extended to secondary a-haloamides, including a-halolactams, which are
found to afford very promising yields and enantioselectivities.

Thesis Supervisor: Gregory C. Fu
Title: Altair Professor of Chemistry, California Institute of Technology
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CHAPTER 1

Nickel-Catalyzed Cross-Couplings of Unactivated Alkyl Halides



Section 1.1

Catalytic Asymmetric y-Alkylation of Carbonyl Compounds via
Stereoconvergent Suzuki Cross-Couplings
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A. Introduction

Over the past two decades, nickel catalysts have been demonstrated to be highly versatile
for alkyl-alkyl cross-coupling reactions.' Knochel and coworkers reported the first such process
in 1995, specifically, a Negishi cross-coupling between unactivated primary alkyl halides and
primary alkylzinc reagents.2 Fu and coworkers disclosed in 2003 the first nickel-catalyzed
cross-coupling using unactivated secondary alkyl halides; these were coupled with alkylzinc

reagents to generate racemic products (eq 1).> While the reactivity of unactivated secondary alkyl

=
- Ni{cod), (4 mol%) R |
)——B — s-Bu-Pybox (8 mol%) )—FP O N/ O
" DMA, .. ! \J m
R2 , R2 N N~/
RY, R2, R® = alkyl 62-91% vyield s-Bu-Pybox /J

halides in cross-coupling reactions was explored by Kochi and Tamura in 1971 using silver and
copper czatalysts,4 Fu’s disclosure represents the first synthetically useful cross-coupling of
unactivated secondary alkyl halides, where high selectivity for cross-coupling over undesired
homocoupling processes is demonstrated. Subsequently, numerous reports have emerged
detailing new nickel catalyst systems for cross-couplings of both activated and unactivated
secondary alkyl halides, with various nucleophilic reaction partners.” Additionally, reports of

iron-, cobalt-, palladium-, and copper-catalyzed cross-couplings of unactivated secondary alkyl

! For relevant reviews, see: a) Rudolph, A.; Lautens, M. Angew. Chem. Int. Ed. 2009, 48, 2656-2670. (b) Glorius, F.
Angew. Chem. Int. Ed. 2008, 47, 8347-8349. (c) Hu, X. Chem. Sci. 2011, 2, 1867-1886. (d) Phapale, V. B,;
Cardenas, D. J. Chem. Soc. Rev. 2009, 38, 1598-1607.

? Devasagayaraj, A.; Stidemann, T.; Knochel, P. Angew. Chem. Int. Ed. 1995, 34, 2723-2725.

3 Zhou, J.; Fu, G. C. J. Am. Chem. Soc. 2003, 125, 14726~-14727.

4 a) Ag: Tamura, M.; Kochi, J. J. Am. Chem. Soc. 1971, 93, 1483-1485. b) Cu: Tamura, M.; Kochi, J. J. Am. Chem.
Soc. 1971, 93, 1485-1487.

3 Recent examples of nickel-catalyzed alkyl-alkyl cross-couplings: a) Cordier, C. J.; Lundgren, R. J.; Fu, G. C. J.
Am. Chem. Soc. 2013, 135, 10946-10949. (b) Binder, J. T.; Cordier, C. J.; Fu, G. C. J. Am. Chem. Soc. 2012, 134,
17003-17006. (c) Perez Garcia, P. M.; Di Franco, T.; Orsino, A.; Ren, P.; Hu, H. Org. Lert. 2012, 14, 4286-4289.
(d) Wisniewska, H. M.; Swift, E. C.; Jarvo, E. R. J. Am. Chem. Soc. 2013, 135, 9083-9090.
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halides subsequently gained momentum,'®® however, thus far, asymmetric variants of these
processes have yet to be reported.

The first catalytic asymmetric cross-coupling of secondary alkyl halides was reported by
the Fu laboratory in 2005; in this Negishi reaction, racemic a-bromo amides were found to
couple in a stereoconvergent manner with primary alkylzinc reagents (eq 2).” Several years
thereafter, an asymmetric, stereoconvergent Suzuki-Miyaura cross-coupling reaction between

unactivated racemic secondary alkyl halides, specifically, homobenzylic bromides, was disclosed

(eq3)”
X
o NiCl,*glyme (10 mol%) 0 o | o
Bn.. L _akyl Xzn— (R-(FP)-Pybox (18 mol%) g I aikyi <’I NT Y @
N alkyl’ DMUTHF, 0 °C N \—N N
Ph  Br ) Ph alkyl' i-Pr i -Pr
1.3 equiv (R)-(i-Pr)-Pybox

Ni(cod), {10 mol%)
L1 (12 mol%)

akyl  (9-8BN . akyl | E c—@
A’/\y/ ( I KOtBu (1.2 equiv) Ar /\( 3 / CFs 3)
Br %

alkyl ~BuOH (2 equiv) alkyl
1.5 equiv Pr0,5°C
q 68-73% yield MeHN NHMe
40-90% ee L1

It is speculated that, in the casc of unactivated, homobenzylic bromides, a secondary
interaction between the aryl group on the electrophile with the chiral nickel catalyst enables high
enantioselectivity. We questioned whether this “directing group™ on the electrophile could be
extended from a homobenzylic group to other functional groups, such as carbonyl groups, that

would lead to more synthetically relevant products. In particular, while many methods exist for

8 For several recent examples, see: a) (Cu) Yang, C.-T.; Zhang, Z.-Q.; Liang, J.; Liu, J.-H.; Lu, X.-Y.; Chen, H.-H,;
Liu, L. J. Am. Chem. Soc. 2012, 134, 11124-11127. b) (Fe) Hatakeyama, T.; Hashimoto, T.; Kathriarachchi, K. K.
A.D.S.; Zenmyo, T.; Seike, H.; Nakamura, M. Angew. Chem. Int. Ed. 2012, 51, 8834-8837. ¢) (Pd) Xiao, B.; Liu,
Z.-J.; Liu, L.; Fu, Y. J. Am. Chem. Soc. 2013, 135, 616-619.

" Fischer, C.; Fu, G. C..J. Am. Chem. Soc. 2005, 127, 4594-4595.

8 Saito, B.; Fu, G. C. J. Am. Chem. Soc. 2008, /30, 6694-6695,
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catalytic asymmetric a- and [3-alkylation relative to a carbonyl group,’ there are a dearth of
asymmetric y-alkylation reactions;'’ we envisioned accessing this class of compounds via the
asymmetric nickel-catalyzed cross-coupling of racemic y-halo carbonyls with alkylboranes (eq
4).""  Concurrently, a similar methodology to generate a-branched chiral alcohols from

protected halohydrins was being explored; the nature of the protected halohydrin evolved from

esters and ethers to carbamates, where optimal enantioselectivities were achieved (eq 5).12

i hraligand )
chiral ligan
- —— alkyl 4
YJ\/\(alkyl 9 BBN)—\ ‘ v yl (4
X alkyl
alky!l'
NiBrgeglyme (10 mol%)
PG, alkyl (9-BBN) L2 (12 mal%) PG. aky! deprotect alkyl
O \ > (@) R . HO 4 5
/\Brr alkyl  KOtBu §1(.4 8equiv) /\( /T ., (5)
n-hexanol (1.8 equiv) alkyl' alkyl' MeHN
Pry0, 1., 48 h e NHMe
o 2.0 equiv 54-82% yield L2
90-98% ee
PG = Bn\N/lL);‘i
Ph

Over the past several years, the Fu group has established that, indeed, a variety of
functional groups can serve as directing groups on racemic unactivated secondary alkyl halides,
enabling a diverse set of highly enantioselective nickel-catalyzed asymmetric alkyl-alkyl
Suzuki-Miyaura reactions (eq 6, excluding the reactions previously described in eq 3-5).13

Interestingly, while all reactions employ variants of a class of chiral N,N-dimethyl-1,2-

° a) Catalytic enantioselective a-alkylation reactions, leading references: MacMillan, D. W. C.; Watson, A. I. B. a-
Functionalization of Carbonyl Compounds. In Science of Synthesis. De Vries, J. G., Molander, G. A., Evans, P. A,
Eds.; Thieme: Stuttgart, Germany, 2010; Vol. 3, pp 677-745. (b) Catalytic enantioselective B-alkylation reactions,
leading references: Nguyen, B. N.; Hii, K. K.; Syzmanski, W.; Janssen, D. B. Conjugate Addition Reactions. In
Science of Synthesis. De Vries, J. G., Molander, G. A, Evans, P. A., Eds.; Thieme: Stuttgart, Germany, 2010; Vol.
1, pp 571-688.

!9 For a recent example, see: Smith, S. W.; Fu, G. C. J. Am. Chem. Soc. 2009, 131, 14231-14233.

" Zultanski, S. L.; Fu, G. C. J. Am. Chem. Soc. 2011, 133, 15362-15364.

2 Owston, N. A.; Fu. G. C.; J. Am. Chem. Soc. 2010, 132, 11908-11909.

13 2) Lu, Z.; Wilsily, A.; Fu, G. C. J. Am. Chem. Soc. 2011, 133, 8154-8157. b) Wilsily, A.; Tramutola, F.; Owston,
N. A.; Fu, G. C. J. Am. Chem. Soc. 2012, 134, 5794-5797.
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diarylethylene diamine ligands, homobenzylic bromides and f-chloro anilines provide the same
sensc of stereoselectivity in the products, and, in contrast, electrophiles containing carbonyl or
sulfonyl groups in the y-position relative to the halide (amides, carbamates, sulfonamides,

sulfones) provide the opposite sense of stereoselectivity in the products.

NiBr;+diglyme
Ar, Ar
MeHN NHMe alkyl
DG/\(aIkyl (Q-BBN)—\ DG/\[ y )
Br,Ct atkyl’ ,
alky!
54-88% yield
72-90% ee
. 0 0.0
DG: Ar\l'\l}"‘ W A e I,\\Sf(N:a; Q\épﬁq
alkyl ArG™ h, alky ) alkyl, amine” ™~
Ar, alkyl Ar, alkyl

It is postulated that the mechanism for stereoconvergence of the racemic unactivated
alkyl halides to predominantly one enantiomer of product arises through the generation of an
alkyl radical intermediate, via a single electron transfer oxidative addition mechanism.'*'>!® In
unpublished results, unactivated secondary alkyl chlorides reaét more rapidly than unactivated
primary alkyl chlorides in a competition experiment; this order of reactivity provides
circumstantial evidence for alkyl radical intermediates in nickel-catalyzed Suzuki
cross-couplings. Secondly, unactivated alkyl tosylates are thus far not viable reaction partners;
their poor reactivity is consistent with a radical oxidative addition mechanism. However, there is
a lack of direct, observable evidence for the existence of radical intermediates.

Stereoconvergence could also occur through nickel-alkyl bond homolysis, followed by

recombination, in an entirely separate and subsequent step to oxidative addition. It should also be

' Nickel-catalyzed cross-coupling of alky! halides involving SET was proposed by Espenson: Bakac, A.; Espenson,
J.H. J. Am. Chem. Soc. 1986, 108, 719-723.
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noted that for processes involving activated secondary alkyl halides (e.g., eq 2), other
mechanistic possibilities for stereoconvergence are possible.

With respect to the overall reaction mechanism for nickel-catalyzed alkyl-alkyl
cross-couplings, three possible single-metal catalytic cycles are depicted in Figure 1. Catalytic
cycle A invokes a Ni"™ transmetalation-first pathway; this has been postulated by Vicic in the
context of nickel/4,4’ 4 -tri-tert-butylterpyridine-catalyzed alkyl-alkyl Negishi cross-couplings
using unactivated secondary alkyl iodides, and it has been supported by Phillips using density

jgis

functional theory studies.'™'® Catalytic cycle B is a relatively less-discussed Ni"" oxidative

‘ R!

LyNit —X LnNi'—X \& LNi©
- % %
X

~1||/ : i Iy, ®R1 : LNI“ X eR!
LoNi :R A LNi'—R l LaNi -—R LaNi'X, *R 5 n LN'X  *R

Rt
X / A)\ . “ /
N,n\ LnNil

o Lan”' Zx .
oR1

Figure 1. Possible single-metal mechanisms: A) Transmetalation-first Ni*" cycle, B) Oxidative addition-first NiY™ cycle, C) Nii® cycle.

addition-first pathway, and catalytic cycle C, a Ni%!

pathway, draws from the well-studied
mechanism that is invoked for the majority of palladium-catalyzed cross-coupling reactions
(however, in palladium systems, oxidative addition is most often proposed to occur via direct

insertion, or via an Sn2 process in the case of primary alkyl halides).!” Additionally, it is possible

that for all three of these reaction pathways, bimetallic variants are in effect, where

15 2) Anderson, T. J.; Jones, G. D.; Vicic, D. A.J. Am. Chem. Soc. 2004, 126, 8100~8101. b) Jones, G. D.; Martin, J.
L.; McFarland, C.; Allen O.R; Hall R. E.; Haley, A. D.; Brandon, R. J.; Konovalova, T.; Desrochers, P. I.; Pulay,
P.; Vicic, D. A. J. Am. Chem. Soc 2006, 128, 13175~ 13183

‘ﬁLm X.; Phillips, D. L. J. Org. Chem. 2008, 73, 3680-3688.

'7 Metal- Catalyzed Cross-Coupling Reactions. de Meijere, A.; Diederich, F., Eds,; 2" ed., Wiley-VCH: Weinheim,
2004.
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transmetalation occurs between two nickel species. It is also possible that radical chain processes
are in effect; Hu has recently proposed a radical chain process for nickel-catalyzed alkyl-alkyl
Kumada reactions.'® It should be noted that, as a diverse set of nickel/ligand combinations have
been successfully employed for different racemic and asyminetric cross-coupling reactions,
using both activated and unactivated alkyl halides, it is unlikely that all of these processes
converge on one general reaction mechanism. Efforts by coworkers in the Fu group to
distinguish the reaction mechanisms of two specific nickel-catalyzed cross-coupling reactions are
currently underway. Given the plethora of possible mechanisms, coupled with highly reactive
proposed intermediates (syntheses of these intermediates is not trivial, and kinetic competence
studies of these intermediates are difficult due to fast reaction times), lends to the formidable yet

interesting challenge of accurately deciphering these catalytic cycles.

18 Breitenfeld, J.; Ruiz, J.; Wodrich, M. D.; Hu, X. J. Am. Chem. Soc. [online early access]. DOI:
10.1021/524051923. Published online: July 18, 2013. hitp://dx.doi.org/10.1021/ja4051923. (accessed July 25, 2013).
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B. Results and Discussion

In the early stages toward developing an asymmetric nickel-catalyzed cross-coupling
reaction between y-halo carbonyl compounds and alkylboranes, the identity of the carbonyl
group on the electrophilic reaction partner was explored (Table 1). Because the mechanistic
hypothesis for enantioselectivity in this reaction includes a secondary interaction of the carbonyl
group with the chiral nickel catalyst, it was speculated that modifications to the carbonyl group
could greatly influence stereochemical outcome. The reaction conditions used for Suzuki
cross-couplings of masked halohydrins (eq 5) were employed in this initial survey of

electrophiles.

Table 1. Asymmetric Suzuki Reactions of Unactivated y-Chloro Carbonyls: Effects of Variation of the Carbonyl Group.

o NiBr*glyme (10 mol%) o @
L2 (12 mol%
:LL}‘\/\(EI (9-BBN) (12 mo 0)' . 2] Et 4
R alkyl!  KO#Bu (1.4 equiv) R
cl

. n-hexanol (1.8 equiv) ! MeHN NHMe
2.0 equiv +Pr,0, 1, 48 h alkyl L2
alkyl' = (CH,),0TBS
entry R-$- ee (%) yield (%)2 entry R-$- ee (%) yield (%)?
F;C
1 5 nd 10 \@\
PR 7 'Y nd 10

2 Me. 75 83

1]

oM

° FoC

3 B\ 77 74

\]

Me 8 90 35
4 QNBL 76 80

Ph. ?1: 9 1 -naphthyl ~ N}L: 89 85

5 N 88 78 \

Ph Ph

2
6 P-anisyl\,;l'}{ 88 69 10 2-naphthy|\N,"~{ 85 80

p-anisyl l!’h

aThe yields were determined by GC analysis with a calibrated internal standard.
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A phenyl ketone was initially explored (Table 1, entry 1); the resulting low yield is
attributed to formation of a considerable quantity of an undesired cyclopropyl phenyl ketone
side-product (1). It is postulated that this side-product arose from

0
deprotonation in the a-position relative to the carbonyl group, followed Ph%/a dr: 10:1

trans:cis
by an intramolecular Sn2 cyclization. This inspired movement to carbonyl 1
groups with relatively less acidic a-protons. Esters were bypassed due to possible complications
regarding transesterification in the presence of an alkoxide base; instead, amides were heavily
explored.

A Weinreb amide afforded good yield and a moderate, 75% ee (entry 2); a
N,N-dialkylamide and a N, N-arylalkylamide offered comparable results with respect to yield and
ee (entries 3 & 4). An improvement to 88% ee was observed with a N, N-diphenylamide (entry 5;
2), this inspired further investigation of the class, N,N-diarylamides. A more electron-rich,
N,N-bis(4-methoxyphenyl)amide offered no improvements (entry 6), and a more electron-poor,
N, N-bis(4-(trifluoromethyl)phenyl)amide resulted in a low yield due to esterification of the
electrophile and concurrent generation of bis(4-(trifluoromethyl)phenyl)amine (entry 7). A
tethered variant of N,N-diphenylamide afforded a large reduction in yield (entry 8), and an effort
to explore steric environment using N, N-naphthylphenylamides led to little or no improvement
over the N,N-diphenylamide (entries 9 & 10). Therefore, other reaction parameters were
investigated using N, N-diphenylamide 2, which offered very promising preliminary results (78%
yield, 88% ee; entry 5).

Variants of 1,2-diamine ligand L2 were explored. Generally, monomethylation of the
amines was necessary for reactivity; the demethylated variant of L2 and the monoethylated

variant of L2 afforded <5% yield (this is general for all nickel-catalyzed Suzuki reactions with

18



alkyl halides). The aryl backbone of L2 was altered, and ligands L1, L3, and L4 were
surveyed.lg’zo’21 However, when the reaction conditions from Table 1, entry 5 were employed
with these ligands and numerous alkyl-(9-BBN) nucleophiles, comparable yields and
enantioselectivities to L2 were observed. Other aryl variants of L2 led to greatly diminished

enantioselectivities.

@p 'A OQ o

MeHN NHMe MeHN NHMe MeHN NHMe

In a survey of other reaction parameters, such as base, alcohol, nickel source,
stoichiometry, temperature, and concentration, the optimal results were still obtained using the
reaction conditions from Table 1, entry 5. However, it was determined that diethyl ether afforded
comparable results to diisopropyl ether, and furthermore, a 1:1 ratio of diethyl ether:hexanes not
only decreased the reaction time from 48 hours to 24 hours, but it also slightly increased
enantioselectivity. The finalized reaction conditions are illustrated in Table 2 (Table 2, entry 3
can serve as a head-to-head comparison between the final reaction conditions and the conditions

in Table 1, entry 5).

19 L1 is commercially available (Aldrich).

2 For L3 and L4, the unmethylated chiral diamines were synthesized according to a procedure from Chin: Kim, H.;
Nguyen, Y.; Yen, C. P-H.; Chagal, L.; Lough, A. J,; Kim, B. M.; Chin, J. J. Am. Chem. Soc. 2008, 130,
12184-12191.

2! The unmethylated chiral diamines were methylated according to a procedure from Alper: Kuznetsov, V. F.;
Jefferson, G. R.; Yap, G. P. A.; Alper, H. Organometallics 2002, 21, 4241-4248.
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Table 2. Catalytic Enantioselective y-Alkylation of N,N-Diphenylamides via
Stereoconvergent Suzuki Cross-Couplings: Scope of the Reaction Partners.

NiBr,* diglyme (10 mol%)

0 L2 (12 mol%) Q
Ph, R' (9-BBN)—R - - Ph, R!
N KOt-Bu (1.4 equiv) N
Ph Cl 2.0 equiv n-hexanol (1.8 equiv) Ph R
racemic Et,O/hexanes (1:1)
rt,24h
entry R? R ee (%) yield (%)?
o_.o
1 Me 2o 85 63
2¢ Me :H{\O 90 54
3 Et {CH,)s~OTBS o 73
4 Et \/\©\ 89 80
5 Et (CHy-N ) 63
69 Et (CH,)s~CN 69 51
7 n-Bu ’\/@\ 90 84
8 CH,CH,Ph ”\/\Q 88 83
9 Bu (CHa)a~Ph 82 61

2 All data are the average of two experiments. 2 Yield of purified
product. ¢20% NiBr,-diglyme and 24% L2 were used. 9The
reaction was conducted in -Pr0 at 60 °C.

The scope of the reaction partners was explored under the optimized reaction conditions
in Table 2. A wide variety of functional groups are compatible with this reaction, including an
acetal, silyl ether, aryl ether,”” and an aryl fluoride.”” A nitrile suppressed reactivity at room

temperature, but a modest yield of product was achieved at 60 °C, albeit with only modest

enantioselectivity (entry 6). A pB-branched alkyl-(9-BBN) reagent was also successfully

2 Ror examples of nickel-catalyzed Suzuki reactions of aryl alkyl ethers, see: Yu, D.-G.; Li, B.-J.; Shi, Z.-J. 4cc.
Chem. Res. 2010, 43, 1486-1495.

2 For examples of nickel-catalyzed Suzuki reactions of aryl fluorides (perfluorinated arenes), see: Schaub, T ;
Backes, M.; Radius, U. J. Am. Chem. Soc. 2006, 128, 15964-15965.



cross-coupled using higher catalyst loading (entry 2); to date, no other published asymmetric
nickel-catalyzed alkyl-alkyl Suzuki reactions are able to tolerate a relatively sterically bulky, 3-
branched, alkyl-(9-BBN) reagent.

In addition to y-chloro-diphenylamides, the corresponding bromides are also viable

coupling partners, albeit in slightly lower yield and enantioselectivity (eq 7). Furthermore,

Alkyl bromide:
see conditions
0 in Table 2 0
Ph\NJK/-\(Et " (9-BBNJ-R ——————> Ph\NJ\/\rEt @
}lah Br lth R
racemic R = (CH,)sOTBS 86% ee, 61% yield
Homologue:
see conditions
Ph j)\/\/ckl (9-BBN)—R ﬂ—» Ph J?\/\/?\ (8)
I?l Me - Il\l Me
Ph Ph

racemic R = (CHy)s(p-anisy) 84% ee, 64% yield

Weinreb amide:
(0] see conditions [o)
Me\NJ\/\(Et (9-BBN)-R __nTable2 Me\NJK/YEt ©)
| |
OMe cl OMe R
racemic R = (CHa)sPh 75% ee, 83% yield

with 25% KI: 86% ee, 75% yield
-alkylation was also achieved with good enantioselectivity when the homologous

8-chloro-diphenylamide was employed as a reaction partner (eq 8). Finally, while a Weinreb
amide coupled with only modest enantioselectivity under the standard reaction conditions, a
substoichiometric potassium iodide additive increased the enantioselectivity for this reaction
from 75% ce to 86% ee (eq 9). Interestingly, enhanced enantioselectivity was not observed for
other classes of electrophiles in the presence of potassium iodide or other salt additives.

With respect to the nucleophilic reaction partner, in our previous reports of asymmetric
nickel-catalyzed Suzuki cross-coupling reactions using unactivated secondary alkyl

electrophiles, only alkyl-(9-BBN) reagents were used as reaction partners.lz’”‘l In this report, an
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aryl-(9-BBN) reagent is also demonstrated to afford good enantioselectivity (eq 10).
Additionally, an aryl boronate ester (eq 11), and a secondary alkyl-(9-BBN) reagent,

cyclopropyl-(9-BBN), cross-couple with good enantioselectivity (eq 12).*

Aryl nucleophlile:
see conditions
o in Table 2 0
Ph\N,U\/\(Et (9-BBN)-Ph ——————— > Ph\NJ-K/YEt (10)
b Ci P Ph
racemic 79% ee, 44% yield
Boronate-ester nucleophile:
see conditions 0
Ph. Et in Table 2 Ph Et
T‘\l B Ph — e ’l‘l (11)
Ph Ph Ph
racemic 82% ee, 47% yield

Secondary alky! nucieophile: 20% NiBr,- diglyme

o} o
24% L2
Ph . e » Ph
\?‘J\/H/Et (9-BBN)—< P ~ Et (12)

Ph Ci 1.8 n-hexanot l!"h

racemic Et,O,rt., 24 h
84% ee, 70% yield

While Weinreb amides are known to be versatile functional groups, elaboration of
N,N-diphenylamides is also fairly straightforward. Reduction, hydrolysis, and transamidation®

reactions all proceed smoothly (eq 13-15).

Ph i E LA, /\/YE‘ (13)
1 HO
\fl‘l/u\/\( THF, rt. R
R 94%
Ph R = (CH,)s(p-anisyl) °
Ph i Et NaOH i Et (1)
1
~
’,“JK/\( EtOH/water, 90 °C HOJ\/\(
Ph R - o2 1
R = (CHyls(p-anisyl) ¢

2 However cyclobutyl- and cyclopentyl-(9-BBN) did not provide cross-coupled products.
5 For zirconium-catalyzed transamidation, see: Stephenson, N. A.; Zu, J.; Gellman, S. H.; Stahl, S. S. J. 4m. Chem.
Soc. 2009, 131, 10003-10008.
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1.1 equiv (\NH
o .

Q 5% Zr(NMey)s
Ph\N,LK/\l/Et : (\NJK/\‘/B 5
}|:>h [ toluene, 50 °C O\/’ R

R = (CHy)a(p-anisyl) 86%

While there is currently very little understanding of the overall reaction mechanism, it has
been determined that the electrophile remains racemic throughout the course of the reaction, and
the ee of the product remains constant, indicating that no kinetic resolution is occurring.
Additionally, when the reaction is conducted with enantiopure electrophile, essentially no
erosion of electrophile ee is observed in the course of the reaction, indicating that step 1 of

oxidative addition (this is halide abstraction, in the case of the single electron transfer

0 see conditions 0
Ph\NJ\/YEt (9-BBN)-R —n1eblez Ph\NJ\/\(Et (16)
|
Ph Cl R=(CHp)sOTBS bn R

Experiment 1: >99% ee (S) At partial conversion (10-81%),
Experiment 2: >99% ee (R) electrophile ee: >99%

mechanism that is under consideration), is irreversible (eq 16). Hopefully, with more detailed
mechanistic studies, these observations will be able to contribute to a larger picture of the overall

catalytic cycle.

23



C. Conclusion and Future Outlook

Stereoconvergent y-alkylation of carbonyl compounds has been achieved via
nickel-catalyzed Suzuki-Miyaura cross-couplings of y-chloroamides with alkyl-(9-BBN)
reagents. High enantioselectivity is proposed to originate through two-point binding of the
electrophile to the nickel catalyst. The products are synthetically interesting because there is a
dearth of methodology relating to asymmetric alkylation in the y-position relative to a carbonyl
group. Interestingly, &-alkylation was also achieved with good enantioselectivity. Additionally,
the asymmetric cross-coupling of a y-chloroamide with cyclopropyl-(9-BBN) represents the first
asymmetric cross-coupling reaction between secondary alkyl electrophiles and secondary alkyl
nucleophiles.

Numerous asymmetric nickel-catalyzed cross-coupling reactions employing either
classically activated or classically unactivated secondary alkyl halides have now been
established. Future projects that fall within the realm of asymmetric cross-coupling with
secondary alkyl halides may include more drastic changes to the nucleophilic reaction partner
(e.g., enolates, non-carbon based nucleophiles, and secondary alkyl nucleophiles: for the latter,

some progress has already been made®™*).
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D. Experimental
I. General Information

The following reagents were purchased and used as received: 9-BBN dimer (Aldrich),
NiBr,+diglyme (Aldrich; note: hygroscopic), ligands (R,R)-L2 and (S,5)-L2 (Acros, Aldrich),
KO#-Bu (Aldrich), n-hexanol (anhydrous; Aldrich), Et;O (anhydrous; Aldrich), and hexanes
(anhydrous; Aldrich). The l-alkenes (precursors to the nucleophiles) were purchased (Aldrich,
Alfa Aesar) and purified by flash chromatography prior to use, or they were prepared according
to literature procedures.

All reactions were carried out in oven-dried glassware under an atmosphere of nitrogen.
'H NMR and *C NMR data were collected on a Bruker Avance 400 spectrometer at ambient
temperature. HPLC analyses were carried out on an Agilent 1100 series system with Daicel
CHIRALCEL® columns (internal diameter 4.6 mm, column length 250 mm, particle size 5 p).
SFC analyses were carried out on an SFC ProNTo system with Daicel CHIRALCEL® columns

(internal diameter 4.6 mm, column length 250 mm, particle size 5 1.

11. Preparation of Electrophiles
The procedures and yields have not been optimized.

0]

O
IkylMgCl
R P LN
0

alkyl
General Procedure A: Preparation of lactones. Anhydrous THF (170 mL) and then
methyl 4-oxobutanoate (3.0 g, 24 mmol; Aldrich) were added to an oven-dried round-bottom
flask. The reaction mixture was cooled to =78 °C, and the alkyl Grignard reagent (1.0 equiv) was

added dropwise to the stirred solution. The reaction mixture was allowed to warm to room
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temperature and then stirred for 1 hour. Next, the reaction was quenched by the addition of water
(5 mL). A saturated aqueous solution of NH4Cl (60 mL) was then added to the reaction mixture,
which was stirred until it was homogeneous. The mixture was transferred to a separatory funnel,
and the product was extracted with Et;O (100 mL x2) and CH,Cl, (100 mL). The combined
organic extracts were washed with brine (100 mL x2), dried over magnesium sulfate, filtered,
and concentrated to yield the y-lactone, which was purified by flash chromatography with

10—60% Et,O/hexanes.

Ph
5-Phenethyldihydrofuran-2(3H)-one [112606-95-8]. General procedure A was
followed using phenylethylmagnesium chloride (24 mL; 1.0 M in THF; Aldrich), which
furnished the lactone as a colorless oil (3.76 g, 83%). The spectral data match those described in

the literature.?

0

O\
Bu

S-Isobutyldihydrofuran-2(3H)-one [18432-37-6]. General procedure A was followed
using isobutylmagnesium chloride (12 mL; 2.0 M in THF; Aldrich), which furnished the lactone

as a colorless oil (2.15 g, 66%). The spectral data match those described in the literature.?’

26 Cossy, 1.; Bargiggia, F.; Bouzbougz, S. Org. Lett. 2003, 5, 459-462.
z Pollack, J. A.; Clark, K. M.; Martynowicz, B. J.; Pridgeon, M. G.; Rycenga, M. J.; Stolle, K. E.; Taylor, S. K.
Tetrahedron: Asymmetry 2007, 18, 1888-1892.
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O

') O

io SOCl, ZnCl, o )K/H”\’,alkyl PhzN Phy wa|kyl
( i
n

Cl Ph Cl

alky!
n=0,1

General Procedure B: Preparation of 3- and 4-chloro-N,N-diphenylamides.28’29
Anhydrous ZnCl; (180 mg, 1.3 mmol; note: hygroscopic) was added to an oven-dried two-neck
round-bottom flask, which was then capped with a septum and purged with nitrogen. Thionyl
chloride (2.4 mL, 33 mmol) was added to the flask, followed by the lactone (30 mmol). The
reaction mixture was stirred at 55 °C for 24 h, during which time it turned dark-brown and
became viscous. The excess thionyl chloride was removed under reduced pressure, and the acid
chloride was used in the next step without further purification.

The two-neck flask containing the acid chloride was equipped with a reflux condenser
and purged with nitrogen. Next, anhydrous benzene (100 mL) and then the diarylamine (33
mmol) were added. The reaction mixture was refluxed for 6 h, and then it was allowed to cool to
room temperature. Brine (100 mL) was added, and the mixture was transferred to a separatory
funnel. The layers were separated, and the aqueous layer was extracted with Et;0 (100 mL). The
combined organic layers were washed with brine (100 mL), dried over magnesium sulfate,
filtered, and concentrated to yield the y- or 8-chloro-N,N-diarylamide. The product was purified
by reverse-phase flash chromatography on C-18 silica gel with 10—100% acetonitrile/water,
followed by normal-phase chromatography on silica gel with 10—>70% Et,O/hexanes, which

furnished pure y- or 8-chloro-N,N-diarylamide (alternatively, if the acid chloride is distilled prior

to its use in the second step, purification by reverse-phase column chromatography is

28 Reppe, W. et al. Annalen der Chemie, Justus Liebigs 1955, 596, 158-224.
* Wise, L. D.; Pattison, I. C.; Butler, D. E.; DeWald, H. A.; Lewis, E. P.; Lobbestael, S. J.; Nordin, I. C.; Poschel,
B. P. H.; Coughenour, L. L.; J. Med. Chem. 1985, 28, 606-612.
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unnecessary). The products are stable for at least 6 months when stored under an inert

atmosphere at 0 °C.

@)

Ph. M

Ph Cl
4-Chloro-N,N-diphenylpentanamide. The amide was prepared according to general
procedure B, using y-valerolactone and diphenylamine. White solid (5.14 g, 60%).
'H NMR (CDCls) & 7.33-7.22 (m, 10H), 4.13-4.05 (m, 1H), 2.45-2.42 (m, 2H), 2.22—
2.14 (m, 1H), 1.93-1.83 (m, 1H), 1.47 (d, 3H, J = 6.4 Hz).
*C NMR (CDCl3) & 172.1, 142.7, 130.0-125.0 (broad), 58.3, 35.7, 32.4, 25.6.
FT-IR (film) 3062, 2973, 2926, 1672, 1593, 1492, 1380, 1351, 1291, 756, 702 cm™".

LRMS (EI) m/z (M+H") caled for Ci7H;sCINO: 288, found: 288.

o)

h. Et
oIy

Ph Cl
4-Chloro-N,N-diphenylhexanamide. The amide was prepared according to general
procedure B, using y-caprolactone and diphenylamine. White solid (6.02 g, 67%).
'H NMR (CDCl;) § 7.33-7.23 (m, 10H), 3.91-3.88 (m, 1H), 2.46-2.43 (m, 2H), 2.30—
2.23 (m, 1H), 2.01-1.94 (m, 1H), 1.87-1.76 (m, 2H), 0.98 (t, 3H, J= 7.2 Hz).
BC NMR (CDCls) 6 172.2, 142.7, 129.7-126.4 (broad), 65.2, 33.6, 32.4, 31.9, 11.0.
FT-IR (film) 3063, 2969, 2936, 2878, 1673, 1594, 1492, 1452, 1381, 1272, 1162 cm™",

LRMS (EI) m/z (M+H+) caled for CgH;,CINO: 302, found: 302.
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o)

Ph. -Bu
w*/\r”

Ph Cl

4-Chloro-N,N-diphenyloctanamide. The amide was prepared according to general
procedure B, using y-octanoic lactone and diphenylamine. White solid (5.50 g, 56%).

'H NMR (CDCl3) § 7.33-7.23 (m, 10H), 3.95-3.93 (m, 1H), 2.46-2.43 (m, 2H), 2.23—
2.18 (m, 1H), 1.86-1.82 (m, 1H), 1.69-1.64 (m, 2H), 1.46-1.44 (m, 1H), 1.36-1.24 (m, 3H),
0.86 (t,3H,J=7.2 Hz).

BC NMR (CDCls) 8 172.2, 142.7, 128.7-126.4 (broad), 63.7, 38.5, 33.9, 32.3, 28.6, 22.3,
14.0.

FT-IR (film) 2957, 2871, 2360, 1674, 1594, 1492, 1379, 1280, 756, 701 cm™".

LRMS (EI) m/z (M+H") caled for C2oH2sCINO: 330, found: 330.

O

Ph. Ph
,}l)j\/\(\/

Ph Cl
4-Chloro-N,N-6-triphenylhexanamide. The amide was prepared according to general
procedure B, using 5-phenethyldihydrofuran-2(3H)-one and diphenylamine. White solid (3.89 g,
52%).
'H NMR (CDCl3) § 7.34-7.14 (m, 15H), 3.94-3.90 (m, 1H), 2.84-2.80 (m, 1H), 2.72~
2.69 (m, 1H), 2.46-2.43 (m, 2H), 2.22-2.20 (m, 1H), 2.02-1.92 (m, 3H).

BC NMR (CDCL) § 172.1, 142.7, 141.1, 130.0-125.0 (broad), 128.53, 128.50, 126.1,

62.7,40.5, 34.0, 32.7, 32.2.

FT-IR (film) 3027, 2921, 2360, 2340, 1670, 1593, 1492, 1381, 1293, 1158, 700 cm™".

LRMS (EI) m/z (M+H") calcd for CosHysCINO: 378, found: 378.
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0]

Ph. f
I}‘/“\/\/I-BU

Ph Cl
4-Chloro-6-methyl-NV,N-diphenylheptanamide. The amide was prepared according to
general procedure B, using 5-isobutyldihydrofuran-2(3H)-one and diphenylamine. White solid
(2.40 g, 48%).
'H NMR (CDCls) § 7.34-7.23 (m, 10H), 4.02—4.00 (m, 1H), 2.48-2.44 (m, 2H), 2.21—
2.18 (m, 1H), 1.88-1.81 (m, 2H), 1.67-1.60 (m, 1H), 1.46-1.41 (m, 1H), 0.88 (d, 3H, J = 6.4
Hz), 0.85 (d, 3H, J= 6.4 Hz).

13C NMR (CDCls) § 172.2, 142.7, 130.0-125.0 (broad), 61.8, 47.9, 34.2, 32.3, 25.3, 23.0,

21.4.
FT-IR (film) 2957, 2360, 1674, 1491, 1381, 1270, 756, 701 cm™.
LRMS (EI) m/z (M+H") caled for C20H2sCINO: 330, found: 330.
0 o] 0 o]
io HBr HOJK/\(B oxalyl bromide . Br/LW Et Ph,NH Ph\NJ\/\/ET
Br Br IIDh Br

Et
4-Bromo-N,N-diphenylhexanamide. In accordance with a literature procedure,
y-caprolactone (8.0 g, 70 mmol) was added to a round-bottom flask containing HBr in AcOH (70
mL; 30% in AcOH). The flask was equipped with a reflux condenser, and the reaction mixture
was stirred at room temperature for 2 hours and then at 70 °C for 5 hours. Next, the mixture was
allowed to cool to room temperature, and then the AcOH was removed by rotary evaporation.

CH;Cl, (50 mL) and a solution of saturated sodium thiosulfate (50 mL) were then added, and the

30 Sashida, H.; Nakayama, A.; Kaname, M. Synthesis 2008, 3229-3236.
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mixture was transferred to a separatory funnel, where the layers were separated. The aqueous
layer was extracted with CH;Cl, (50 mL x2), and the combined organic layers were washed with
brine (50 mL), dried over magnesium sulfate, filtered, and concentrated to furnish 4-
bromohexanoic acid (light-red oil). The product was used in the following step without further
purification.

Anhydrous CHCl, (240 mL) and then oxalyl bromide (20.4 g, 94.5 mmol; Aldrich) were
added to an oven-dried round-bottom flask under nitrogen. The solution was cooled to 0 °C, and
the unpurified 4-bromohexanoic acid (13.7 g, 70.1 mmol) was added. Next, DMF (1.1 mL, 14
mmol) was added dropwise, and the reaction was monitored at 0 °C for 2 h, at which time gas
evolution ended. The reaction mixture was concentrated to remove the excess oxalyl bromide
and CH;Cl,, affording 4-bromohexanoyl bromide, which was used without purification in the
next step.

The flask was equipped with a reflux condenser and purged with nitrogen. Anhydrous
benzene (240 mL) was added, followed by diphenylamine (11.8 g, 69.7 mmol). The reaction
mixture was refluxed for 6 h, and then it was allowed to cool to room temperature. The mixture
was transferred to a separatory funnel, and brine (100 mL) was added. The layers were separated,
and the aqueous layer was extracted with Et;0 (100 mL). The combined organic layers were
washed with brine (50 mL x2), dried over magnesium sulfate, filtered, and concentrated. The
product was purified by flash chromatography (10—70% Et;O/hexanes), which furnished 4-
bromo-N,N-diphenylhexanamide as a white solid (15.0 g, 62% over three steps). This compound
is stable for at least 3 months when stored under an inert atmosphere at 0 °C.

'H NMR (CDCl3) & 7.33-7.23 (m, 10H), 4.06-4.02 (m, 1H), 2.48-2.44 (m, 2H), 2.23—

2.18 (m, 1H), 1.88—1.82 (m, 1H), 1.77-1.54 (m, 2H), 0.99 (t, 3H, J = 7.2 Hz).
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3C NMR (CDCls) § 172.0, 142.6, 130.6-125.5 (broad), 60.0, 34.2, 34.5, 32.6, 12.1.
FT-IR (film) 3061, 2969, 1672, 1593, 1492, 1452, 1381, 1271, 756, 702 cm .

LRMS (EI) m/z (M+H") caled for CisHy BrNO: 346, 348, found: 346, 348.

O Cl
Ph. J\/\)\
rl\l Me
Ph

5-Chloro-NV,N-diphenylhexanamide. The amide was prepared according to general
procedure B, using d-hexalactone and diphenylamine. White solid (3.70 g, 41%).

'H NMR (CDCly) § 7.34-7.23 (m, 10H), 3.91-3.88 (m, 1H), 2.46-2.43 (m, 2H), 2.23-
2.18 (m, 1H), 1.88-1.82 (m, 1H), 1.77-1.54 (m, 2H), 1.00-0.96 (m, 3H).

C NMR (CDCl3) & 172.2, 142.7, 129.3-126.4 (broad), 65.2, 33.6, 32.4, 31.9, 11.0.

FT-IR (film) 3062, 3038, 2969, 2936, 1673, 1594, 1492, 1452, 1381, 1272, 1162 cm ™",

LRMS (EI) m/z (M+H") calcd for Cy5H CINO: 302, found: 302.

o)
0 O
o SOCl, zZnCl, )]\/\(Et Me(MeO)NH 1o J\/YE,(
- Ci - “N
1

Et cl OMe cl

4-Chloro-N-methoxy-N-methylhexanamide. The first step was performed as described
in general procedure B.

Next, N,O-dimethylhydroxylamine hydrochloride (1.9 g, 19 mmol) and Et,O (30 mL)
were added to a stirred 0 °C solution of potassium carbonate (6.6 g, 48 mmol) in water (30 mL).
Then, 4-chlorohexanoyl chloride (4.0 g, 24 mmol) was added dropwise over 5 minutes. The
reaction mixture was stirred at 0 °C for 30 minutes, and then it was diluted with Et,O (50 mL)

and brine (50 mL). The layers were separated, and the aqueous layer was extracted with Et,O (50
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mL). The combined organic layers were washed with 1N HCI (30 mL), dried over magnesium
sulfate, filtered, and concentrated. The product was purified by flash chromatography with
20—90% Et,0/hexanes, which furnished the amide as a yellow oil (2.9 g, 79% yield for step 2).
This compound is stable for at least 6 months when stored under an inert atmosphere at 0 °C.

'H NMR (CDCl3) 6 3.91-3.88 (m, 1H), 3.67 (s, 3H), 3.15 (s, 3H), 2.63 (t, 2H, J = 6.8
Hz),2.16-2.12 (m, 1H), 1.90-1.70 (m, 3H), 1.01 (t, 3H, /= 7.2 Hz).

C NMR (CDCl;) 6 173.3, 65.0, 61.0, 32.5, 31.9, 31.6, 28.6, 10.7.

FT-IR (film) 2969, 1775, 1666, 1417, 1386, 1178, 1120, 994, 848, 815 cm™.

LRMS (EI) m/z (M+H") calcd for C;7H,7CINO: 194, found: 194.

I11. Preparation of B-alkyl-(9-BBN) Reagents

General procedure for preparation of B-alkyl-(9-BBN) reagents. In a nitrogen-filled
glovebox, the olefin (6 mmol; purified) was added to 9-BBN dimer (3.0 mmol) in a 20-mL vial
equipped with a stir bar. Et;0 was added to bring the concentration to 1.5 M of the
organoborane, and the vial was sealed with a teflon-lined septum cap. The mixture was heated at
40 °C for 1.5 hours (outside of the glovebox) during which time it became homogenous. The
solution was allowed to cool to room temperature. This solution could be stored in a glovebox at

ambient temperature for 3 months without noticeable degradation.

Procedure for preparation of B-phenyl- and B-cyclopropyl-(9-BBN) reagents. These
reagents were prepared according to a literature procedure®’ by reacting phenylmagnesium
bromide (3.0 M in Et;O; Aldrich), or cyclopropylmagnesium bromide (0.5 M in Et,O; Aldrich)

with B-MeO-(9-BBN). The resulting products were purified by distillation,

3! Fang, G. Y.; Wallner, O. A.; Di Blasio, N.; Ginesta, X.; Harvery, J. N.; Aggarval, V. K. J. Am. Chem. Soc. 2007,
129, 14632-14639.
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1-(Hept-6-en-1-yl)-1H-indole. The title compound was synthesized via a modification of
a literature method.** Anhydrous DMF (7 mL) and indole (1.1 g, 9.4 mmol) were added to an
oven-dried two-neck round-bottom flask under nitrogen. The reaction mixture was cooled to 0
°C and then NaH (0.21 g, 8.7 mmol) was added, followed by thé dropwise addition of 7-bromo-
hept-1-ene (2.0 g, 11.3 mmol). The reaction was warmed to room temperature and stirred for 5
hours. Next, water was added (10 mL), and the mixture was transferred to a separatory funnel.
Brine (20 mL) was added, and the aqueous layer was extracted with Et;0 (50 mL x3). The
combined organic extracts were dried over magnesium sulfate, filtered and concentrated. The
crude product was purified by flash chromatography with 5-+40% hexanes/Et,0, which
furnished the 1-(hept-6-en-1-yl)-1H-indole as ared oil (1.0 g, 54%).

"H NMR (CDCls)  8.05-8.04 (m, 1H), 7.67-7.65 (m, 1H), 7.59-7.53 (m, 1H), 7.51-7.50
(m, 1H), 7.34 (d, 1H, J = 2.2 Hz), 6.88-6.83 (m, 1H), 6.12-6.10 (m, 1H), 5.41-5.35 (m, 2H),
4.29 (t, 2H, J = 7.1 Hz), 2.38-2.36 (m, 2H), 2.11-2.04 (m, 2H), 1.75-1.68 (m, 2H), 1.64-1.53
(m, 2H).

3C NMR (CDCl3) & 139.0, 136.4, 129.1, 128.1, 121.7, 121.4, 119.6, 115.0, 109.8, 101.3,
46.6, 34.0, 30.5, 28.9, 26.8.

FT-IR (film) 3074, 2930, 2856, 1640, 1612, 1511, 1484, 1353, 1316, 910, 740 cm .

LRMS (EI) m/z (M+H") caled for CisHyN: 214, found: 214.

32 Xenon Pharmaceuticals, Inc. Spiro-Oxindole Compounds and Their Uses as Therapeutic Agents.
W02006/110917 A2, October 19, 2006; pp 74-75.
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IV. Suzuki—Miyaura Cross-Couplings

General procedure for catalytic asymmetric y-alkylations. In a nitrogen-filled
glovebox, a solution of the organoboron reagent (670 uL, 1.0 mmol; 1.5 M) was added to a
slurry of potassium tert-butoxidé (78.5 mg, 0.70 mmol) and 1-hexanol (113 uL, 92 mg, 0.90
mmol) in a 4-mL vial equipped with a stir bar. The vial was sealed with a teflon-lined septum
cap, and the mixture was stirred vigorously for 30 minutes and then used in the next step.

In a glovebox, NiBry-diglyme (17.6 mg, 0.050 mmol), (R,R)-L2 (14.5 mg, 0.060 mmol),
hexanes (3.1 mL), and Et;O (1.4 mL) were added in turn to a 20-mL vial equipped with a stir
bar. The vial was sealed with a teflon-lined septum cap, and the mixture was stirred vigorously
for 45 minutes (a light-blue slurry forms). The solution of the activated organoborane reagent
was then added to the slurry, and the vial was resealed and stirred for 30 minutes (the reaction
mixture turns brown). The electrophile (0.50 mmol in 0.5 mL of Et,O; purified) was added to the
slurry via syringe, and the vial that contained the electrophile was then rinsed with additional
Et,O (0.5 mL), and this solution was added to the slurry. The mixture was sealed with a teflon-
lined cap and stirred vigorously at room temperature for 24 hours (outside of the glovebox).
Next, the reaction mixture was passed through a short plug of silica gel, eluting with Et;O. The
solution was concentrated to fumnish an oil, which was purified by reverse-phase flash
chromatography on C-18 silica gel with 10—110% acetonitrile/water. A second run was

conducted with (§,S)-L2.

Glovebox-free procedure for catalytic asymmetric y-alkylation (Table 2, entry 4). A
25-mL two-neck round-bottom flask equipped with a stir bar was capped with a septum and with

a hose adaptor, which was connected to a Schlenk line. The flask was placed under vacuum and
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flame-dried. The flask was then filled with nitrogen, and, under a positive pressure of nitrogen,
9-BBN dimer (732 mg, 3.0 mmol) was added. The flask was purged with nitrogen for 3 minutes,
and then 1-allyl-4-methoxybenzene (890 mg, 6.0 mmol) was added via syringe. Next, anhydrous
Et,O was added by syringe to bring the concentration to 1.5 M, and the mixture was heated at 40
°C for 1.5 hours, during which time it became homogenous. The solution was allowed to cool to
room temperature and then used in the next step.

A 50-mL two-neck round-bottom flask equipped with a stir bar was capped with a
septum and with a hose adapter, which was connected to a Schlenk line. The flask was placed
under vacuum and flame-dried. The flask was then filled with nitrogen, and, under a positive
pressure of nitrogen, potassium fert-butoxide (78.5 mg, 0.70 mmol) was added. The flask was
purged with nitrogen for 3 minutes, and then anhydrous 1-hexanol (92 mg, 113 uL, 0.90 mmol)
and a solution of the B-alkyl-(9-BBN) reagent (670 uL, 1.0 mmol; 1.5 M) were added in turn via
syringe. The resulting mixture was stirred vigorously for 30 minutes and then used in the next
step.

A 50-mL two-neck round-bottom flask equipped with a stir bar was capped with a
septum and with a hose adapter, which was connected to a Schlenk line. The flask was placed
under vacuum and flame-dried. The flask was then filled with nitrogen, and, under a positive
pressure of nitrogen, NiBrpediglyme (17.6 mg, 0.050 mmol) and (R,R)-L2 (14.5 mg, 0.060
mmol) were added. The flask was purged with nitrogen for 3 minutes, and then anhydrous
hexanes (3.1 mL) and Et,O (1.4 mL) were added via syringe. The mixture was stirred vigorously
for 45 minutes (a light-blue slurry forms). The solution of the activated B-alkyl-(9-BBN) reagent
was then transferred to the slurry via cannula, and the reaction mixture was stirred for 30 minutes

(the reaction mixture turns brown). The electrophile (151 mg, 0.50 mmol in 0.5 mL of Et;0; in a
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flame-dried flask under nitrogen) was added to this reaction mixture via syringe, and the flask
that contained the electrophile was rinsed (under nitrogen) with an additional 0.5 mL of Et,0,
which was also added to the slurry via syringe. The reaction mixture was stirred vigorously
under nitrogen for 24 hours at room temperature. Next, the mixture was passed through a short
plug of silica gel, eluting with Et;O. The solution was concentrated to furnish an oil, which was
purified by reverse-phase flash chromatography on C-18 silica gel with 10—110%

acetonitrile/water. Colorless oil (147 mg, 71%; 88% ee).

0
Ph\N Me ™\
Ph 9P
Me

4-Methyl-8-(2-methyl-1,3-dioxolan-2-yl)-NV,/N-diphenyloctanamide (Table 2, Entry
1). This compound was prepared according to the general procedure, using 4-chloro-N N-
diphenylpentanamide (144 mg, 0.5 mmol) and a solution of the alkylborane prepared by
hydroboration of 2-(but-3-en-1-yi)-z-methyl-1,3-dioxolane33 with 9-BBN dimer (1.5 M in Et,0;
670 uL, 1 mmol). Colorless oil.

First run: 125 mg (63%, 84% ee). Second run: 123 mg (62%, 85% ce).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 5% i-PrOH in hexanes;
1.0 mL/min; retention times (whén (R,R)-1.2 is employed): 32.9 min (minor), 37.9 min (major)).

'H NMR (CDCl3) & 7.33-7.21 (m, 10H), 3.92-3.87 (m, 4H), 2.25-2.19 (m, 2H), 1.71-
1.61 (m, 1H), 1.58-1.54 (m, 2H), 1.49-1.40 (m, 1H), 1.30-1.15 (m, 9H), 1.08-0.99 (m, 1H),

0.71 (d, 3H, J = 6.8 Hz).

3 Collins, P. W.; Gasiecki, A. F.; Perkins, W. E.; Gullikson, G. W.; Jones, P. H.; Bauer, R. F. J. Med. Chem. 1989,
32, 1001-1006.
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3C NMR (CDCl3) 8 173.5, 143.0, 129.2-126.8 (broad), 110.1, 64.6 (2C), 39.2, 36.6,
33.0,32.6,32.3,27.1,24.3,23.8, 19.4.

FT-IR (film) 3438, 2941, 2870, 1673, 1595, 1492, 1375, 1273, 1051, 757, 701 cm ",

LRMS (EI) m/z (M+H") calcd for CpsH3;4NO;: 396, found: 396.

[a]*b = 0.61 (c = 1.06, CHCl;; obtained with (S,S)-L2).

Ph. Me
Ph

5-Cyclohexyl-4-methyl-N,N-diphenylpentanamide (Table 2, Entry 2). This compound
was prepared according to the general procedure, except that the catalyst loading was doubled:
NiBr; - diglyme (35.2mg, 0.10 mmol) and L2 (29 mg, 0.12 mmol). 4-Chloro-N,N-
diphenylpentanamide (144 mg, 0.50 mmol) was used, along with a solution of the alkylborane

prepared by hydroboration of methylenecyclohexane with 9-BBN dimer (1.5 M in Et,0; 670 pL,
1 mmol). White solid.

First run: 96 mg (55%, 90% ee). Second run: 91 mg (52%, 90% ee).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 2% i-PrOH in hexanes;
1.0 mL/min; retention times (when (R,R)-L2 is employed): 19.3 min (minor), 25.0 min (major)).

'H NMR (CDCl;) & 7.34-7.25 (m, 10H), 2.31-2.17 (m, 2H), 1.65-1.62 (m, 6H), 1.44-
1.36 (m, 2H), 1.20-1.15 (m, 4H), 1.05-0.95 (m, 1H), 0.95-0.88 (m, 1H), 0.88-0.70 (m, SH).

“C NMR (CDCls) 8 173.7, 143.1, 129.2-125.0 (broad), 44.9, 34.8, 34.0, 33.3, 33.0, 32.9,
29.2,26.7,26.4,26.3, 19.6.

FT-IR (film) 2921, 2850, 2360, 1675, 1593, 1491, 1449, 1375, 1272, 755, 701 cm™".
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LRMS (EI) m/z (M+H") caled for C24H33NO: 350, found: 350.

[a]*p = -1.2 (¢ = 1.26, CHCl;; obtained with (S,S)-L2).

0

- l\lj )J\/\EEtA/\
Ph
oTBS

9-((tert-Butyldimethylsilyl)oxy)-4-ethyl-V, N-diphenylnonanamide (Table 2, entry 3;
eq 7). This compound was prepared according to the general procedure, using 4-chloro-N,N-
diphenylhexanamide (151 mg, 0.5 mmol) and a solution of the alkylborane prepared by
hydroboration of tert-butyldimethyl(pent-4-en-1-yloxy)silane*® with 9-BBN dimer (1.5 M in
Et,O; 670 pL, 1 mmol). Colorless oil.

First run: 178 mg (76%, 90% ee). Second run: 168 mg (72%, 92% e¢).

When 4-bromo-N, N-diphenylhexanamide is employed (173 mg, 0.5 mmol, eq 7): First
run: 164 mg (60%, 86% ee). Second run: 166 mg (62%, 86% ce).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 1% i-PrOH in hexancs;
1.0 mL/min; retention times (when (R, R)-L2 is employed): 12.6 min (minor), 13.2 min (major)).

'H NMR (CDCl3) & 7.33-7.22 (m, 10H), 3.55 (t, 2H, J = 6.8 Hz), 2.22-2.18 (m, 2H),
1.61-1.56 (m, 2H), 1.45-1.42 (m, 2H), 1.19-1.10 (m, 9H), 0.86 (s, 9H), 1.06 (t, 3H, J = 7.2 Hz),
0.01 (s, 6H).

C NMR (CDCly) § 173.7, 143.1, 129.3-126.6 (broad), 63.3, 38.5, 32.9, 32.8, 29.0, 26.3,
26.2,26.0,25.6,18.4,10.7, -4.9,-5.2.

FT-IR (film) 2929, 2857, 1676, 1594, 1492, 1462, 1360, 1255, 1098, 835, 775, 755, 701

cm .

* Liang, B.; Negishi, E.-i. Org. Lett. 2008, 10,193-195.
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LRMS (EI) m/z (M+H—-#-Bu") caled for CooHasNO,Si: 468, found: 411.

[]**p = -0.84 (¢ = 1.1, CHCl;; obtained with (S,5)-L2).

Ph. Et
Ph

OMe
4-Ethyl-7-(4-methoxyphenyl)-N,N-diphenylheptanamide (Table 2, Entry 4). This
compound was prepared according to the general procedure, using 4-chloro-N,N-
diphenylhexanamide (151 mg, 0.5 mmol) and a solution of the alkylborane prepared by
hydroboration of 1-allyl-4-methoxybenzene with 9-BBN dimer (1.5 M in Et,O; 670 uL, 1
mmol). Colorless oil.

First run: 164 mg (79%, 89% ee). Second run: 166 mg (80%, 88% ee).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 10% i-PrOH in
hexanes; 1.0 mL/min; retention times (when (R,R)-L2 is employed): 17.2 min (minor), 18.4 min
(major)).

'H NMR (CDCl3) 8 7.33-7.20 (m, 10H), 7.02 (d, 2H, J = 8.4 Hz), 6.78 (d, 2H, J = 4.0
Hz), 3.76 (s, 3H), 2.43 (t, 2H, J = 6.8 Hz), 2.25-2.16 (m, 2H, J = 8.0 Hz), 1.61-1.54 (m, 2H),
1.49-1.41 (m, 2H), 1.30-1.18 (m, SH), 0.77 (t, 3H, J = 7.6 Hz).

3C NMR (CDCls) 8 173.7, 157.7, 143.1, 134.8, 129.3, 127.4-125.6 (broad), 113.7, 55.3,
38.4,35.3,32.8,32.4,29.0, 28.6,25.6, 10.7.

FT-IR (film) 2931, 1674, 1594, 1558, 1540, 1512, 1491, 1456, 1245, 1177, 1035, 756,
702 ecm™.

LRMS (EI) m/z (M+H") caled for CosH3sNO»: 416, found: 416.

40



[a]*p = 1.8 (¢ = 1.26, CHCl;; obtained with (R,R)-L2).

QW
NJK/\[Et/\/\/\
@ N§ )

4-Ethyl-11-(1H-indol-1-yl)-N,N-diphenylundecanamide (Table 2, Entry 5). This
compound was prepared according to the general procedure, using 4-chloro-N,N-
diphenylhexanamide (151 mg, 0.5 mmol) and a solution of the alkylborane prepared by
hydroboration of 1-(hept-6-en-1-yl)-1H-indole with 9-BBN dimer (1.5 M in Et,0; 670 uL, 1
mmol). Yellow oil.

First run: 147 mg (61%, 89% ee). Second run: 154 mg (64%, 90% ee).

The cc was determined by SFC analysis (CHIRALPAK AD-H, 10% MeOH; 3.0 mL/min;
retention times (when (R,R)-L2 is employed): 43.0 min (major), 47.6 min (minor)).

'H NMR (CDCL) & 7.66 (d, 1H, J = 8.0 Hz), 7.28-7.26 (m, SH), 7.25-7.21 (m, 7H),
7.14-7.10 (m, 2H), 6.52-6.51 (m, 1H), 4.12 (t, 2H, J = 6.8 Hz), 2.26 (t, 2H, J = 7.6 Hz), 1.85—
1.82 (m, 2H), 1.67-1.62 (m, 2H), 1.30-1.11 (m, 13H), 0.81 (t, 3H, J = 6.6 Hz).

PC NMR (CDCly) & 173.9, 143.3, 136.2, 129.4-127.2 (broad), 128.8, 128.0, 121.5,
121.2, 119.4, 109.6, 101.0, 46.6, 38.7, 33.0, 32.9, 30.5, 30.1, 29.5, 29.2, 27.2, 26.6, 25.8, 10.9.

FT-IR (film) 2926.6, 2855.0, 1672.8, 1592.3, 1490.9, 1463.8, 1314.6, 739.9, 701.6 cm .

LRMS (El) m/z (M+H") caled for C33HsN,O: 481, found: 481.

[a]*p = 0.33 (c = 1.82, CHCls; obtained with (S,5)-L2).
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9-Cyano-4-ethyl-N,N-diphenylnonanamide (Table 2, entry 6). This compound was
prepared according to the general procedure, except that the reaction was heated to 60 °C in i-
Pr,0, using 4-chloro-N,N-diphenylhexanamide (151 mg, 0.5 mmol) and a solution of the
alkylborane prepared by hydroboration of hex-5-enenitrile with 9-BBN dimer (1.5 M in i-Pr;O;
670 pL, 1 mmol). Colorless oil.

First run: 94 mg (52%, 68% ee). Second run: 91 mg (50%, 70% ce).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 5% i-PrOH in hexanes;
1.0 mL/min; retention times (when (R,R)-L2 is employed): 55.8 min (minor), 59.2 min (major)).

'H NMR (CDCl3) & 7.28-7.18 (m, 10H), 2.28 (t, 2H, J = 7.2 Hz), 2.24-2.18 (m, 2H),
1.61-1.55 (m, 5H), 1.40-1.29 (m, 2H), 1.25-1.00 (m, 6H), 0.74 (t, 3H, J = 7.0 Hz).

3C NMR (CDCl;) & 173.6. 143.0, 130.2-126.8 (broad), 119.9, 38.4, 32.7, 32.4, 29.0,
28.9,25.7,25.5,25.3,17.1, 10.7.

FT-IR (film) 2931, 2859, 1671, 1595, 1491, 1452, 1357, 1273, 757, 703 cm .

MS (EI) m/z (M") caled for Ca4H31N,0: 363, found: 363.

[a]**p = -1.3 (¢ = 1.45, CHCl;; obtained with (R,R)-L2).
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4-(3-(4-Fluorophenyl)propyl)-N, V-diphenyloctanamide (Table 2, entry 7). This
compound was prepared according to the general procedure, using 4-chloro-N,N-
diphenyloctanamide (165 mg, 0.5 mmol) and a solution of the alkylborane prepared by
hydroboration of 1-allyl-4-fluorobenzene with 9-BBN dimer (1.5 M in Et,O; 670 uL, 1 mmol).
Colorless oil.

First run: 134 mg (62%, 89% ee). Second run: 140 mg (65%, 90% cc).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 3% i-PrOH in hexanes;
1.0 mL/min; rctention times (when (R,R)-L2 is employed): 19.2 min (minor), 20.8 min (major)).

'H NMR (CDCl3) § 7.32-7.20 (m, 10H), 7.07-7.03 (m, 2H), 6.93-6.89 (m, 2H), 2.46 (t,
2H, J = 7.6 Hz), 2.20-2.16 (m, 2H), 1.61-1.56 (m, 2H), 1.48-1.44 (m, 2H), 1.24-1.07 (m, 9H),
0.80 (t,3H, /= 7.2 Hz).

PC NMR (CDCL) & 173.6, 161.2 (d, J = 964 Hz), 143.0, 138.2, 129.7, 129.6-126.6
(broad), 115.0, 114.8, 36.9, 35.5, 35.4, 33.1, 32.9,29.4, 28.7, 28.4, 23.0, 14.1.

FT-IR (film) 2928, 2858, 2361, 2340, 1675, 1598, 1509, 1491, 1362, 1273, 1220, 1157,
832, 756, 702, 668 cm™ .

LRMS (EI) m/z (M+H") caled for C,9H3sFNO: 432, found: 432.

[a]** = 1.9 (¢ = 1.21, CHCl3); obtained with (S,5)-L2).
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7-(4-Methoxyphenyl)-4-phenethyl-V,N-diphenylheptanamide (Table 2, Entry 8).
This compound was prepared according to the general procedure, using 4-chloro-N,N-6-
triphenylhexanamide (189 mg, 0.5 mmol) and a solution of the alkylborane prepared by
hydroboration of 1-allyl-4-methoxybenzene with 9-BBN dimer (1.5 M in EtO; 670 uL, 1
mmol). Colorless oil.

First run: 202 mg (82%, 88% ee). Second run: 206 mg (84%, 88% cc).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 3% i-PrOH in hexanes;
1.0 mL/min; retention times (when (R,R)-L2 is employed): 56.7 min (minor), 65.3 min (major)).

'H NMR (CDCl;) 8 7.33-7.14 (m, 13H), 7.07-7.02 (m, 4H), 6.81-6.79 (m, 2H), 3.77 (s,
3H), 2.48-2.43 (m, 4H), 2.25-2.20 (m, 2H), 1.70-1.68 (m, 2H), 1.54-1.35 (m, 5H), 1.22-1.19
(m, 2H).

BC NMR (CDCl3) & 173.5, 157.7, 143.0, 142.9, 134.7, 130.0-125.0 (broad), 129.3,
128.4,128.3,125.7, 113.7, 55.3, 53.5, 36.6, 35.3, 32.9, 32.71, 32.66, 29.3, 28.5.

FT-IR (film) 2930, 2857, 1672, 1594, 1511, 1491, 1452, 1245, 1177, 1033, 756, 701 cm

LRMS (EI) m/z (M+H") calcd for C34H3sNO,: 492, found: 492.

[a]**p = 0.84 (c = 1.12, CHCly); obtained with (S,5)-L2).
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4-Isobutyl-N,N,7-triphenylheptanamide (Table 2, Entry 9). This compound was
prepared according to the general procedure, using 4-chloro-6-methyl-V, N-diphenylheptanamide
(165 mg, 0.5 mmol) and a solution of the alkyl borane prepared by hydroboration of allylbenzene
with 9-BBN dimer (1.5 M in Et;0; 670 uL., 1 mmol). Colorless oil.

First run: 124 mg (60%, 82% ee). Second run: 128 mg (62%, 82% ee).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 3% i-PrOH in hexanes;
1.0 mL/min; retention times (when (R,R)-L2 is employed): 15.8 min (minor), 17.9 min (major)).

'H NMR (CDCl3) § 7.32-7.10 (m, 15H), 2.48 (t, 2H, J = 7.6 Hz), 2.21-2.16 (m, 2H),
1.60-1.56 (m, 2H), 1.53-1.40 (m, 3H), 1.39-1.30 (m, 1H), 1.14-1.10 (m, 2H), 0.96-0.95 (m,
1H), 0.88-0.86 (m, 1H), 0.77-0.74 (m, 6H).

BC NMR (CDCls) 8 173.7, 143.1, 142.7, 129.2-125.0 (broad), 128.5, 128.3, 125.7, 43 4,

36.4, 34.6,33.3,32.6,29.6, 28.2,25.2,23.1, 22.9.

FT-IR (film) 2952, 2929, 2339, 2361, 1675, 1594, 1492, 1453, 1364, 1271, 755, 700 cm™

LRMS (EI) m/z (M+H") calcd for C290H3¢NO: 414, found: 414.

[a]**p = 0.79 (¢ = 1.07, CHCls); obtained with (R,R)-L2).
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8-(4-Methoxyphenyl)-5-methyl-V, N-diphenyloctanamide (eq 8). This compound was
prepared according to the general procedure, using 4-chloro-N,N-diphenylpentanamide (144 mg,
0.5 mmol) and a solution of the alkylborane prepared by hydroboration of 1-allyl-4-
methoxybenzene with 9-BBN dimer (1.5 M in Et;0; 670 pL, 1 mmol). Colorless oil.

First run: 131 mg (63%, 83% ee). Second run: 135 mg (65%, 84% e¢e¢).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 10% i-PrOH in
hexanes; 1.0 mL/min; retention times (when (R,R)-L2 is employed): 18.3 min (minor), 19.8 min
(major)).

'H NMR (CDCl3) § 7.33-7.21 (m, 10H), 7.04-7.02 (m, 2H), 6.80-6.78 (m, 2H), 3.76 (s,
3H), 2.44 (t, 2H, J = 7.6 Hz), 2.21-2.17 (m, 2H), 1.62-1.57 (m, 2H), 1.48-1.44 (m, 2H), 1.20-
1.11 (m, SH), 0.75-0.71 (m, 3H).

BC NMR (CDCl3) 8 173.6, 157.6, 143.0, 134.8, 129.2, 129.2-125.2 (broad), 113.7, 55.3,
38.4,35.3,32.8,324,29.0, 28.6,25.5, 10.7.

FT-IR (film) 2931, 2858, 1674, 1594, 1512, 1491, 1457, 1374, 1246, 1035, 756, 702
cm .

LRMS (EI) m/z (M+H") calcd for CosH3aNO»: 416, found: 416.

[0]** = 1.3 (c = 1.30, CHCl3); obtained with (R,R)-L2).
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4-Ethyl-N-methoxy-N-methyl-7-phenylheptanamide (eq 9). This compound was
prepared according to the general procedure, except that potassium iodide (21 mg, 0.13 mmol)
was added to the vial containing NiBr; « diglyme and 1 before solvent was added). 4-Chloro-N-
methoxy-N-methylhexanamide (97 mg, 0.5 mmol) was used, along with a solution of the
alkylborane prepared by hydroboration of allylbenzene with 9-BBN dimer (1.5 M in Et,0; 670
pL, I mmol). Colorless oil.

First run: 87 mg (63%, 86% ee). Second run: 86 mg (62%, 86% ee).

The ee was determined by HPLC analysis (CHIRALPAK OJ-H, 1% i-PrOH in hexanes;
1.0 mL/min; retention times (when (R,R)-L2 is employed): 14.2 min (minor), 15.0 min (major)).

'H NMR (CDCl3) § 7.24-7.22 (m, 2H), 7.16-7.12 (m, 3H), 3.62 (s, 3H), 3.14 (s, 3H),
2.56 (t,2H, J= 7.6 Hz), 2.33 (t, 2H, J = 7.6 Hz), 1.62-1.54 (m, 4H), 1.33-1.24 (m, 5H), 0.86 (t,
3H,J=17.2 Hz).

PC NMR (CDCls) & 175.0, 142.8, 128.4, 128.2, 125.6, 61.2, 38.5, 36.3, 32.5, 32.2, 29.4,
28.5,27.9,25.6,10.8.

FT-IR (film) 2930, 1670, 1457, 1382, 1003, 747, 699 cm .

LRMS (EI) m/z (M+H") calcd for C7H2sNO,: 278, found: 278.

[a]*'p = 0.42 (¢ = 4.40, CHCl;); obtained with (R,R)-L2).
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N,N-4-Triphenylhexanamide (eq 10 & 11). This compound was prepared according to
the general procedure, using 4-chloro-N,N-diphenylhexanamide (151 mg, 0.50 mmol), along
with a solution of 4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane (eq 11; Aldrich, diluted to
1.5 M in Et,0; 670 uL, 1.0 mmol). Colorless oil.

First run: 81 mg (47%, 83% e¢). Second run: 81 mg (47%, 81% ee).

The ee was determined by HPLC analysis (CHIRALPAK AD-H, 3% i-PrOH in hexanes;
1.0 mL/min; retention times (when ligand (R,R)-L2 is employed): 16.0 min (minor), 17.5 min
(major)).

'H NMR (CDCl3) & 7.28-7.00 (m, 15H), 2.41-2.40 (m, 1H), 2.09-2.03 (m, 3H), 1.85-
1.75 (m, 1H), 1.62-1.48 (m, 2H), 0.72 (t, 3H, J=7.2 Hz).

BC NMR (CDCl3) 8 173.2, 144.7, 142.8, 128.2, 127.8, 126.0, 130.0-125.0 (broad), 47.0,
33.3,31.8,29.8,12.1.

FT-IR (film) 3060, 2827, 1680, 1593, 1492, 1375, 1270, 756, 700 cm ™.

LRMS (ED) m/z (M+H") caled for C24HysNO: 344, found: 344.

[a]®p =11 (¢ = 1.80, CHCl;); obtained with (R,R)-L2).

When B-phenyl-(9-BBN)*® was employed instead of 4,4,5,5-tctramethyl-2-phenyl-1,3,2-

dioxaborolane (eq 10): First run: 75 mg (44%, 80% ce). Second run: 77 mg (45%, 78% ee).

& Fang, G. Y.; Wallner, O. A.; Di Blasio, N.; Ginesta, X.; Harvey, J. N; Aggarwal, V. K. J. 4m. Chem. Soc. 2007,
129, 14632-14639.
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4-Cyclopropyl-N,N-diphenylhexanamide (eq 12). This compound was prepared
according to the general procedure, except that Et;O was the only solvent (0.08 M) and the
catalyst loading was doubled: NiBr; + diglyme (35.2 mg, 0.10 mmol) and 1 (29 mg, 0.12 mmol).
4-Chloro-6-methyl-N,N-diphenylheptanamide (165 mg, 0.50 mmol) was used, along with a
solution of B-cyclopropyl-(9-BBN) (1.5 M in Et,0; 670 uL, 1.0 mmol). Colorless oil.

First run: 108 mg (68%, 84% ee). Second run: 109 mg (71%, 83% ee).

The ee was determined by HPLC analysis (CHIRALPAK OJ-H, 1% i-PrOH in hexanes;
1.0 mL/min; retention times (when (R, R)-L2 is employed): 14.2 min (minor), 15.0 min (major)).

'H NMR (CDCl3) & 7.33-7.00 (m, 10H), 2.42-2.27 (m, 2H), 1.82-1.67 (m, 2H), 1.32-
1.25 (m, 2H), 0.84 (t, 3H, J = 7.2 Hz), 0.44-0.39 (m, 1H), 0.32-0.29 (m, 3H), —-0.03— -0.10 (m,
2H).

PC NMR (CDCly) 6 173.8, 143.1, 129.3-126.5 (broad), 44.4, 33.2, 30.3, 27.5, 15.5, 11.3,
4.0, 3.6.

FT-IR (film) 2961, 2924, 1675, 1491, 1373, 1271, 756, 702, 693 cm '

LRMS (EI) m/z (M+H") calcd for C21Ha6NO: 308, found: 308.

[a]**p = —0.80 (¢ = 1.54, CHCl;); obtained with (S,S)-L2).
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V. Transformation of the Cross-Coupling Products

Me
HO

OMe

(5)-4-Ethyl-7-(4-methoxyphenyl)heptan-1-ol (eq 13). (S)-7-(4-Methoxyphenyl)-4-
cthyl-N, N-diphenylheptanamide (100 mg, 0.24 mmol; 89% ee) and THF (13 mL) were added to
an oven-dried two-neck round-bottom flask under nitrogen. This solution was cooled to 0 °C,
and a solution of lithium aluminum hydride (1.45 mL, 2.9 mmol; 2.0 M in THF) was added
dropwise with stirring. The mixture was allowed to warm to room temperature, and it was stirred
for 12 h. The reaction mixture was then cooled to 0 °C, and the reaction was quenched by the
addition of water (1 mL). The mixture was filtered through Celite, which was washed with THEF.
The filtrate was concentrated, and the residue was purified by flash chromatography with
10—70% Et,O/hexanes, which furnished the product as a clear oil.

First run: 55 mg (92%, 88% ec). Second run: 57 mg (95%, 88% ee¢).

The ee was determined by HPLC analysis (CHIRALPAK IC, 2% i-PrOH in hexanes; 1.0
mL/min; retention times: 41.9 min (minor), 44.0 min (major)).

'"H NMR (CDCl3) & 7.07 (d, 2H, J = 8.0 Hz), 6.81-6.79 (m, 2H), 3.76 (s, 3H), 3.58 (t,
2H, J = 6.7 Hz), 2.50 (1, 2H, J = 8.0 Hz), 1.54 (s, 1H), 1.54-1.50 (m, 4H), 1.28-1.26 (m, 7H),
0.81 (t, 3H, J = 6.8 Hz).

BC NMR (CDCL) § 157.6, 134.9, 129.2, 113.7, 63.5, 55.3, 38.6, 35.5, 32.7, 30.0, 29.1,
28.9,25.8, 10.8.

FT-IR (film) 3336 (broad), 2932, 2858, 2360, 2340, 1512, 1457, 1419, 1245, 1039, 829.

LRMS (EI) m/z (M+H") caled for Ci6H,70,: 251, found: 251.

[a]*p =-2.0 (¢ = 2.67, CHCl).
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Me
HO

OMe

(S)-4-Ethyl-7-(4-methoxyphenyl)heptanoic acid (eq 14). (S)-7-(4-Methoxyphenyl)-4-
ethyl-N, N-diphenylheptanamide (100 mg, 0.24 mmol; 89% ee), EtOH (7 mL), water (0.5 mL),
and then sodium hydroxide (0.93 mg of a 30% w/w solution) were added to a 20-mL vial, which
was then sealed with a septum cap and heated to 90 °C for 8 h. The reaction mixture was allowed
to cool to room temperature, and then 2 N HC1 (2 mL) was added. The mixture was transferred
to a separatory funnel, to which Et;O (50 mL) and brine (50 mL) were added. The layers were
separated, and the aqueous layer was washed with Et;O (50 mL x2). The combined organic
layers were dried over magnesium sulfate, filtered, and concentrated. The product was purified
by flash chromatography with 10—70% Et,O/hexanes, which furnished the product as a clear
oil.

First run: 57 mg (90%, 88% ce). Second run: 59 mg (93%, 88% ee).

The ee was determined by HPLC analysis (CHIRALPAK IC, 1% i-PrOH in hexanes; 1.0
mL/min; retention time:s 24.7 min (major), 27.9 min (minor)).

'H NMR (CDCl;) & 7.04 (d, 2H, J = 8.4 Hz), 6.86 (d, 2H, J = 8.4 Hz), 3.77 (s, 3H), 2.51
(t, 2H,J=7.6 Hz), 2.29 (t, 2H, J= 7.6 Hz), 1.61-1.51 (m, 4H), 1.29-1.26 (m, 5H), 0.81 (t, 3H, J
= 6.8 Hz).

C NMR (CDCly) 8 180.1, 157.8, 134.9, 129.4, 113.9, 55.4, 38.4, 35.5, 32.5,31.7, 28.8,
28.1, 25.6, 10.9.

FT-IR (film) 2932 (broad), 2859, 1708, 1512, 1457, 1300, 1245, 1177, 1039, 829.

LRMS (EI) m/z (M+H+) caled for Ci6H605: 2635, found: 265.
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[a]®p = —0.62 (¢ = 2.22, CHCl;).

o)

l/\N Me

o]

OMe

(S)-4-Ethyl-7-(4-methoxyphenyl)-1-morpholinoheptan-1-one (eq 15) (modified from a
literature method).** In a nitrogen-filled glovebox, activated molecular sieves (20 mg; 4 A), (S)-
4-ethyl-7-(4-methoxyphenyl)-N, N-diphenylheptanamide (50 mg, 0.12 mmol; 89% ee), and
toluene (0.36 mL; anhydrous, Aldrich) were added to a flame-dried 4-mL vial equipped with a
stir bar. The mixture was stirred for 20 minutes, and then it was filtered through a 2 um acrodisc
filter into another flame-dried 4-mL vial equipped with a stir bar (the original vial was rinsed
with toluene (0.1 mL x2, and the washings were filtered through the acrodisc into the second
vial). Freshly distilled morpholine (23 uL, 0.27 mmol) was added to the vial by syringe. In
another flame-dried 4-mL vial, a stock solution of Zr(NMey)s in anhydrous toluene was prepared
(10.8 mg per 1.0 mL of toluenc). This solution (143 uL, 1.6 mg, 0.0060 mmol) was added to the
solution of amine and amide, immediately resulting in a light-yellow solution. The vial was
sealed with a teflon-lined septum cap, and the mixture was stirred at 50 °C for 10 hours. The
reaction mixture was then allowed to cool to room temperature, the solvent was removed, and
the product was purified by reverse-phase flash chromatography on C-18 silica gel with
10—100% acetonitrile/water.

A second run was conducted wusing (R)-4-ethyl-7-(4-methoxyphenyl)-N,N-
diphenylheptanamide and afforded (R)-4-ethyl-7-(4-methoxyphenyl)-1-morpholinoheptan-1-one.

First run: 35 mg (87%, 89% ee). Second run: 34 mg (85%, 89% ee).
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The ee was determined by HPLC analysis (CHIRALPAK AD-H, 3% i-PrOH in hexanes;
1.0 mL/min; retention times (for (S)-4-Ethyl-7-(4-methoxyphenyl)-1-morpholinoheptan-1-one):
28.6 min (major), 30.7 min (minor)).

'H NMR (CDCl3) & 7.05 (d, 2H, J = 5.2 Hz), 6.79 (d, 2H, J = 4.8 Hz), 3.75 (s, 3H), 3.64—
3.57 (m, 5H), 3.38 (t, 2H, J= 5.2 Hz), 2.92 (d, 1H, /= 16.8 Hz), 2.50 (t, 2H, J = 7.6 Hz), 2.20 (t,
2H, J =8 Hz), 1.58-1.50 (m, 4H), 1.29-1.28 (m, 5H), 0.81 (t, 3H, /= 7.1 Hz).

PC NMR (CDCls) 8 172.1, 157.7, 134.7, 129.3, 113.7, 67.0, 66.7, 55.3, 46.0, 41.9, 38.6,
35.3,32.3, 30.5, 28.6, 28.5,25.7, 10.8.

FT-IR (film) 2930, 2856, 2361, 2339, 1653, 1512, 1457, 1300, 1245, 1116, 1035, 830
cm .

LRMS (EI) m/z (M+H") calcd for C,0H3,NOs: 334, found: 334.

[a]**p = 0.97 (¢ = 0.95, CHCLy); (S)-4-ethyl-7-(4-methoxyphenyl)-1-morpholinoheptan-1-

one).

VI. Determination of Absolute Configuration

Assignment of absolute configuration of the y-alkylated products. The absolute
configuration of the product of entry 2 of Table 2 (using ligand (S,S)-L2) was determined by X-
ray crystallography. The absolute configurations of the other y-alkylated products were assigned

by analogy.

Ph. Me
Ph
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The cross-coupling product was purified to >99% ee by chiral HPLC (CHIRALPAK AD-
H). Crystals suitable for X-ray structural analysis were obtained by solvent evaporation of a

pentane solution.
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VIL '"H NMR Spectra of Selected Compounds
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Section 1.2

Nickel-Catalyzed Carbon-Carbon Bond-Forming Reactions of Unactivated
Tertiary Alkyl Halides: Suzuki Arylations
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A. Introduction

While considerable progress has been made in the area of metal-catalyzed
cross-couplings of primary and secondary alkyl electrophiles over the past two decades,' there
are only a handful of reports on cross-couplings of tertiary alkyl electrophiles. The challenges
often associated with cross-coupling tertiary alkyl halides include their susceptibility to
decomposition through climination pathways, as well as the low propensity of tertiary alkyl
halides toward oxidative addition through Sx2 or direct insertion pathways. Notably, Oshima has
disclosed cross-couplings of unactivated tertiary alkyl halides with indenyllithium (Ag catalyst),
cyclopentadienylmagnesium (Cu), benzylmagesium (Ag), allylmagnesium (Co, Cu and Ag), and
allyl- and benzylzinc reagents (Ag).’® There are still considerable improvements to be made; in
Oshima’s reports, functional group tolerance on the electrophilic reaction partner is generally
unexplored, and the nucleophile scope is limited to one or two specific nuclcophiles per report.

The Fu group and others propose that in nickel-catalyzed cross-couplings of secondary
alkyl halides, oxidative addition occurs via a single electron transfer pathway; halide abstraction
generates a secondary alkyl radical that subsequently combines with nickel (Oshima proposes
radical intermediates as well, in the case of his silver, cobalt and copper catalysts),'®!¢!316:18

We speculated that tertiary alkyl halides, which could generate relatively stable tertiary alkyl

radicals in the course of a single electron transfer oxidative addition pathway, may be suitable

3 For examples of cross-couplings (not Heck reactions or other related processes) that provide >50% yield with an
unactivated tertiary alkyl halide other than a 1-haloadamantane (which cannot climinate HX), see: (a)
allylmagnesium (cobalt): Tsuji, T.; Yorimitsu, H.; Oshima, K. Angew. Chem., Int. Ed., 2002, 41, 4137-4139;
Ohmiya, H.; Tsuji, T.; Yorimitsu, H.; Oshima, K. Chem. Eur. J. 2004, 10, 5640-5648. (b) allyl- and
benzylmagnesium (silver): Someya, H.; Ohmiya, H.; Yorimitsu, H.; Oshima, K. Org. Lezt. 2008, 10, 969-971;
Mitamura, Y.; Someya, H.; Yorimitsu, H.; Oshima, K. Synlerr 2010, 309-312. (c) cyclopentadienylmagnesium
(copper): Sai, M.; Someya, H.; Yorimitsu, H.; Oshima, K. Org. Lert. 2008, 10, 2545-2547. (d) allylmagnesium
(copper): Sai, M.; Yorimitsu, H.; Oshima, K. Bull. Chem. Soc. Jpn. 2009, 82, 1194-1196. (e) allyl- and benzylzinc
(silver): Mitamura, Y.; Asada, Y.; Murakami, K.; Someya, H.; Yorimitsu, H.; Oshima, K. Chem. Asian J. 2010, 5,
1487-1493. (f) indenyllithium (silver): Someya, H.; Yorimitsu, H.; Oshima, K. Tetrahedron, 2010, 66, 5993-5999.
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candidates for nickel-catalyzed cross-coupling processes. With respect to choice of nucleophilic
reaction partner, aryl nucleophiles were initially targeted (eq 17); alkyl, alkenyl, and alkynyl
nucleophiles were considered to be potentially more challenging coupling partners, due to their
ability to undergo side reactions such as [-hydride elimination (alkyl & and alkenyl

nucleophiles) and migratory insertion (alkenyl & alkynyl nucleophiles).

>LX M-Ar ﬂi’)—b >Z‘ Ar 17

In 2004, the Fu group explored nickel-catalyzed Negishi cross-couplings of unactivated
tertiary alkyl halides with organozinc reagents. After a onc-year investigation of diarylzinc
reagents, arylzinc halides, and, briefly, alkylzinc halides, the best result that was achieved
employed an unactivated tertiary alkyl bromide, diphenylzinc and 64% ligand loading; the cross-
coupled product was attained in 28% yield (eq 18). Hydrodehalogenation of the tertiary alkyl
bromide was the predominant side-product, and in cases with reduced ligand loading,

hydrodehalogenation was even more problematic. Suzuki cross-couplings using phenyl-Bpin and

4% Ni(cod),
84% { )
Me \ \ g Me
Orom 282 O[O O O o
Br THF Ph
r.t.
28% 55% <5% 14%
[Ni]
. ligand
Me PhBpin ol
i G Q—Me (19)
r
PhB(OH), conditions

quantitative elimination

phenylboronic acid were also attempted, but quantitative elimination of the tertiary alkyl
bromide was observed (eq 19). This is likely caused by the presence of alkoxide base in the

reaction mixture, which is required to activate boranes for Suzuki cross-couplings. Additionally,
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various activated tertiary alkyl halides werc explored in the Fu group in 2008, but either no
product, or substantial product due to background reactions, was observed.

By 2011, the Fu group had reported several methods for nickel-catalyzed Suzuki
couplings of secondary alkyl halides with 9-BBN reagents.®'"'21*373% qnterestingly, while
earlier reports of nickel-catalyzed reactions with secondary alkyl halides and boronic acids use
an excess of alkoxide base relative to the boronic acid,” in all reports using 9-BBN reagents, less
alkoxide base is required relative to the 9-BBN reagent. Additionally, it was established that the
reaction conditions with 9-BBN reagents and alkoxides are not highly Brensted basic, due to
complexation of the alkoxide to the trivalent borane.*® Thus, it was speculated that it may be
possible to develop a nickel-catalyzed Suzuki cross-coupling of unactivated tertiary alkyl halides
with aryl-(9-BBN) reagents. Indeed, in preliminary studies where an unactivated tertiary alkyl
bromide was stirred with an equivalent of phenyl-(9-BBN) and an equivalent of a primary
alkoxide base in diethyl ether at room temperature (the phenyl-(9-BBN) and the base were
premixed for ten minutes prior to addition of the electrophile), relatively little electrophile
decomposition was observed over the course of ten hours.

Prior to the initiation of this project, a nickel-catalyzed reaction was being developed in
the Fu group where alkyl halides were cross-coupled with bis(pinacolato)diboron to generate
alkyl boronic esters. It was found that not only unactivated primary and secondary alkyl halides
were viable cross-coupling partners, but that unactivated tertiary alkyl bromides reapted to form

*»

tertiary boronic esters.** However, when bis(pinacolato)diboron was substituted with phenyl-

37 Saito, B.; Fu. G. C.; J. Am. Chem. Soc. 2007, 129, 9602-9603. }

¥ Lundin, P. M.; Fu, G. C. J. Am. Chem. Soc. 2010, 132, 11027-11029. .

ik ay Zhou, J.; Fu, G. C. J. Am. Chem. Soc. 2004, 126, 1340-1341. b) Gonzéalez-Bobez, F.; Fu, G. C. "Am. Chem.
Soc. 2006, 128, 5360-5361. .

* Dudnik, A. S.; Fu, G. C. J. 4m. Chem. Soc. 2012, 134, 10693-10697.
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(9-BBN) in the effort to develop a C-C bond-forming reaction, none of the desired product was

obtained (eq 20).

10% NiBrydiglyme

Me i-Pr i-Pr
R
Br 1.4 equiv KOEt

FPr,O/DMA
rt.

M-Nuc

O
(20)
Nuc

yield (%)

pinB-Bpin
(9-BBN)-Ph

67%
0%

Thus, efforts were turned toward developing a tertiary alkyl carbon-carbon bond-forming

process from the ground up, beginning with an exploration of ligands.
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B. Results and Discussion

The project commenced with a survey of ligand classes that have been utilized for other
nickel-catalyzed cross-coupling reactions with alkyl electrophiles, including pybox, diamine,
amino alcohol, bisoxazoline, terpyridine and bipyridine ligands (Figure 2). The reaction
conditions chosen for this ligand screen were based on common conditions for nickel-catalyzed
Suzuki—Miyaura cross-couplings of unactivated secondary alkyl halides. While reactions with
unactivated secondary alkyl halides typically proceed at room temperature, the reaction
temperature chosen here was 70 °C, as it was postulated that tertiary alkyl electrophiles might
have morc sluggish reactivity compared to secondary alkyl electrophiles. While most ligands in
this screen afforded 1-2% GC calibrated yiclds, bathophenanthroline resulted in 3% yield, and,
most  promisingly, 2,2’-bypyridine afforded a leading 5% yield. Importantly,

bathophenanthroline and 2,2’-bypyridine were the only ligands surveyed that afforded yields

10% NiBryediglyme
12% Ligand
1.4 equiv KO+-Bu

M . iv 1-h | M
<:>< e (9-BBN)_Ph 1.8 equiv 1-hexanol N <:>< e
Br i-Pry0, 70 °C, 48 h, 0.08 M Ph

1.8 equiv
B N
o P 0 | Ph Ph Ph
<’/I N \ 0o ) N/ 1 0 >_’/-, ~ ;
N N N </N N MeHN NHMe MeHN NHMe HO NH,
Pf 1% i-Pr 2% 1% 1% 2%
o o CN
S s A (DR G A B AR v,
H:N  OH  HN  OH  HN  OH  youN on  pf “on g/N HN—/
1% 1% 1% 1% 1% Ph 1%  Ph
+-Bu
Ph Ph
! 7 N\__/ \
N 0 tBu tBu 7\ \ = =
1 N N
N f =N N=
1% Cy 1% 3% 5%

Figure 2. Yields in an initial ligand screen using common reaction conditions for nickel-catalyzed Suzuki reactions
with unactivated secondary alkyl halides.
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above a background reaction conducted in the presence of nickel and in the absence of a ligand.
The fate of the tertiary alkyl bromide was monitored by GC analysis and used as a
predictive tool for improving the reaction conditions. The reaction in Figure 2 with
2,2’-bypyridine resulted in complete electrophile conversion, partitioned between approximately
70% elimination, 25% hydrodehalogenation, and 5% product formation. The starting material
conversion, coupled with the large degree of decomposition via elimination, served as an
impetus to explore lower reaction temperatures. Hydrodehalogenation was postulated to result
from tertiary alkyl radical abstraction of a hydrogen atom from the solvent, diisopropyl ether;
this resulted in a movement toward solvents that do not contain abstractable hydrogen atoms,
such as benzene, trifluorotoluene, hexanes, and r-amyl alcohol. A ligand survey of
bathophenanthroline variants and 2,2’-bypyridine variants, employing the aforementioned
changes to reaction conditions, resulted in a new lead of 15% yield in benzene, using the ligand
4 4’-di-tert-butyl-2,2’-bipyridyl (L5; eq 21).
10% NiBry+diglyme

12% L5
8 .
1.4 equiv KOBu 4 tBu

C><Me (6-BBN)-Ph 1.8 equiv 1-hexanol <:><Me 7 N\__ /7 \ @1)
Br ) benzene, 40 °C, 48 h, 0.08 M Ph =N N=
1.8 equiv L5

15% yield
40% hydrodehalogenation
40% elimination

Under these improved reaction conditions, hydrodehalogenation of the tertiary alkyl
bromide in benzene was still problematic. For reasons that are difficult to rationalize, the
hydrodehalogenated side product was dramatically reduced after substituting KOz-Bu with

LiO#-Bu, resulting in a new lead of 50% yield (eq 22).
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10% NiBr,*diglyme
12% L5
v 1.4 equiv LiOt+Bu M
e 1.4 equiv 1-hexanol e
Q( (9-BBN)-Ph & - <:>< (22)
Br benzene, 40 °C, 48 h, 0.08 M Ph

1.8 equiv

50% vyield
9% hydrodehalogenation
40% elimination

Additional alterations to the reaction parameters, particularly, decreasing concentration
and increasing the equivalents of nucleophile, base, and alcohol, led to the optimized reaction

conditions (88% yield; eq 23). It should be noted that, while optimization from Figure 2 to the

10% NiBr,*diglyme
11% L5
2.4 equiv LiO#+-Bu
Me 2.4 iv 1-hexanol M
O( (9-BBN)-Ph oqulv Thex <:>< ° @
Br benzene, 40 °C, 24 h, 0.04 M Ph

2.5 equiv

88% yield
final reaction conditions appears to be relatively straightforward, there were also numerous failed
attempts to optimize this reaction through more drastic variations to the reaction conditions.
Regarding the aryl nucleophile, diphenylzinc, Grignard reagents, a cyclic triolborate, phenyl
boronic acid, numerous phenyl boronic esters, and numerous silyl reagents were explored; these
reagents resulted in yields from 0-5%. Additionally, in the course of optimization, solvents and
ligands that initially appeared to be possible contenders with benzene and 4,4’-di-fert-butyl-
2,2’-bipyridine were continuously reexamined under the concurrent leading reaction conditions.
However, high yields werc ncver obscrved with solvents trifluorotoluene, #amyl alcohol, or
hexanes, and phenanthroline and 2,2’-bipyridine variants always afforded inferior results

compared to 4,4’-di-tert-butyl-2,2’-bipyridine.
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As illustrated in Table 3, no reaction occurs in the absence of nickel (entry 2), and in the
presence of nickel and in the absence of ligand, no catalyst turnover is achieved (entry 3). The
presence of the base, LiO#-Bu, is required for reactivity (entry 4), and, interestingly, under the

finalized reaction conditions, substituting LiOz-Bu with K- or NaOs-Bu results in only trace

Table 3. Optimized conditions for the nickel-catalyzed cross-coupling of
tertiary alky! halides, and the effects of changes to the reaction parameters.

Me see eq 23 Me
<:>< (9-BBN)—Ph
Br Ph

2.5 equiv
entry  variation from the “standard” conditions yield (%)2
1 none 88
2 no NiBr,-diglyme <2
3 no L5 8
4 no LiOt-Bu <2
5 L2, instead of L5 7
6 L6, instead of LS 72
7 L7, instead of LS 63
8 KOt-Bu or NaOt-Bu, instead of LiOt-Bu <2
9 toluene, instead of benzene 45
10 cycichexane, instead of benzene 34
1" Et,0, instead of benzene 13
12 1.8 equiv of (9-BBN)—Ph? 62
13 5% NiBr;-diglyme, 5.5% L5 53
14 0.1 equiv HyO 89

4 The yield was determined by GC analysis versus a
calibrated internal standard (average of two experiments).
b 1.7 equiv LiOt-Bu, 1.7 equiv /-BuOH.

Ph Ph
Ph Ph

" ININ ¢ \
MeHN NHMe =N N= —N N=
L2 L6 L7

yield (entry 8). A 1,2-diamine, DMPEDA, which has been used for all other reports of nickel-
catalyzed cross-couplings of unactivated secondary halides with 9-BBN reagents, affords little
product in the cross-coupling of unactivated tertiary alkyl halides (entry 5). Ligands 2,2’-
bipyridine and bathophenanthroline do lead to product formation, albeit in lower yields

compared to tert-butyl-2,2’-bipyridine (entries 6 and 7). For the solvents toluene, cyclohexane,
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and diethyl ether, product formation proceeds in considerably lower yields (entries 9-11).

Additionally, lower catalyst loading and reduced equivalents of nucleophile resulted in lower

yields (entries 12 and 13). Lastly, the reaction is not highly moisture sensitive (entry 14);

however, the reaction is quite air sensitive.

Table 4. Cross-couplings of tertiary alkyl bromides

with Ph-(3-BBN): Scope of the electrophile.
see

>LBr (9-BBN)-Ph 2923 >Z-Ph

tertiary alkyl

entry bromide yield (%)
Me
T (X o
Br
Me  Me
2 71 (84)0
MeXBr (84)
3 Et_ Et 20
EtXBr
Me Me

~Me
9 Ph \ 73¢
Br

2 |solated yields (averages of two experiments).
b Yield in parentheses is a GC yield using a
calibrated internal standard. ¢ Product is a 1.2:1
ratio of diastereomers.

The scope of the reaction with respect to the
clectrophile was preliminarily examined during the
course of reaction optimization, in order to ensure that it
would extend beyond 1-bromo-1-methylcyclohexane.
Table 4 depicts the electrophile scope under the final
rcaction conditions. In addition to 1-bromo-1-
methylcyclohexane (entry 1), z-butylbromide (entry 2)
and more hindered 3-bromo-3-ethylpentane (entry 3) are
suitable substrates. Furthermore, the functional groups
aryl, alkenyl, ether, and primary alkyl chloride are well
tolerated (entries 4-7). An electronically distinct tertiary
cyclobutyl bromide can be coupled (entry 8). Lastly, the
cross-coupling of a single diastereomer of a tertiary alkyl
bromide leads to a mixture of two product diasterecomers
(1.2:1; entry 9), consistent with the hypothesis that
oxidative addition occurs through a tertiary alkyl radical

Intermediate.
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With respect to successes with other unactivated tertiary alkyl halides, a preliminary
study revealed that cross-coupling product can be achieved with an unactivated tertiary alkyl
chloride; however, the yield is rather low compared to the corresponding bromide (eq 24, GC
calibrated yield). Furthermore, while unactivated tertiary alkyl iodides were found to decompose
by elimination under the reaction conditions, l-iodoadamantane, which is incapable of
decomposing by elimination, was a viable substrate in the cross-coupling reaction (eq 25).
Interestingly, this substrate exhibited a strong background reaction with benzene when it was
used as the solvent, which was tested by running a reaction in benzene-ds. Therefore, this
reaction was instead optimized in cyclohexane, where the reaction concentration was increased
to 0.15 M. 1-Bromoadamantane, in contrast, was completely unreactive in both benzene and
cyclohexane.

Me Me Me Me
N @Ban-pn 2922, YR TE T (29)
Me™ ~ci Me™ ™~ph

50%

10% NiBrysdiglyme
11% L5

2.4 equiv LiOtBu
(9-BBN)-Ar 2.4 equiv 1-hexanol
| . ar (29
cyclohexane, 40 °C, 24 h, 0.15 M

2.5 equiv

Ar = Ph: 74%
i-Pr

Ar= -§© (61%

Under the optimized reaction conditions, classically activated tertiary alkyl halides were
also tested. Tertiary benzylic chloride (2-chloropropan-2-yl)benzene provided no cross-coupled
product, and a considerable amount of electrophile homocoupling was observed. Several tertiary
bromides containing carbonyl groups in the o-position relative to the bromide resulted in

electrophile decomposition, and no cross-coupled product.
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A major limitation to the scope of unactivated tertiary alkyl bromides for this reaction

rests on the stability of the tertiary alkyl bromide itself. Some functional groups are merely not

tolerated in the presence of an unactivated tertiary alkyl bromide (e.g., amines), and therefore,

these electrophiles cannot be synthesized. While a tertiary alkyl bromide containing a

dialkylketone was successfully synthesized, the substrate began to decompose upon standing

within an hour after purification. Additionally, it is most straightforward to purify unactivated

tertiary alkyl bromides by distillation, but this purification method has limitations with respect to

molecular weight. The compounds can be purified by flash chromotagraphy, however, fast flow

rates must be used in order to limit decomposition by elimination (therefore, automated

chromatography is recommended).

Table 5. Cross-couplings of tertiary alkyl bromides
with Ar-(9-BBN): Scope of the nucleophile.

Me 23 Me
Ot wonn 22+ O
Br 60 °C Ar

entry Ar yield (%)2

Me

1 E 60
i-Pr

O N
Ph

3 § 74
Qi-Pr

4 § 57
QTBS

5 54

-+

2 solated yields (averages of two experiments).

The scope of the nucleophilic reaction
partner proved to be more challenging to develop
compared to the electrophile scope. Interestingly,
some aryl-(9-BBN) substrates containing meta-
substitution were successful reaction partners
(Tablc 5). Phenyl-(9-BBN) substrates containing
alkyl, aryl, and alkoxy substitution in the meta-
position were found to be viable. Fortunately, this
set of products is particularly interesting, because
they cannot be accessed directly through Friedel-
Crafts rcactions. The optimal temperature for these
reactions was determined to be 60 °C; otherwise,

the reaction conditions are the same as those with
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phenyl-(9-BBN) in eq 23.

Numerous other aryl-(9-BBN) reagents were synthesized and tested; however, these
substrates afforded little to no product formation (Figure 3). Limitations with respect to the
nucleophile scope remain difficult to rationalize. Rather then having a common theme for their
lack of reactivity, different nucleophiles may fail for a variety of reasons, including varied steric
or electronic natures, as well as the presence of readily abstractable hydrogens on the
nucleophile, which may not be well-tolerated in the presence of a proposed tertiary alkyl radical

reaction intermediate.

OMe OPh i-Pr
{5 KD KO+ K roe HOmw Q)
20% 20% 15% <5% < 5% < 5% a
Me F CF3 OCF; Cl
<5% Me <5% <5% <5% <5% 0%
Me St-Bu
KD 40 WD e 0 4
0% 0% 0% 0% 0% 0%

Figure 3. Yields of nonviable nucleophiles tested under the reaction conditions in eq 23 (60 °C).

When the tertiary alkyl halide cross-coupling reaction was conducted in toluene instead

of benzene, a large quantity of the side-product diphenylmethane was isolated, in addition to a

low yield of the desired cross-coupled product (eq 26). The formation of diphenylmethane
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O
Ph

Me eq 23 % Vi
<:><B (9-BBN)-Ph ——0=° _  A40%yield  (oq)
r solvent:
toluene ©/\Ph
31% yield

provides support for the existence of a tertiary radical intermediate in this cross-coupling
reaction, which, in the presence of toluene, is capable of abstracting a hydrogen atom from
toluene to generate a tolyl radical intermediate. This intermediate could then react with
phenyl-(9-BBN) to generate diphenylmethane. Nickel-catalyzed cross-couplings of secondary
alkyl halides are all conducted in solvents that contain abstractable hydrogen atoms. The fact
that, in the case of tertiary alkyl halides, toluene is a problematic solvent, attests to presumably
long-lived tertiary radical intermediates that undergo slow bond formation with nickel, and thus
have a propensity to participate in side-reactions. Another possibility is that the bond between
nickel and a tertiary alkyl group is likely to be weak, and therefore, homolysis to generate

tertiary alkyl radicals, at some stage along the catalytic cycle, occurs readily.
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C. Conclusion and Future Outlook

The first Suzuki-Miyaura cross-coupling of tertiary alkyl halides has been described.
Specifically, unactivated tertiary alkyl bromides are coupled with aryl-(9-BBN) reagents using a
nickel/bipyridine catalyst system. The use of a solvent, benzene, that does not contain readily
abstractable hydrogen atoms, was found to be critical for the success of this reaction, which is
postulated to occur through a tertiary radical intermediate. Additionally, as tertiary alkyl halides
are prone to decomposition via elimination under Brensted basic reaction conditions, it was
important to attenuate the basicity of this Suzuki reaction by employing 9-BBN reagents, which
strongly coordinate an alkoxide that is required for transmetalation.

With respect to reaction scope, movement to systems that employ tertiary alkyl
electrophiles that are less prone to elimination could enable an expansion of functional group
tolerance. The increased stability of these electrophiles could arise from the nature of the leaving
group (e.g., using ethers in place of halides), or due to the presence of stabilizing neighboring
groups (e.g., replace a generic alkyl group with a —CF3 group: this was briefly explored in our
group and may warrant a return in the future). It remains difficult to propose how to improve
nucleophile scope, but in the exploration of new catalyst systems for cross-coupling tertiary alkyl

halides, new insights may lead to improved scope.
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D. Experimental
I. General Information

The following reagents were purchased and used as received: NiBrpediglyme (Aldrich;
note: hygroscopic), 4,4’-di-tert-butyl-2,2°-bipyridine (Aldrich), LiO#-Bu (Aldrich, 97%,; Strem,
98%), i-BuOH (Aldrich; anhydrous), benzene (Aldrich; anhydrous), 2-bromo-2-methylpropane
(Aldrich), and 2-chloro-2-methylpropane (Aldrich). Other tertiary alkyl bromides were prepared
from the corresponding alcohols, using LiBr and HBr."!

All reactions were carricd out in oven-dried glassware under an atmosphere of nitrogen.
GC analyses were obtained on an HP 6890 Series GC System with a DB-1 column (length 30 m,

internal diameter 0.25 mm).

1. Preparation of Electrophiles
The procedure and the yields have not been optimized.

General procedure. In accordance with the literature procedure,*' at 0 °C, hydrobromic
acid (2 equiv) was added dropwise to a round-bottom flask containing lithtum bromide (2 equiv),
and the tertiary alcohol (1 equiv). The mixture was stirred for 2 h and monitored for
disappearance of starting material by GC. The solution was then transferred to a separatory
funnel, where the crude tertiary bromide was extracted twice with diethyl ether, dried with
magnesium sulfate, filtered and concentrated. The tertiary bromide was distilled under reduced
pressure (employment of a vigreux column is suggested; the crude bromides are prone to

bumping under reduced pressure).

4! Masada, H.; Murotani, Y. Bull. Chem. Soc. Jpn., 1980, 53, 1181-1182.
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: n-Pentyl
Br

1-Bromo-1-pentylcyclobutane. This compound was made according to the general
procedure, using 1-pentylcyclobutanol (71.3 mmol).* The product was distilled at 73 °C at 20
Torr. Colorless oil (10.6 g, 52.0 mmol, 73%).

'H NMR (400 MHz, CDCl3) 8 2.67-2.60 (m, 2H), 2.38-2.31 (m, 2H), 2.20-2.09 (m, 1H),
1.87-2.77 (m, 3H), 1.49-1.42 (m, 2H), 1.35-1.25 (m, 4H), 0.87 (t, 3H, J = 8.0 Hz).

'3C NMR (100 MHz, CDCl3) § 69.0, 44.1, 40.1, 31.6, 25.8, 22.6, 17.1, 14.1.

FT-IR (film) 2932, 2859, 1466, 1240, 1140, 856, 424, 407 cm .

LRMS (EI) m/z (M") caled for CoH7Br: 204, 206, found: 204, 206.

II1. Preparation of B-Aryl-(9-BBN) Reagents

The procedures and the yields have not been optimized.

Whereas we routinely purified the aryl-(9-BBN) reagents by distillation, we have
determined that the reagents can be used without purification by distillation, at the expense of a

~10% reduction of yield in the cross-coupling reaction.

General Procedure for the synthesis of non-commercially available arylmagnesium
bromides. Magnesium turnings (417 mg, 17.2 mmol, 1.1 equiv) and a crystal of iodine were
added to a flame-dried two-neck round-bottom flask under a positive pressure of nitrogen. The
dry magnesium turnings and iodine were allowed to stir under the nitrogen atmosphere for 2 h.

THF (anhydrous; 20 mL) was added, and the reaction was allowed to stir until the iodine color

42 Leroux, Y., Normant, H. Comptes Rendus des Seances de I’ Academie des Sciences, Serie C: Sciences Chimiques,
1967, 265, 1472-1474.
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disappeared. A solution of the aryl bromide (17.2 mmol) in 4 mL of anhydrous THF was then
added dropwise over 5 min. The mixture was stirred at 40 °C for 3 h. The rcaction was then
titrated according to a literature procedure,* and the Grignard reagent in THF was used directly

in the synthesis of the corresponding aryl-(3-BBN) reagent.

General Procedure for the synthesis of aryl-(9-BBN) reagents from arylmagnesium
bromides. The aryl-(3-BBN) reagents were prepared by following a literature procedure for the
synthesis of phenyl-(9-BBN) via the reaction of phenylmagnesium bromide with
B-methoxy-(9-BBN) (Aldrich; 1 M in hexanes).”> (m-Tolyl)-(9-BBN) was also prepared

. . 44
according to a literature procedure.

-Pr
9-BBN)

(1s,55)-9-(3-Isopropylphenyl)-9-borabicyclo[3.3.1]nonane. ~ Prepared from  3-
(isopropylphenyl)magnesium bromide (25.1 mmol). The product was distilled at 96°C at 100
mTorr. Colorless oil (3.2 g, 13.4 mmol, 53%).

'H NMR (400 MHz, CDCl3) 8 7.96-7.91 (m, 2H), 7.57-7.50 (m, 2H), 3.10 (sept, 1H, J =
6.7 Hz), 2.44-2.42 (m, 2H), 2.18-2.06 (m, 6H), 2.00-1.91 (m, 4H), 1.43 (d, 6H, J = 8.0 Hz),
1.49-1.36 (m, 2H).

*C NMR (100 MHz, CDCl;) & 148.3, 132.8, 132.3, 131.0, 128.1, 34.4, 34.3,29.3, 24 .2,
23.6.

"B NMR (128 MHz, CDCl;) & 80.

%3 Krasovskiy, A.; Knochel, P. Synthesis, 2006, 5, 890-891.
* Lundin, P. M.; Fu, G. C. J. Am. Chem. Soc. 2010, 132, 11027-11029.
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Ph
@——(Q-BBN)

(1s,5s)-9-([1,1'-Biphenyl]-3-yD)-9-borabicyclo[3.3.1]nonane. Prepared from [1,1'-
biphenyl]-3-ylmagnesium bromide (21.4 mmol). The product was distilled at 135 °C at 150
mTorr. Colorless oil (1.7 g, 6.3 mmol, 29%).

'H NMR (400 MHz, CDCl3) 8 8.22-8.21 (m, 1H), 8.00-7.98 (m, 1H), 7.83-7.80 (m,
1H), 7.68-7.50 (m, 3H), 7.49-7.41 (m, 2H), 7.40-7.37 (m, 1H), 2.40-2.37 (m, 2H), 2.11-1.98
(m, 6H), 1.93-1.83 (m, 4H), 1.41-1.33 (m, 2H).

C NMR (400 MHz, CDCl3) 3 141.4, 140.9, 133.5, 133.4, 131.6, 128.8, 128.5, 127.32,
127.26, 34.2,29.4,23.5.

''B NMR (400 MHz, CDCl;) & 80.

TBSO
9-BBN)
(3-((1s,5s)-9-Borabicyclo[3.3.1]nonan-9-yl)phenoxy)(tert-butyl)dimethylsilane.
Prepared from (3-((tert-butyldimethylsilyl)oxy)phenyl)magnesium bromide (19.4 mmol). The
literature procedure was modified as follows: after (3-((rerr-
butyldimethylsilyl)oxy)phenyl)magnesium bromide was added to the solution of B-methoxy-(9-
BBN) in diethyl ether, the resultant mixture was stirred for 48 h before continuing to the next
step of the reaction. The product was distilled at 165 °C at 500 mTorr. Colorless oil (2.0 g, 6.1

mmol, 31%).
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'H NMR (400 MHZ, CDCl:) & 7.62-7.57 (m, 1H), 7.46-7.43 (m, 1H), 7.38-7.34 (m,
1H), 7.08-7.04 (m, 1H), 2.28-2.25 (m, 2H), 2.07-1.96 (m, 6H), 1.88-1.80 (m, 4H), 1.38-1.31
(m, 2H), 1.03 (s, 9H), 0.24 (s, 6H).

*C NMR (100 MHz, CDCl3) 8 155.5, 129.0, 127.5, 125.6, 124.4, 34.2, 29.4, 25.8, 23.5,
18.3,4.3.

"'B NMR (128 MHz, CDCl3) & 81.

Pro
9-BBN)

(1s,55)-9-(3-Isopropoxyphenyl)-9-borabicyclo[3.3.1]nonane.  Prepared from 3-
(isopropoxyphenyl)magnesium bromide (23.0 mmol). The literature procedure was modified as
follows: after 3-(isopropoxyphenyl)magnesium bromide was added to the solution of B-
methoxy-(9-BBN) in diethyl ether, the resultant mixture was stirred for 48 h before continuing to
the next step of the reaction. The product was distilled at 124°C at 510 mTorr. Colorless oil (2.5
g, 8.3 mmol, 36%).

'H NMR (400 MHz, CDCl3) 8 7.60-7.58 (m, 1H), 7.55-7.54 (m, 1H), 7.43 (t, 1H, /= 8.0
Hz), 7.15-7.12 (m, 1H), 4.67 (sept, 1H, J = 6.0 Hz), 2.32-2.30 (m, 2H), 2.15-2.04 (m, 6H),
1.92-1.86 (m, 4H), 1.42 (d, 6H, J = 4.0 Hz), 1.38-1.32 (m, 2H).

“C NMR (100 MHz, CDCl3) 8 157.7, 129.1, 126.8, 121.8, 120.0, 69.7, 34.2, 29.4, 23.5,
22.1.

"B NMR (128 MHz, CDCl3) & 81.
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IV, Suzuki-Miyaura Cross-Couplings

General procedure for activation of B-aryl-(9-BBN) reagents. In a nitrogen-filled
glovebox, the B-aryl-9-BBN reagent (2.50 mmol, 2.5 equiv) was added to a slurry of lithium
tert-butoxide (192 mg, 2.40 mmol, 2.4 equiv), i-BuOH (178 mg, 222 pL., 2.40 mmol, 2.4 equiv),
and benzene (1 mL) in a 4 mL vial equipped with a magnetic stir bar. The vial was sealed with a
PTFE-lined septum cap, and the mixture was stirred vigorously for 20 minutes and used

immediately in the subsequent cross-coupling reaction.

General Procedure A (Table 4 and eq 23). In a nitrogen-atmosphere glovebox,
NiBrp-diglyme (35.5 mg, 0.1 mmol, 0.1 equiv) and 4,4’-di-tert-butyl-2,2’-bipyridine LS (30.0
mg, 0.11 mmol, 0.11 equiv) were added to a 30 mL vial equipped with a magnetic stir bar.
Benzene (24 mL, anhydrous) was added, the vial was sealed with a PTFE-lined septum cap, and
the resultant mixture was stirred vigorously for 2 h (a light green slurry forms). The solution of
activated B-aryl-(9-BBN) reagent was then added to the slurry, and the reaction vial was again
sealed with a PTFE-lined cap and stirred for 20 minutes (the reaction mixture turns dark green).
The tertiary alkyl halide (1.0 mmol, 1 equiv) was then added to the slurry via microsyringe
(neat). The resultant mixture was resealed and stirred vigorously at 40 °C for 24 hours (outside
of the glovebox). Next, the reaction mixture was filtered through a plug of silica gel, which was
rinsed with diethyl ether, and the filtrate was concentrated using rotary evaporation. The crude

product was purified by column chromatography.
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General Procedure B (Table 5). General procedure A was followed, except that the

reaction was heated to 60 °C, instead of 40 °C.

General Procedure C (1-iodoadamantane, eq 25). General procedure A was followed,
except that cyclohexane (anhydrous; 1.0 mL) was used in place of benzene for the activation of
the aryl-(9-BBN), and that cyclohexane (anhydrous; 5.7 mL) was used in place of benzene for

the cross-coupling.

Glovebox-free procedure: Cross-coupling of phenyl-(9-BBN) with 1-bromo-1-
methylcyclohexane. A 250-mL two-neck round-bottom flask equipped with a stir bar was
connected to the outer joint of a swivel frit, and the outer joint on the other end of the swivel frit
was connected to a 250-mL one-neck round-bottom flask, also equipped with a stir bar. The
swivel frit was connected to a high-vacuum line and the entire apparatus was flame-dried under
vacuum with a torch. The apparatus was allowed to cool under vacuum overnight. In the two-
neck flask, phenyl-(9-BBN) was synthesized according the literature procedure (10 mmol
scale).”> At the end of the reaction, the crude mixture of phenyl-(9-BBN), magnesium salts, and
hexanes was filtered into the 250-mL one-neck flask using the swivel frit under a gentle vacuum,
to give a clear solution of phenyl-(9-BBN) in hexanes. The hexanes were removed under high
vacuum, and the resulting crude phenyl-(9-BBN) continued to dry under vacuum for 1 hour.

A 25-mL two-neck pear-shaped Schlenk flask equipped with a stir bar was flame-dried
with a torch under high vacuum and allowed to cool to room temperature. Under a positive
atmosphere of nitrogen gas, LiO#Bu (192 mg, 2.40 mmol, 2.4 equiv) was added, and the flask
was capped and then further dried under high vacuum for 30 minutes. Under an atmosphere of

nitrogen gas, i-BuOH (178 mg, 222 uL, 2.40 mmol, 2.4 equiv, anhydrous), newly synthesized
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crude phenyl-(9-BBN) (495 mg, 2.5 mmol, density = 1 g/mL) and benzene (1 mL, anhydrous)
were added to the flask, which was subsequently purged with nitrogen for 5 minutes, and the
cloudy mixture was allowed to stir for 20 minutes.

A 100-mL two-neck round-bottom Schlenk flask equipped with a stir bar was flame-dried
with a torch under high vacuum and allowed to cool to room temperature. Under a positive
atmosphere of nitrogen gas, NiBry+diglyme (35.5 mg, 0.1 mmol, 0.1 equiv) and 4,4’-di-tert-
butyl-2,2’-bipyridine L5 (30.0 mg, 0.11 mmol, 0.11 equiv) were added, and the flask was capped
and then further dried under high vacuum (stirring) for 30 minutes. Under an atmosphere of
nitrogen gas, benzene (24 mL, anhydrous) was added to the flask, which was subsequently
purged with nitrogen for 5 minutes, and the nickel/ligand mixture was allowed to stir at room
temperature for 2 hours (light green slurry). The activated phenyl-(9-BBN) was then transferred
via syringe to the nickel/ligand slurry, which was allowed to stir for 20 minutes (dark green
reaction mixture). Then, neat 1-bromo-1-methylcyclohexane (177 mg, 1 mmol) was added to the
reaction, which was purged with nitrogen for 5 minutes and then heated to 40 °C for 24 hours.
On completion, 100 uL of pentadecane (internal standard to obtain a calibrated yield by GC) was
added to the reaction, and the reaction mixture was filtered through a plug of silica, with diethyl
ether. The filtrate was concentrated using rotary evaporation. GC analysis revealed a yield of
70%. The yield of a corresponding reaction, set up in a glovebox with non-distilled

phenyl-(9-BBN), was 76%.

O
Me
(1-Methylcyclohexyl)benzene [828-45-5] (Table 4, entry 1). This compound was

prepared according to general procedure A, using 1-bromo-1-methylcyclohexane (177 mg, 1.0
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mmol) and phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification: Biotage, silica, 100% hexanes.

Colorless oil.
First run: 148 mg (85%). Second run: 144 mg (83%),).

On a larger scale: 1-bromo-1-methylcyclohexane (5.65 mmol): 807 mg (82%).

'H NMR (400 MHz, CDCl3) 6 7.39-7.36 (m, 2H), 7.33-7.28 (m, 2H), 7.18-7.14 (m, 1H),
2.03-1.98 (m, 2H), 1.60-1.43 (m, 8H), 1.18 (s, 3H).

C NMR (100 MHz, CDCl;) 6 150.2, 128.4, 126.9, 125.4, 38.1, 30.8, 30.5, 26.6, 22.9.

FT-IR (film) 3087, 3057, 2930, 2857, 1600, 1495, 1466, 1445, 1374, 1299, 1076, 1026,

963, 859, 761, 699, 580, 544, 529 cm .

LRMS (EI) m/z (M") caled for Ci3His: 174, found: 174.

Me Me
Ph
Me>L

tert-Butylbenzene [98-06-6] (Table 4, entry 2). This compound was prepared according
to general procedure A, using 2-bromo-2-methylpropane (112 uL, 1.0 mmol; Aldrich) and
phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification: Biotage, silica, 100% hexanes. Colorless oil.

First run: 94 mg (70%); GC calibrated yield: 86%. Second run: 97 mg (72%); GC

calibrated yield: 82%. The product is volatile.
'H NMR (400 MHz, CDCl3) § 7.60-7.58 (m, 2H), 7.51-7.47 (m, 2H), 7.37-7.36 (m, 1H),

1.53 (s, 9H).
3C NMR (100 MHz, CDCl3) 8 151.2, 128.3, 125.7, 125.4, 34.8, 31.9.

ET-IR (film) 2963, 2950, 762 cm .

LRMS (EI) m/z (M") calcd for CoHi4: 134, found: 134.
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Et
EEt?\Ph

(3-Ethylpentan-3-yl)benzene [4170-84-7] (Table 4, entry 3). This compound was
prepared according to general procedure A, using 3-bromo-3-ethylpentane (179 mg, 1.0 mmol)
and phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification: Biotage, silica, 100% hexanes. Colorless
oil.

First run: 126 mg (72%). Second run: 119 mg (68%).

'H NMR (400 MHz, CDCl3) & 7.29-7.31 (m, 4H), 7.18-7.16 (m, 1H), 1.69 (q, 6H, J =
8.0 Hz), 0.66 (t, 9H, J = 8.0 Hz).

13C NMR (100 MHz, CDCl;) 5 147.3, 127.8, 126.9, 125.1,43.7, 28.7, 8.0.

FT-IR (film) 3089, 3059, 3022, 2966, 2937, 2878, 1559, 1540, 1496, 1446, 1457, 1376,
1083, 1032, 1011, 753, 698 cm ™.

LRMS (EI) m/z (M") calcd for C3Hao: 176, found: 176.

Me
Me
©/\XPh
(3-Methylbutane-1,3-diyl)dibenzene [1520-43-0] (Table 4, entry 4). This compound
was prepared according to general procedure A, using (3-bromo-3-methylbutyl)benzene (227
mg, 1.0 mmol) and phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification: Biotage, silica, 100%
hexanes. Colorless oil.
First run: 195 mg (87%). Second run: 190 mg (85%).
'H NMR (400 MHz, CDCl3) & 7.45-7.43 (m, 2H), 7.40-7.36 (m, 2H), 7.29-7.12 (m, 6H),

2.42-2.38 (m, 2H), 2.01-1.95 (m, 2H), 1.50 (s, 6H).
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C NMR (100 MHz, CDCl3) 3 149.1, 143.2, 128.4, 128.3, 125.9, 125.6, 46.8, 38.0, 31.4,
29.1.

FT-IR (film) 3086, 3061, 3026, 2963, 2863, 2361, 1602, 1496, 1454, 1386, 1366, 1071,
1031, 762, 698, 408 cm™".

LRMS (EI) m/z (M") calcd for Cy7Hao: 224, found: 224.

Me Me
Me
Me th

(2,6-Dimethylhept-5-en-2-yl)benzene (Table 4, entry 5). This compound was prepared
according to general proccdure A, using 6-bromo-2,6-dimethylthept-2-ene (205 mg, 1.0 mmol)
and phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification: Biotage, silica, 100% hexanes. Colorless
oil.

First run: 151 mg (75%). Second run: 155 mg (77%).

'H NMR (400 MHz, CDCls) 8 7.28-7.23 (m, 4H), 7.16-7.14 (m, 1H), 5.04 (t, 2H, J = 8.0
Hz), 1.75-1.69 (m, 2H), 1.65-1.63 (m, 5H), 1.48 (s, 3ﬁ), 1.31 (s, 6H).

>C NMR (100 MHz, CDCl3) & 149.4, 131.1, 128.0, 125.9, 125.4, 124.9, 44.6, 37.7, 28.9,
25.7,23.6,17.5.

FT-IR (film) 2965, 2926, 1496, 1446, 1385, 1366, 764, 699 cm™".

LRMS (EI) m/z (M") calcd for CysHa,: 202, found: 202.
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L

4-Methyl-4-phenyltetrahydro-2H-pyran [67768-01-8] (Table 4, entry 6). This
compound was prepared according to general procedure A, using 4-bromo-4-methyltetrahydro-
2H-pyran (179 mg, 1.0 mmol) and phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification: Biotage,
reverse phase silica (C-18), 40—100% ACN/water, followed by Biotage, normal phase silica,
10—80% Et,O/hexanes. Colorless oil.

First run: 102 mg (58%). Second run: 97 mg (55%).

'H NMR (400 MHz, CDCl3) § 7.27-7.24 (m, 4H), 7.16-7.10 (m, 1H), 3.74-3.57 (m, 4H),
2.09-2.00 (m, 2H), 1.72-1.69 (m, 2H), 1.22 (s, 1H).

BC NMR (100 MHz, CDCl;) 8 148.9, 128.5, 125.8, 125.6, 64.5, 37.6, 35.6, 29.2.

FT-IR (film) 3058, 2955, 2857, 2361, 1601, 1496, 1445, 1389, 1299, 1246, 1177, 1108,
1033, 1014, 865, 764, 701, 548, 425, 415 cm ',

LRMS (EI) m/z (M") caled for C1,H;60: 176, found: 1764.

Me

/\/\)(Me
Cl

Ph

(6-Chloro-2-methylhexan-2-yl)benzene (Table 4, entry 7). This compound was
prepared according to general procedure A, using 5-bromo-1-chloro-5-methylhexane (214 mg,
1.0 mmol) and phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification: Biotage, silica, 100%
hexanes. Colorless oil.

First run: 140 mg (67%). Second run: 141 mg (67 %).

'H NMR (400 MHz, CDCl3) § 7.34-7.28 (m, 4H), 7.19-7.17 (m, 1H), 3.44 (1, 2H, J = 8.0

Hz), 1.71-1.60 (m, 4H), 1.31 (s, 6H), 1.24-1.18 (m, 2H).
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3C NMR (100 MHz, CDCl) & 149.2, 128.1, 125.8, 125.5, 44.9, 43.8, 37.7, 33.3, 28.9,
22.2.
FT-IR (film) 2961, 2868, 1497, 1445, 1387, 1367, 1311, 1031, 765, 700, 652, 569 cm .

LRMS (EI) m/z (M") caled for Ci3H,4Cl: 210, found: 210.

: n-Pentyl
Ph

(1-Pentylcyclobutyl)benzene (Table 4, entry 8). This compound was prepared
according to general procedure A, using 1-bromo-1-pentylcyclobutane (205 mg, 1.0 mmol) and
phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification: Biotage, silica, 100% hexanes. Colorless oil.

First run; 105 mg (52%). Second run: 113 mg (54%).

'H NMR (300 MHz, CDCl;) 8 7.28-7.25 (m, 2H), 7.18-7.09 (m, 3H), 2.40-2.31 (m, 2H),
2.17-2.03 (m, 3H), 1.86-1.72 (m, 3H), 1.27-1.12 (m, 4H), 1.06-0.98 (m, 2H), 0.82 (t, 3H, J =
6.0 Hz).

C NMR (100 MHz, CDCls) 8 150.7, 127.7, 125.7, 124.9, 46.5, 42.7, 32.8, 32.3, 24.2,
22.6,16.0, 14.1.

FT-IR (film) 3024, 2928, 2856, 1601, 1495, 1466, 1446, 764, 700, 563, 419, 410 cm .

LRMS (EI) m/z (M") calced for CsHa,: 202, found: 202.

O
Ph
(1-Methylcyclohexane-1,4-diyl)dibenzene (Table 4, entry 9). This compound was

prepared according to general procedure A, using ((1s,4s)-4-bromo-4-methylcyclohexyl)benzene

(cts, dr >20:1, 253 mg, 1.0 mmol) and phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification:
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Biotage, reverse phase silica (C-18), 40—100% ACN/water. White solid. Product is an
unseparated mixture of diastereomers with a 1.2:1 ratio.

First run: 181 mg (72%). Second run: 185 mg (74 %).

'H NMR (300 MHz, CDCly); diastercomer 1: § 7.38-6.93 (m, 10H), 6.78-6.75 (m, 9H),
1.27 (s, 3H).

'H NMR (300 MHz, CDCls); diastereomer 2: & 7.38-6.93 (m, 10H), 6.78-6.75 (m, 9H),
1.09 (s, 3H).

3C NMR (100 MHz, CDCls) & 152.4, 147.44, 147.39, 147.2, 128.6, 128.5, 128.3, 127.0,
126.9, 126.5, 126.1, 125.9, 125.7, 125.4, 125.2,44.7, 44 .2, 38.3, 38.09, 38.05, 36.6, 35.5, 30.6,
30.2,24.5.

FT-IR (film) 3085, 3058, 3025, 2928, 2857, 1943, 1869, 1800, 1602, 1581, 1494, 1450,
1376, 1098, 1077, 1032, 1023, 964, 762 cm™".

LRMS (EI) m/z (M") caled for C9Hz,: 250, found: 250.

=

(3r,5r,7r)-1-Phenyladamantane [780-68-7| (eq 25). This compound was prepared
according to general procedure C, using 1-iodoadamantane (262 mg, 1 mmol) and phenyl-(9-
BBN) (495 mg, 2.5 mmol). Purification: Biotage, silica, 100% hexanes. White solid.

First run: 157 mg (74%). Second run: 155 mg (73%).

'H NMR (300 MHz, CDCl3) 8 7.32-7.22 (m, 4H), 7.13-7.07 (m, 1H), 2.07-2.01 (m,
3H), 1.86-1.85 (m, 6H), 1.76-1.64 (m, 6H).

BC NMR (100 MHz, CDCl3) & 151.3, 128.1, 125.5, 124.8, 43.2, 36.8, 36.2, 29.0.
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FT-IR (film) 2924, 2904, 2847, 1443, 1245, 907, 752 cm L

LRMS (EI) m/z (M) caled for CisHap: 212, found: 212.

gi ; ,-Pr

(3r,5r,7r)-1-(3-Isopropylphenyl)adamantane [183967-44-4] (eq 25). This compound
was prepared according to general procedure C, using 1-iodoadamantane (262 mg, 1 mmol) and
(1s,55)-9-(3-isopropylphenyl)-9-borabicyclo[3.3.1Jnonane (601 mg, 2.5 mmol). Purification:
Biotage, silica, 100% hexanes. Colorless oil.

First run: 158 mg (62%). Second run: 150 mg (59%).

'H NMR (300 MHz, CDCl3) § 7.31-7.20 (m, 3H), 7.10-7.07 (m, 1H), 2.98-2.89 (m,
1H), 2.14-2.10 (m, 3H), 1.96-1.95 (m, 6H), 1.85-1.78 (m, 6H), 1.31-1.27 (m, 6H).

*C NMR (100 MHz, CDCl;) 8 151.3, 148.4, 128.0, 123.4, 123.2, 122.3, 43.2, 36.9, 36.2,
34.4,29.0,242.

FT-IR (film) 2958, 2903, 2847, 1604, 1487, 1449, 1317, 1103, 976, 787, 705 cm .

LRMS (EI) m/z (M") caled for C9Hys: 254, found: 254.

Me
OFC)
1-Methyl-3-(1-methylcyclohexyl)benzene [14962-11-9] (Table 5, entry 1). This
compound was prepared according to general procedure B, using 1-bromo-1-methylcyclohexane
(177 mg, 1 mmol) and (1s,5s)-9-(m-tolyl)-9-borabicyclo[3.3.1]nonane (530 mg, 2.5 mmol).
Purification: Biotage, silica, 100% hexanes. Colorless oil.

First run: 112 mg (60%). Second run: 115 mg (61%).

103



'H NMR (300 MHz, CDCl3) & 7.26-7.21 (m, 3H), 7.03-6.99 (m, 1H), 2.38 (s, 3H),
2.05-1.98 (m, 2H), 1.60-1.45 (m, 8H), 1.20 (s, 3H).

BC NMR (100 MHz, CDCl3) § 150.0, 137.5, 128.1, 126.6, 126.0, 122.9, 37.9, 37.8, 30.3,
26.4,22.7,21.8.

FT-IR (film) 3023, 2929, 2856, 1587, 1605, 1492, 1467, 1454, 1374, 1302, 784, 705
cm .

LRMS (EI) m/z (M) calcd for Ci4Hy: 188, found: 188.

-Pr
OF

1-Isopropyl-3-(1-methylcyclohexyl)benzene [14962-14-2] (Table 5, entry 2). This
compound was prepared according to general procedure B, using 1-bromo-1-methylcyclohexane
(177 mg, 1 mmol) and (1s,5s)-9-(3-isopropylphenyl)-9-borabicyclo[3.3.1]nonane (601 mg, 2.5
mmol). Purification: Biotage, silica, 100% hexanes. Colorless oil.

First run: 134 mg (62%). Second run: 127 mg (59%).

"H NMR (300 MHz, CDCl3) § 7.30-7.20 (m, 3H), 7.09-7.05 (m, 1H), 2.97-2.88 (m, 1H),
2.06-1.99 (m, 2H), 1.65-1.42 (m, 8H), 1.29 (d, 6H, J = 6.0 Hz), 1.22 (s, 3H).

*C NMR (100 MHz, CDCl3) 8 150.0, 148.5, 128.0, 124.2, 123.3, 123.0, 38.0, 37.9, 30.3,
26.4,24.2,22.7.

FT-IR (film) 2957, 2929, 2859 1601, 1489, 1456, 792, 706 cm "

LRMS (EI) m/z (M") caled for C ¢Has: 216, found: 216.
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Ph
OFG

3-(1-Methylcyclohexyl)-1,1'-biphenyl (Table 5, entry 3). This compound was prepared
according to general procedure B, using 1-bromo-1-methylcyclohexane (177 mg, 1 mmol) and
(1s,55)-9-([1,1'-biphenyl]-3-yl)-9-borabicyclo[3.3.1nonane (686 mg, 2.5 mmol). Purification:
Biotage, reverse phase silica (C-18), 40—100% ACN/water. Colorless oil.

First run: 183 mg (73%). Second run: 187 mg (75%).

'H NMR (300 MHz, CDCl3) & 7.64-7.60 (m, 3H), 7.49-7.33 (m, 6H), 2.13-2.05 (m, 2H),
1.70-1.44 (m, 8H), 1.26 (s, 1H).

C NMR (100 MHz, CDCl3) § 150.5, 142.0, 141.1, 128.7, 128.6, 127.3, 127.1, 125.0,
124.9, 124.2, 38.1, 38.0, 30.6, 26.4, 22.7.

FT-IR (film) 3029, 2929, 2856, 1598, 1481, 1466, 1449, 1410, 1075, 894, 798, 756 cm" .

LRMS (EI) m/z (M) calcd for CigH,,: 250, found: 250.

OFrPr
OFG

1-Isopropoxy-3-(1-methylcyclohexyl)benzene (Table 5, entry 4). This compound was
preparcd according to general procedure B, using 1-bromo-1-methylcyclohexane (177 mg, 1
mmol) and (1s,5s)-9-(3-isopropoxyphenyl)-9-borabicyclo[3.3.1]nonane (641 mg, 2.5 mmol).
Purification: Biotage, reverse phase silica (C-18), 40—100% ACN/water. Colorless oil.

First run: 133 mg (57%). Second run: 130 mg (56%).

"H NMR (300 MHz, CDCl3)  7.25-7.20 (m, 1H), 6.98-6.91 (m, 2H), 6.73-6.69 (m, 1H),

4.60—4.51 (m, 1H), 2.02-1.95 (m, 2H), 1.59-1.42 (m, 8H), 1.35 (d, 6H, J = 9.0 Hz), 1.18 (s, 3H).
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13C NMR (100 MHz, CDCl3) & 157.8, 152.0, 128.9, 118.2, 114.6, 111.7, 69.6, 38.0, 37.9,
30.5,26.4,22.7,22.2.

FT-IR (film) 2975, 2930, 2857, 1605, 1579, 1487, 1467, 1452, 1383, 1372, 1289, 1239,
1188, 1122, 1000, 985, 961, 873, 773 cm™ .

LRMS (EI) m/z (M") caled for CsH,40: 232, found: 232.

OTBS
Me

tert-Butyldimethyl(3-(1-methylcyclohexyl)phenoxy)silane (Table 5, entry 5). This
compound was prepared according to general procedure B, using 1-bromo-1-methylcyclohcxane
(177 mg, 1 mmol) and (3-((1s,55)-9-borabicyclo[3.3.1]nonan-9-yl)phenoxy)(zers-
butyl)dimethylsilane (821 mg, 2.5 mmol). Purification: Biotage, reverse phase silica (C-18),
40—100% ACN/water. Colorless oil.

First run: 164 mg (54%). Second run: 161 mg (53%).

"H NMR (300 MHz, CDCl3) § 6.96 (t, 1H, J = 12.0 Hz), 6.78-6.75 (m, 1H), 6.65 (t, 1H, J
= 3.0 Hz), 6.47-6.43 (m, 1H), 1.80-1.72 (m, 2H), 1.37-1.22 (m, 8H), 0.96 (s, 3H), 0.79 (s, 9H),
0.00 (s, 6H).

B3C NMR (100 MHz, CDCl3) & 170.0, 155.5, 128.9, 118.8, 118.0, 116.8, 37.9, 37.9, 30.5,
26.4,25.8,22.7,183,4.4.

FT-IR (film) 2929, 2858, 1600, 1581, 1487, 1472, 1361, 1302, 1251, 1190, 1002, 981,
953, 874, 835, 781 cm™".

LRMS (EI) m/z (M") caled for C;oH3,08Si: 304, found: 304.
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@Aph

Diphenylmethane [101-81-5] (eq 26). This compound was prepared according to
general procedure A (except that toluene was used in place of benzene), using I-bromo-1-
methylcyclohexane (177 mg, 1.0 mmol), and phenyl-(9-BBN) (495 mg, 2.5 mmol). Purification:
Biotage, reverse-phase silica (C-18), 40—100% ACN/water, followed by Biotage, silica, 100%
hexanes. Colorless oil.

First run: 48 mg (29%). Second run: 53 mg (32%).

"H NMR (300 MHz, CDCl3) § 7.34-7.19 (m, 10H), 4.02 (s, 2H).

C NMR (100 MHz, CDCl3) & 141.2, 129.1, 128.6, 126.2, 42.1.

FT-IR (film) 3084, 3061, 3026, 2906, 1076, 1029, 736 cm .

LRMS (EI) m/z (M") caled for Ci3Hj»: 168, found: 168.

The direct cross-coupling product, (1-methylcyclohexyl)benzene, was also isolated using

the aforementioned purification procedure.

First run: 66 mg (38%). Second run: 72 mg (41%,).
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V. 'H NMR Spectra of Selected Compounds
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CHAPTER 2

Photoinduced Copper-Mediated Asymmetric C-N Couplings of Secondary
Benzylic Halides and Secondary a-Haloamides with Carbazoles
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A. Introduction

The first copper-mediated carbon-nitrogen bond-forming reaction betwcen amines and
aryl halides was reported by Ullmann in 1903.* A catalytic variant of this process, which
included anilines and amides as nucleophiles, followed shortly thereafter by Goldberg in 1906.%
Over the course of the next century, variants of these processes were typically conducted in high
temperatures of up to 210 °C, resulting in a lack of generality with respect to reaction scope. In
the 21% century, the introduction of new catalytic copper/ligand systems has enabled the use of
milder, user-friendlier reaction conditions;"’ this has subsequently led to a dramatic expansion of
reaction partner scope as well as functional group tolerance for Ullmann C-N bond-forming
reactions. Presently, a range of aryl and alkenyl halides can be successfully cross-coupled with

various N-heterocycles, amides, and amines using catalytic amounts of copper (eq 27).%

Ar-X [Cu] Ar-NR,
or H-NR, T or 27)
Alkenyl-X Alkenyl-NR,

NR, = N-heterocycles, amides, anilines, alkylamines, ureas

With respect to the mechanism of these processes, Cu-N bond-formation is generally
believed to occur first, followed by oxidative addition of the electrophilic reaction partner. Both

concerted and single electron transfer pathways for oxidative addition have been proposed for

* Ullmann, F. Ber. Deutsch. Chem. Ges. 1903, 36, 2382.

“ Goldberg, 1. Ber. Deutsch. Chem. Ges. 1906, 39, 1691.

7 ¥or several seminal reports, see: a) Buchwald, S. L.; Klapars, A.; Antilla, J. C.; Job. G. E.; Wolter, M.; Kwong, F.
Y.; Nordmann, G.; Hennessey, E. J., WO02/085838 (priority number US 0286268, 2001). b) Taillefer, M.; Cristau,
H.-J; Cellier, P. P.; Cellier, J.-F.; Spindler, Env. SAU2001-1009 and SAU2001-01044; patents Fr2833947-
W00353225 (Pr. Nb. Fr 2001 16547). ¢) Taillefer, M.; Cristau, H.-J.; Cellier, P. P.; Spindler, J. F.; Ouali, A.
Fr2840303-WO003101966 (Pr. Nb. Fr200206717).

*® For recent reviews on Ullmann couplings, see: a) Monnicr, F.; Taillefer, M. Angew. Chem. Int. Ed. 2009, 48,
6954-6971. b) Evano, G.; Blanchard, N.; Toumi, M. Chem. Rev. 2008, 108, 3054-3131.
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different catalyst systems.*>>® While single electron pathways have been supported by

computational studies on specific systems, no direct experimental evidence for single electron
transfer oxidative addition has been observed in the case of thermal Ullmann C-N bond-forming

reactions.

In 2012, Peters and Fu disclosed a photoinduced copper-mediated C-N bond-forming

reaction between aryl halides and photoluminescent copper(I) carbazolide complex 3 (eq 28).5 152

The reaction can be conducted with iodobenzene at room temperature using a 13-watt compact

: ()
P Q (13-watt CFL)

Phi Cu—N ——————» Ph—N (28)

ACN, rt., 10 h
dRe 9
1.2 squiv

3: R = m-tol

77% yield
with 100-watt Hg lamp at -40 °C: 69% yield

] s
> | L,Cu—N A= ©* — > | L,Cu—N are x©
Cu—N Ar-X — ] L A—N
s S

X-CuLy—N Are

Figure 4. Outiine of possible single electron transfer pathways for photoinduced C~N bond formation from 3 and an arylhalide. Top pathway: Outer sphere
electron transter. Bottom pathway: Inner sphere electron transfer.

* Support for a concerted pathway in the context of specific systems: a) Tye, J. W.; Weng, Z.; Johns, A. M;
Incarvito, C. D.; Hartwig, J. F. J. Am. Chem. Soc. 2008, 130, 9971-9983. b) Giri, R.; Hartwig, J. F. J. Am. Chem.

Soc. 2010, 132, 15860-15863.
50 Computational support for a single electron transfer pathway in the context of specific systems: Jones, G. O.; Liu,

P.; Houk, K. N.; Buchwald, S. L. J. Am. Chem. Soc. 2010, 132, 6205-6213.
°! Creutz, S. E.; Lotito, K. J.; Fu, G. C.; Peters, J. C. Science 2012, 338, 647-651.
52 For photoluminescence studies on closely related complexes to 3, see: Lotito, K. J.; Peters, J. C. Chem. Commun.

2010, 46, 3690-3692.
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fluorescent light bulb, and at —-40 °C, an almost comparable yield can be achieved using a
100-watt mercury lamp. In this process, a combination of experimental evidence is consistent
with a single electron pathway for oxidative addition, which involves the intermediacy of an
organic radical (possible single electron mechanisms are illustrated in Figure 4). Firstly, the
origin of the undesired side-products that have been observed in this reaction can be traced to
abstraction of a hydrogen atom from the solvent, acetonitrile, to generate cyanomethyl radicals.
Succinonitrile, presumably arising from the homocoupling of cyanomethyl radicals, is observed
in >5% vyield. Additionally, when the reaction is conducted in deuterated acetonitrile,
monodeuterated benzene is observed. EPR data are also consistent with a single electron transfer
mechanism. Lastly, in an experiment involving a deuterium-labeled radical probe, the
observation of a 1:1 diastercomeric mixture of cyclized products provides strong evidence for the

intermediacy of an organic radical (eq 29).

J) _(13wait CFL) wot CFL) :

(29)

TACN,rt, 100

@ RqP / @g
43% yield

2 3: R = m-tol
dr:1:1

The report by Peters and Fu also discloses a photoinduced copper-catalyzed
cross-coupling between iodobenzene and lithium carbazolide, where copper complex 3 or simple

copper(l) iodide are suitable precatalysts (eq 30). Efforts to explore the scope and synthetic

[Cul:
Q 100-watt Q
Hg lamp Q
, 10% [CU] R
Phi Li—N ACN, rt., 10h Ph—N Cul or Cu—N (30)
Q O Rp”
1.2 equiv
64-65% yield 3:R=mol
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utility of related copper-catalyzed processes between aryl halides and various nucleophiles have
commenced. A successful photoinduced, copper-catalyzed methodology for the cross-coupling
of aryl halides with aryl thiols was recented reported;53 additional reports on photoinduced
copper-catalyzed couplings of aryl halides with various N-heterocycles, as well as phenols, are

imminent (eq 31).

Nuc-H =
cathLCu] Carbazoles
Nuc-H X-Ar ———— > Nuc-Ar Indoles (31)
base Imidazoles
X=Brl good Benzimidazoles
yields Aryl thiols
Phenols

The radical probe experiment in equation 29 indicates that an alkyl radical can react
productively to lead to C-N bond-formation. Thus, the Fu and Pcters groups considered the
likelihood of successfully developing a photoinduced copper-catalyzed process using alkyl
halides as electrophiles. Based on reduction potentials, this seems reasonable: Copper complex 3
is roughly estimated to have a reduction potential of -2.6 V versus SCE in acetonitrile,”’ and the
outer-sphere reduction potentials of unactivated primary and secondary alkyl chlorides,
bromides, and iodides have been reported to range from approximately -0.9 to —1.2 versus SCE
in acetonitrile.®* Indeed, alkyl halides do turn out to be successful coupling partners for these
processes. Our groups have recently reported the photoinduced copper-catalyzed coupling of
secondary (and sterically bulky primary) alkyl iodides with carbazoles. % Additionally, in
unpublished work, primary amides have been found to be suitable coupling partners with
unactivated secondary bromides and iodides. Preliminary results indicate that, upon further

optimization, indoles and pyrroles may also be viable reaction partners (eq 32).

3 Uyeda, C.; Tan, Y.; Fu, G. C.; Peters, J. C. J. Am. Chem. Soc. 2013, 135, 9548-9552.

* Isse, A. A.; Lin, C. Y.; Coote, M. L.; Gennaro, A. J. Phys. Chem. B 2011, 115, 678—684.

5% Bissember, A. C.; Lundgren, R. ].; Creutz, S. E.; Peters, J. C.; Fu, G. C. Angew. Chem. Int. Ed. 2013, 52,
5129-5133.
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Nuc-H =

R cat [Cu] R
ho * Carbazoles 32
Nuc-H X—< , base Nuc——(R' Primary amides (32)
R Indoles (preliminary)
R.R' = alkyl Pyrroles (preliminary)
X'=8r, 1

Given that secondary alkyl halides have been demonstrated as suitable reaction partners,
coupled with the hypothesis that oxidative addition in these processes occurs via a single electron
transfer pathway that generates organic radical intermediates, we were inclined to explore the
possibility of developing stereoconvergent asymmetric Ullmann cross-couplings between

raccmic secondary alkyl halides and various nucleophiles, aided by a chiral ligand (eq 33). The

[Cu]
chiral ligand

R hu * (R
Nuc-H X — = Nuc (33)
_<R' base R'

R = alkyl
R' = alkyl or some rw-system

development of these processes would demonstrate a great precedent for the unique utility of
photoinduced Ullmann coupling reactions, because these classes of enantioenriched coupling
products are currently inaccessible via thermal Ullmann reactions.

We decided that it would be logical to first attempt to develop a copper-mediated
asymmetric process, in order to gain a general understanding of reactivity without inviting the
additional complications that may arise from catalysis. Carbazoles were selected as the first
class of nucleophilic reaction partners to explore, because at the time, they were demonstrated to
cross-couple with unactivated secondary alkyl iodides in good yields. Secondary benzylic

halides were considered as the first class of electrophilic reaction partners to explore: We
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speculated that a chiral copper complex might be better able to differentiate between the aryl and
the alkyl group on a benzylic radical intermediate, as compared to differentiation between two

[Cu]
X chiral ligand
PN

N ———
= Ph R base

\ R = alkyl PR "R
alkyl groups in the case of unactivated secondary alkyl halides. Additionally, with respect to
using secondary a-halo carbonyls as reaction partners, we anticipated that excitation of the

carbonyl group might lead to undesired side reactions. Thus, the project commenced between

secondary benzylic halides and carbazoles (cq 34).
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B. Results and Discussion

1. Experimental Design

Prior to exploring rcactions that include chiral ligands, initial efforts for this project
focused on establishing that copper-mediated photoinduced bond-formation between secondary
benzylic halides and carbazoles is possible. First, experiments in the absence of. light were
conducted in order to monitor for Sx2-type background rcactions (eq 35). As a starting point, the
reaction conditions that were chosen for these experiments closely mimicked those conditions
previously reported for photoinduced copper-catalyzed C—N coupling between alkyl iodides and
carbazoles; acetonitrile was selected as the solvent, lithium fers-butoxide as the base, and copper
(I) iodide as the copper source. Using the electrophile (1-chloroethyl)benzene, the background
reaction after fifteen hours at room temperature was a promisingly low 6% yield, while with
(1-bromoethyl)benzene®, the background reaction increased to 17% yield.

X
O h?

NH LiOtBu Cul (35)
O Ph)\ Me  ACN, 0.05M /‘N\

rt., 15h Ph Me

X=Cl, Br

No light: X =Cl: 6% yield
Br: 17% yield

100-watt Hg lamp: X = Cl: 17% yield
Br: 41% yield

1 equiv of all reagents

These experiments were then conducted in the presence of a 100-watt mercury lamp, and
for both (1-chloroethyl)benzene and (1-bromoethyl)benzenc, higher yiclds were observed in the
presence of the lamp, establishing that a photoinduced copper-mediated cross-coupling between
secondary benzylic halides and carbazoles is possible (eq 35). It should be noted that the mercury
lamp generates a considerable amount of heat, and therefore, the reactions were set up in a

crycocool that maintained an ethanol bath at room temperature. Due to the fairly low background

5 For the preparation of this compound, see: Art, F. O.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 10482-10483.
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reaction observed with (1-chloroethyl)benzene, this electrophile was sclected over
(1-bromoethyl)benzene for further studies that employed chiral ligands.

While attempting to initiate a stoichiometric copper(l) iodide/chiral ligand screen in
acetonitrile, it immediately became apparent that, generally, the solubility of the combination of
these reagents in acetonitrile was low. Most reactions were extremely viscous and
heterogeneous; this is obviously problematic in the context of attempting to realize a
photoinduced process. Attention was turned toward identifying solvents that are potentially more
solubilizing than acetonitrile. At this time, it was also decided to move from copper(I) iodide to
copper(l) chloride, in order to bypass potential Finkelstein reactions that could occur in the
presence of an iodide. Table 6 depicts photoinduced copper-mediated reactions in DMSO, DMA,
and DMF; background reactions in the absence of light were also monitored. Additionally, a
rough depiction of the reaction setup is provided in Figure 5. The vial numbers provided in Table
6 correspond to vial locations with respect to the mercury lamp in Figure 5.

The first observation is that the reaction affords product in all three solvents, with very
low-yielding background reactions in the absence of light. It is not necessarily important that
these reactions afford product in the absence of a chiral ligand, since the ultimate goal is to
develop an asymmetric process using a chiral ligand-bound copper complex. However, it is
somewhat reassuring that product formation is observed in these reactions; if no yield was
observed, we could not rule out that the solvent is incompatible with the copper-mediated
process; in this case, all subsequent ligand screens could be in vain.

The second observation is that, with the current reaction setup, due to the 45° angle of the
mercury lamp over the dewar, vial location is important. For example, drastically different yields

are obtained for reactions in DMSO for vials 2 versus 3. Vial 3, while closer to the mercury
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lamp, most likely has a lower yield due to obstruction of light from the vial’s cap. In order to

attain interpretable, reproducible results, the reaction setup had to be modified.

Table 6. Photoinduced Copper-Mediated C-N bond-formation in DMSO, DMA and DMF; Vial # denotes vial location

in Figure 5.
& 0
NH LiOtBu CuCl )\Me e )N\
O rt,15h Ph “Me
1 equiv of all reagents
Vial # Solvent Yield (%)*
1 ACN (control experiment) 16
2 DMSO 69
3 DMSO 37
4 DMSO (no light) 1
5 DMA 34
6 DMA 19
7 DMA (no light) 3
8 DMF 20
9 DMF 25
10 DMF (no light) 3
*GC calibrated yields.

Arrows indicate identical
reactions except for location

® %P0
®

ONO!

Lamp

Light is over dewar at
~ 45° angle

Figure 5. First-generation lamp and cryocoot set-up, corresponding to the
reactions in Table 6.
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In an alternative setup, the mercury lamp is no longer angled over the dewar; instead, it is
positioned directly over the dewar, facing straight down (Figure 6). Therefore, regardless of vial
location, all vials are presumably exposed to a similar intensity of light. In this setup, vials are
placed upside down in order to limit the obstruction of light from their caps; the caps are
Teflon-lined and were found to maintain a reliable seal while immersed in an ethanol bath. With
this setup, nine reactions were conducted in DMSO in various vial locations, and all nine
reactions afforded 59-62% GC calibrated yields. Thus far, this reaction setup has been used for
the duration of the project. It should be noted that the reaction in Figure 6 is also viable in a
photobox when irradiated with a 350 nm light source. However, the lamp/cryocool setup was
considered to be more useful, because the reaction temperature with this setup is an casily
adjustable parameter. Being able to access low temperatures was postulated to potentially
become very important in the context of developing an asymmetric process.

® o
NH LorBu cucl o K ~Swso oo /‘N\
O rt., 15 h Bh Me
1 equiv of all reagents

59-62% yield
for ali 9 reactions

®
O

OG00
GOGO

OGO
OGOO®

Lamp directly
overtop

Figure 6. Second-generation reaction setup, in order to ensure
reproducible results across vial locations.
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Before moving forward and attempting reactions in DMSO with chiral ligands, we
wanted to ensure that, in the course of the photoinduced copper-mediated reaction, the reaction
mechanism allows for both enantiomers of the racemic secondary benzylic chloride to form one
enantiomer of product. In order for this to happen, the mechanism of oxidative addition must not
proceed via retention or inversion. To test this, enantiopure (R)-(1-chloroethyl)benzene®’ was
synthesized and used in a reaction (eq 36). The resulting product was racemic, indicating that
oxidative addition does not proceed with rctention or inversion (or, that there is an alternative,
more complicated mechanism for interconversion of the electrophile). This cxperiment validates

the potential development of a stereoconvergent process.

O ol 100-watt O O
H Hg lamp
NH  LiO+Bu CuCl s

S —————— ™ 36

P “Me ~DMSO, 0.05 M /ﬂ“\ (36)
O rt, 15 h P Mo
1 equiv of all reagents 57% yield

racemic

2. Asymmetric Cross-Couplings of Secondary Benzylic Chlorides with Carbazoles

With reaction conditions and a rcaction setup established, an examination of chiral
ligands in DMSO commenced (Figure 7). Regarding the general procedure for these reactions
with chiral ligands, lithium zers-butoxide and carbazole were first premixed for ten minutes in
order to ensure the clean formation of lithium carbazolide. In a separate vial, copper(l) chloride
and the chiral ligand were premixed for thirty minutes. The solution of lithium carbazolide was
then added to the copper(l) chloride/chiral ligand mixture, and this was premixed for an
additional thirty minutes prior to adding the electrophile and finally, turning on the mercury

lamp.

37 This was accessed via chlorination of commercially available (R)-(+)-1-phenylethanol: De Luca, L.; Giacomelli,
G.; Porcheddu, A. Org. Lett. 2002, 4, 553-555.
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O o 100-watt
i Hg lamp
NH LOtBu cucl _ L chiral
Ph” “Me ligand  pyso, 005 M /’E
O racemic rt,15h Ph” Me
1 equiv of all reagents
CO. CC (O
D @ N euN
PPhy P(bis-m-toi); PPh,  MeO P(bis-m-tol},  MeO P(i-Pr),
O o PPh, O O P(bis-m-tol); ‘ ‘ PPhy  MeO l P(bis-m-tal), MeQO ! P(i-Pr),
44% yield 35% yield 32% yield 40% yield 34% yield
racemic racemic racemic racemic racemic
PPh, MeQ
PPh, PPh, I\ PhoP
i BocN PPh, P P
PPh, O OMePh " FPh2
PPh,
20% yield 40% yield 27% yield 43% yield 32% yield
racemic racemic racemic racemic racemic
OO M : w4\ HH
SP: . Q "—B , P m_(j
2 PhP  PPh,  “—P P ()\ £ e
Q\ +Bu #Bu
25% yield 37% yield* 34% yield” 41% yield” 24% yield”
racemic racemic racemic racemic racemic
0
CO, , OO e
A / N o) fo) “~\
P—N PPh, W)S\/J N e_pn
d n-PPhe N N N
99 QYL I
2% yiel
0% yield® 0% yield* 7% Yield
4% yield
ee: nd
Ph Ph Ph Ph e O, O S
. 3 ( J: K /[ P :’ |
MeHN  NHMe H,N  NHy +Bu gn” N N~ g, [} N 0
Ph,P <// i
\—N N
4% yield 2% yield 18% yield 19% yield P 2% yield ;
ee:nd ee: nd racemic racemic P e?—;:y nd P

Figure 7. Examination of ligands. Yields are GC

calibrated. *Denotes reactions run in 1:1 DMSO:ACN.
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Many ligand classes were explored in Figure 7, including phosphines, diamines, and
bisoxazoline ligands. Unfortunately, in all reactions that afforded product, the products were
racemic.

Because the reactions in this first ligand screen were racemic, we surmised that the chiral
ligands might be dissociating from copper, and that employing potentially anionic ligands may
allow for stronger ligand coordination to copper. In Figure 8, amino alcohols and diamine
ligands were screened in the presence of cither one or two equivalents of carbazole and LiO#-Bu
(generating lithium carbazolide in situ). In cases where a second equivalent of lithium
carbazolide is present, deprotonation of a ligand-bound copper species was speculated to be
possible. However, the difference in yield proved to be marginal when using one versus two
equivalents of lithium carbazolide for a given chiral ligand, and all of the reactions in Figure 8

afforded racemic product. The amino alcohols in Figure 8 were also deprotonated with sodium

O o 100-watt
)\ chiral Hg lamp

NH LiOtB ! i
iOtBu CuC Ph” “Me ligand DMSO, 0.05 M )N\
O racemic "t 18h Fre Ve
N S -
Y Y
X = 1-2 equiv 1 equiv
) o NH, Ph Ph
W Dy, - ‘
N N OH 4 “OH  pg
M MeHN  OH e

“tBu Ho  NHpn O ®

Ph  Ph Ph  Ph
= — N (e~
HoN  NH, MeHN  NHMe H o NH, L NH, NH; \
Et l l NH, HoN  NHap

Conclusion: With X = 1 or 2 equiv, yields for this screen vary from 5-50%; all products are racemic.

Figure 8. Survey of ligands, with varying quantities of carbazolide (allowing for the potential generation of anionic ligands). Yields
are GC calibrated.
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hydride and then tested in reactions, but again, only racemic products were observed.

Indolides as nuclecophiles werc also explored in the absence and presence of chiral
ligands. In the absence of chiral ligands, in solvents ACN, DMSO, and benzene, product was
observed in less than 10% yield. In the presence of chiral ligands, yields were similarly low, and
therefore, enantioenrichment was not determined. Electrophiles 2-bromo- and
2-chloropropanenitrile were also examined. In the absence and presence of chiral ligands,
product formation was observed, but all products were racemic.

We are fortunate to possess a sizable library of chiral phosphepine ligands, which have
been successfully employed in the group for asymmetric nucleophilic catalysis. * Two
phosphepine ligands with varying degrees of steric bulk were surveyed in DMSO and benzene,
for the coupling of (1-chloroethyl)benzene with carbazole. Benzene was selected as a second
solvent because these reactions in DMSO turned out to have limited solubility. The first
observation of enantioenrichment, specifically, 10% ce, 16% yield, was observed using ligand
L8> in benzene (Table 7, entry 3). Unfortunately, efforts to reproduce this result were met with

failure, and racemic product was observed over several attempts.

%8 For a recent example,and for the preparation of L9, see: Fujiwara, Y_; Fu, G. C. J. Am. Chem. Soc. 2011, 133,
12293-12297.

*® For the preparation of L8, sce: Junge. K.; Hagemann, B.; Enthaler, S.; Spannenberg, A.; Michalik, M.; Ochme,
G.; Monsees, S.; Riermeier, T.; Beller, M. Tetrahedron: Asymmetry, 2004, 15, 2621-2631.
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Table 7. Survey of Chiral Phosphepine Ligands in DMSO and Benzene.

O cl 100-watt
chiral Hg lamp

NH LiotBu cucl _ k. hosphepine ————
Ph™ "Me P Ii;ang solvent, 0.05 M )\*
racemic rt., 15h Ph Me
1 equiv of all reagents
Entry Ligand Solvent Yield (%)* ee (%)
1 OO DMSO 56 0
L8 PPh
2 O [ Ph DMSO 52 0
L9 PPh
L,
2 OO Benzene 16 10
L8 PPh
4 O O Ph Benzene 11 0
L9 PPh
CLL,

* Yields are GC calibrated.

At this point, we questioned the design of our reaction. We postulated that perhaps
transmetalation of lithium carbazolide to various chiral ligand-bound copper chloride complexes
is a problematic step that could result in dissociation of the chiral ligand. This might help to
explain the observation of only racemic products in reactions with a variety of chiral ligands. It
also might explain the problem in reproducing the lead result of 10% ee (howeve.r, it was
difficult to try to validate this hypothesis by attempting to detect free phosphepine ligand by p
NMR, because this reaction is very heterogeneous). We decided to continue with a new

experimental design that uses premade copper carbazolide complex 6; therefore, the potentially
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problematic step, transmetalation, can be avoided (eq 37). In this general procedure, the copper
complex and the chiral ligand are premixed prior to the addition of the electrophile. With this

approach, we were pleased to find that we could again achicve 10% ee, and this result was very

reproducible (eq 38).
cl Ph.P O 100-watt O O
AN chiral Hg lamp
PR “Me /CU“N ligand — > N @7
*
racemic PhaP 6 Ph” “Me

1 equiv of all reagents

al Phap 100-watt
)\ Hg lamp (38)
Ph” “Me onp benzene, r.t., 15 h /k
racemic 3 Ph™ "Me

33% yield
10% ee
1 equiv of all reagents

Exploring the reaction temperature was prioritized in the attempt to improve
enantioselectivity. Due to benzene’s high freezing point, it was desirable to explore solvents with
lower freezing points. Benzene, trifluorotolucne and toluene were examined at 10 °C. Despite
concern that toluene would be a problematic solvent for a postulated radical process, it afforded
an improved yield of 42%, and comparable ec to benzenc and trifluorotoluene (eq 39).

g < C g lamp

Cu—N PPh N (39)

Ph Me lvent, 10 °C, 15 h
S solvent, , /k
racemic PhsP 6 Ls Ph™ "Me

Benzene: 33% yield, 10% ee
Trifluorotoluene: 24% yield, 10% ee
Toluene: 42% yield, 10% ee

1 equiv of all reagents

The reaction temperature was reduced to -80 °C, the low-temperature limit for the

cryocool. Reaction concentration and numerous phosphepine ligands, as well as other chiral
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dialkylarylphosphine ligands, were examined. A clear negative correlation was observed
between temperature and enantioselectivity. We achieved a new best result with the
commercially available spirocyclic phosphine ligand, (R)-SITCP (L10); this affords 26% ee and
28% yield (eq 40). It should be noted that, in moving from (1-chloroethyl)benzene to more
hindered  (1-chloropropyl)benzene, comparable yield and enantioselectivity is observed.
Additionally, in the absence of ligand L.10, no product is observed under the conditions outlined

in equation 40. This reaction is homogeneous from beginning to end.

100-watt
cl Ph3P\ O Hg lamp
(40)

Ph” Me P y O -80° G, toluene, 0.025 M, 15 h )N\*
racemic 6 Ph Me
(R)-SITCP R = Me: 28% yield
L10 26% ee
1 equiv of all reagents with no L10: 0% yield

Upon achieving these results, the reaction was attempted without copper carbazolide
complex 6, and instead using the original protocol beginning with copper(I) chloride/lithium
carbazolide (eq 41). In this case, instead of using carbazole and lithium fert-butoxide in the
reaction, lithium carbazolide was premade and used directly as a white salt. L10 was premixed
with copper(l) chloride for thirty minutes (homogencous after thirty minutes). Subsequently,
lithium carbazolide was added, and the mixture was allowed to stir for an additional thirty
minutes (slightly turbid, presumably due to the generation of LiBr, but otherwise the mixture
appears to be homogeneous). Gratifyingly, under these conditions, the yield and

enantioselectivity were comparable to the results in equation 40.
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o O
see eq 40 (41

N-Li  CuCl e .
Ph)\ Me PPh )I\E
racemic Ph Me
30% yield
[ Lo 24% ee
1.5 equiv 1 equiv 1.2 equiv

However, when ligand L11 was compared in the case of both protocols (eq 42 & 43),
drastically different results were observed; the yield and ec for the reaction using copper(l)
chloride/lithium carbazolide were much lower than the corresponding reaction with premade
copper carbazolide complex 6. Notably, in contrast to L10, when L11% is premixed with
copper(I) chloride in equation 43, the mixture remains heterogeneous. After lithium carbazolide
is added, the mixture is still very hetereogeneous over the course of thirty minutes. We speculate
that the poor reaction outcome in equation 43 arises from this heterogeneity, which could cause

transmetalation to be a problematic step. This relationship between homogeneity and good

Cl Phap\ Q OO see eq 40 (42)
A Cu—N p oMe —————

Ph” ~Me s PN

racemi PhgP O O Ph” ~Me

acemic 6 L11

25% yield
20% ee
1 equiv of all reagents

7 :O :)OO
1:>h/k Me N—-Li  CuCl P—QOMe see eq 40 i (43)
racemic O O‘
L11

Ph Me
\ﬂ—/ 1% yield
6% ee

1.5 equiv 1 equiv 1.2 equiv

reactivity for reactions beginning with copper(l) chloride/lithium carbazolide was also observed

for other phosphepine ligands — hetercogeneous reactions using copper(l) chloride generally

% For the preparation of L11, see: Enthaler, S.; Erre, G.; Junge, K.; Michalik, D.; Spannenberg, A.; Marras, F.;

Gladiali, S.; Beller, M. Tetrahedron: Asymmetry 2007, 18, 1288-1298.
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afforded poor results compared to analogous rcactions using copper complex 6. This observation
validates the decision to examine all chiral ligands using copper carbazolide complex 6 instead
of copper(l) chloride and lithium carbazolide.

Further efforts to optimize the result of 26-28% ce in equation 40 were fairly fruitless.
Using two equivalents of L10 only had a marginal effect on the reaction outcome (1-2%
improvement in cc). Ethereal solvents were comparable to toluene; other solvents were inferior.
Variation of the benzylic electrophile (i.e., substitution on the aryl ring, and cyclic variants) gave
comparable results to (1-chloroethyl)benzene. A ligand screen of variants to .10 was undertaken
(eq 44). In conclusion, ligands containing substitution on the aryl ring afforded comparable
enantioselectivities to the parent ligand L.10, and methylation in the benzylic position of this

scaffold had no effect on enantioselectivity. Yields varied, but were no greater than 30%.

o S

see eq 40
Cu—N (44)
Ph Et % N
PhgP P
racemic 6 Ph Et
1.5 equiv 1.0 equiv 1.2 equiv s 30% yield
a a N 24-30% ee

Ar = 1-naphtyl, 2-naphtyl,
o-anisole, o-tolyl, p-anisole

A very broad ligand survey was undertaken: All previously examined ligands were
reexamined (BINAP-type, oxazolines, diamines, etc.) and several new chiral ligand classes were
explored, such as amino acids, deprotonated amino acids, and some commercially available
chiral carbenes. All reactions that afforded <5% yield at -80 °C were also run at 0 °C in order to
generate high enough yields so that enantioselectivity could be assayed. Most of these ligands
completely suppressed reactivity. Bidentate triarylphosphine ligands such as BINAP afforded

yields, but all products were racemic. Three new ligand classes were found to afford some
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enantioselectivity: Trialkylphosphepine ligands L12-L13°%"%

resulted in low yields and ee’s;
phosphinamine ligand L14% afforded a relatively high ee of 42%, but the yield was suppressed
to 6%; and lithiated amino alcohol L15 afforded 14% ee at 0 °C (Figure 9). Subsequently, a large
screen of deprotonated amino alcohols, varying the cation, was untaken. However, L15 afforded
the only enantioenriched result (reproducibly).

. O
1 \Cu—N chiral see eq 40

Ph Et ligand N

Php”” P
racemic 6 Ph Et
1.5 equiv 1.0 equiv 1.2 equiv

P-alkyl PNEt,
SO GG "
L12-L13 L14 L15
alkyl = i-Pr: 23% yield, 16% ee 6% yield at 0 °C: 18% yield
alkyl = t-Bu: 12% yield, 10% ee 42% ee 14% ee

Figure 9. Other ligand classes that afford some enantioselectivity.

At this point, optimization of photoinduced copper-mediated C-N bond-formation
between secondary benzylic chlorides and carbazoles was put on hold. A catalytic variant of the
reaction was attempted at —80 °C, but no product formation was observed. However, upon
running the catalytic reaction at 10 °C, product was formed in 22% yield and 10% ee (eq 45).
While these results are modest, they indicate that: A) catalyst turnover was achieved (one¢), and
B) some enantioselectivity was maintained (the ligand didn’t completely dissociate in the
presence of excess lithium carbazolide). The corresponding stoichiometric reaction at 10 °C

affords 15% ee. The erosion of enantioselectivity from the stoichiometric to the catalytic reaction

¢! For the preparation of L12, see ref. 60.
®2 For the preparation of L13, see ref. 59.
8 For the preparation of L14, see: Junge, K.; Oehme, G.; Monsees, A_; Riermeier, T.; Dingerdissen, U.; Beller, M.
J. Organomet. Chem. 2003, 675, 91-96.
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might be partially due to ligand dissociation from copper; instead, along with a minor racemic
Sn2 background reaction with lithium carbazolide in the catalytic case (1-2%). Upon finding a

more enantioselective stoichiometric system, catalysis will be attempted again.

100-watt O O
Hg lamp

N (45)
™ "Me 10 °C, toluene, 0.025 M, 15h Py
Ph Me
. 22% GC yield
1.5 equiv 1 equiv 10% 12% 10% ee

Regarding the reaction mechanism, our leading hypothesis invokes a similar mechanism
to that proposed in the photoinduced copper-mediated cross-coupling of iodobenzene and
carbazole (Figure 4). Single electron transfer oxidative addition generates a benzylic radical
intermediate, which combines with a chiral copper complex, followed by reductive elimination
(direct C-N bond formation between the benzylic radical intermediate and the chiral copper
complex is also possible). Other possible mechanisms involve an Sy2 reaction between ligand
L10 and the benzylic chloride. In one case, the resulting chiral cationic species could form a tight
ion pair with an anionic Cu(carbazolide), species,* that might further react productively with a
secondary benzylic chloride in an asymmetric process. In another case, the Sy2 reaction between
LL10 and the benzylic chloride could be a kinetic resolution, where the resulting cationic species
is an intermediate that further reacts with a copper carbazolide species, via another Sy2 reaction,
to form enantioenriched product. However, when L10 was mixed with (1-chloroethyl)benzene
for three hours in toluecne, no reaction occurred (eq 46). Additionally, at the end of the
photoinduced copper-mediated cross-coupling reaction, cationic species 7 was not observed by
LC/MS. Lastly, at the end of the cross-coupling reaction, remaining (1-chloroethyl)benzene is

always racemic, which is inconsistent with a kinetic resolution pathway.

% It has been demonstrated that in the case of photoinduced copper-catalyzed cross-coupling of secondary alkyl
iodides and carbazoles, Li[Cu(carbazolide),] is a chemically competent species: see ref. 55.
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O Ph CI
ol . @) —Me
Pe PPh ——X—— P, (46)
Ph” “Me r.t., toluene ~Ph
. 3 hours Q
racemic
1 equiv each 7

No product detected
by LC/MS

3. Asymmetric Cross-Couplings of a-Haloamides and a-Halolactams with Carbazoles

Under the best reaction conditions for the coupling of secondary benzylic chlorides with
carbazole (eq 40), other electrophiles and nucleophiles were explored. Once again, reactivity
with an indole was poor; only trace yield was observed, even in a reaction at room temperature.
2-bromo and 2-chloropropionitrile afforded racemic products. Unactivated electrophiles such as
those described in equations 3 and 5 (Chapter 1) were tried, but only trace yields were observed,
even in reactions at room temperature. An ee¢ assay was obtained for the unactivated electrophile
containing a carbamate in equation 5, despite the very low yield, but the product was racemic
(this reaction was run at room temperature).

Upon exploring a-haloamides, very promising results were obtained. Under the room
temperature reaction conditions illustrated in equation 47, o-bromo-y-lactam 8 was
cross-coupled with copper carbazolide complex 3 in benzene to afford product in 56% yield,

72% ee. Other solvents were surveyed: Toluene affords 81% ee, but the yield was reduced to

100-watt
. e o O
R3P\ Hg lamp
- B - SN a7
Ph Nb/ ' Cu—N benzene, rt,, 0.0125 M, 15 h Ph N\b/ @7
Hap/ O

8
56% yield
72% ee

racemic 3: R = m-tol
in toluene: 32% yield, 81% ee

1.5 equiv 1.0 equiv 1.2 equiv in trifluorotoluene: 33% yield, 62% ee
in THF: 47% yield, 75% ee
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33%. In general, across all a-haloamides that have now been examined, yields in toluene are
inferior to yields in benzene, which leads us to speculate that abstraction of a benzylic hydrogen
on toluene by a secondary alkyl radical intermediate could be occurring. Trifluorotoluene results
in inferior yield and ee, and THF offers comparable ee to benzene, albeit the yield is lower.

We next turned our attention to acyclic amide electrophiles. Thus far, amide 9 affords
42% vyield, 71% ee (eq 48; note: based on a simultaneous control experiment that afforded a
lower yield than usual, the yicld of the reaction in eq 48 is most likely higher than 42%). A
N,N-diphenylamide, an N N-dialkylamide and a Weinreb amide all afford lower
enantioselectivities compared to 9 (50s-60s). It is worth mentioning that, in contrast to lactam 8,
which gives comparable ee in benzene and THF, THF and other ethereal solvents have
consistently resulted in reduced cnantioselectivities for acyclic amide electrophiles. It should also

be noted that at the end of all of these reactions, the remaining clectrophiles are racemic.

Q 0 PP O o g
r S 47
NJH/ Cu—N PPh &, Q/NJ\"/N Q (a8)
B gp/ O Et
racemic 3: R =m-tol L10 71% o6

42% yield

1.5 equiv 1.0 equiv 1.2 equiv
In a survey of chiral ligands, L10 provides the highest enantioselectivities for these amide
electrophiles, although close variants of L10 (i.e., eq 44) have yet to be examined. In toluene,
these reactions are not viable at —80 °C, but intermediate temperatures still need to be explored,
and solvents should be explored simultancously at these lower temperatures. Thus far, head-to-
head bromide and chloride electrophiles lead to comparable yield and ee. It will doubtlessly be
possible to systematically optimize these results, and there are numerous reaction parameters

remaining to explore.
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C. Conclusion and Future Outlook

Photoinduced, copper-mediated asymmetric C-N cross-coupling reactions between
racemic secondary alkyl electrophiles and carbazoles have been established. The commercially
available chiral phosphine ligand, SITCP, was found to induce modest enantioselectivity
(20s-30s) for secondary benzylic electrophiles, and good enantioselectivity (70s, with yields in
the 40s—50s) for a-haloamides and a-halo-y-lactams. In the development of these processes, the
most effective strategy for surveying chiral ligands involved using premade copper complexes
(PPh;3),Cu(carbazolide) 6 or (P(m-tol);),Cu(carbazolide) 3, and, presumably, displacing the
triarylphosphine ligands in situ with more strongly coordinating chiral ligands. Once the ligand
(R)-SITCP L10 was identified using this strategy, more user-friendly reaction conditions that
circumvent the use of a premade copper complex were developed for cross-coupling secondary
benzylic halides, involving L10, copper(l) chloride, lithium carbazolide and the desired
electrophile. These conditions will be tested shortly with a-haloamides and «o-halolactams.

It is expected that fine-tuning of the ligand, in addition to an exploration of solvents,
temperatures and concentrations, will be the path forward for the final optimization of the
cross-coupling reaction between carbazolides and o-haloamides/a-halolactams. The scope of
these electrophiles also needs to be further explored (with particular attention to varying lactam
ring size).

Regarding the possibility for catalysis: While the Sy2 background reaction (in the
absence of light) for the stoichiometric in copper process is very low with a-bromoamides at
room temperature (tested in toluene and THF), under similar reaction conditions, yet in the
absence of copper and in the presence stoichiometric lithium carbazolide, a strong Sn2 reaction is

observed. This contributes to the challenge of developing catalytic asymmetric reaction
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conditions. With tuning of temperature and solvent, along with movement to chloride
electrophiles, it may be possible to develop a catalytic in copper process between lithium
carbazolide and a-chloroamides or a-chlorolactams.

In the long term, in the interest of expanding the catalysis to include nucleophiles that,
once deprotonated, are even more prone to Sy2 reactions with alkyl halides than carbazoles (e.g.,
indoles, pyrroles) it may become extremely important to establish reaction conditions that
successfully employ weak bases (e.g., carbonates, phosphates), which are only able to
deprotonate N-heterocycles upon their coordination to copper. If this is not possible, another
potential way to avoid the Sn2 problem is to employ deprotonated nucleophiles containing

particular countercations that still enable transmectalation, yet slow the rate of Sx2 processes.
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D. Experimental
I. General Information

The following reagents were purchased and used as received: CuCl (Aldrich; note:
hygroscopic), (R)-SITCP (Strem; note: air sensitive), PPh: (Acros), P(m-tol); (Acros),
1-(chloroethyl)benzene (TCI America), 3-bromo-1-phenylpyrollidin-2-one 8 (Fluka; currently
discontinued). Carbazole (Acros) was recrystallized twice from ethanol prior to use. Lithium
carbazolide,”  (PPh)iCu(carbazolide) 6, *  (P(m-tol))y(carbazolide) 3, °*°
1-(chloropropyl)benzene, 67 and 2-bromo-(1-indolin-1-yl)butan-1-one 9 6% were prepared
according to literature procedures. All solvents were deoxygenated and dried by sparging with
argon followed by passage through an activated alumina column from PPT (Nashua, NH).

All reactions were carried out in oven-dried glassware under an atmosphere of nitrogen.
HPLC analyses were carried out on an Agilent 1100 series system with Daicel CHIRALCEL®
columns (internal diameter 4.6 mm, column length 250 mm, particle size 5 u). GC analyses were
obtained on an HP 6890 Series GC System with a DB-1 column (length 30 m, internal diameter
0.25 mm). LC/MS analyses were obtained on an Agilent 1290 series UHPLC with an Agilent
Eclipse Plus C18 column (internal diameter 2.1 mm, column length 50 mm, particle size 1.8 p),

and a 6140 quadrupole MS.

% See ref. 52.
% See ref, 51.

7 De Luca, L.; Giacomelli, G.; Porcheddu, A. Org. Lett. 2002, 4, 553-555.
% See ref. 44.
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II. Photoinduced Copper-Mediated Asymmetric C-N Couplings with Secondary Alkyl
Halides and Carbazoles

General Procedure A (eq 40). In a nitrogen-atmosphere glovebox, copper complex 6
(18.8 mg, 0.025 mmol, 1.0 equiv) and (R)-SITCP L10 (8.8 mg, 0.025 mmol, 1.0 equiv) were
added to a 4-mL borosilicate vial equipped with a magnetic stir bar. Toluene (0.8 mL,
anhydrous) was added, the vial was scaled with a Teflon-lined scptum cap, and the resultant
solution was stirred for 30 minutes. The solution was then added to another 4-mL borosilicate
vial, equipped with a magnetic stirbar, containing the electrophile (0.038 mmol, 1.5 equiv); the
vial that had contained the mixture of 6 and L10 was rinsed with toluene (0.2 mL, anhydrous),
and this was also added to the reaction mixture containing the electrophile. This vial was capped
with a Teflon-lined septum cap, removed from the glovebox, and secured upside-down in a
plastic vial rack immersed in a dewar containing a —80 °C ethanol bath which is maintained by a
crycool and rests above a stir plate. The reaction was stirred for 2 minutes in order to equilibrate
to —80 °C. Then, a 100-watt mercury lamp was placed directly above the dewar, facing straight
down (see Figure 6). The entire apparatus was covered in aluminum foil, the mercury lamp was
turned on, and the reaction was allowed to stir at —80 °C for 15 hours.

The reaction was then removed from the —80 °C bath, quenched with 5 pL acetic acid,
and an internal standard, pentadecane (6.9 uL, 0.025 mmol, 1.0 equiv) was added. The mixture
was filtered through a plug of silica, eluting with dicthyl ether. The yield was then calculated by
calibrated GC analysis. The filtrate was then concentrated using rotary evaporation, and the

crude product was purified (for HPLC analysis) by preparatory TLC.
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N

A

Ph™ "Me

9-(1-Phenylethyl)-9H-carbazole (eq 40). This compound was prepared according to
general procedure A, using (l-chloroethyl)benzene (5.0 uL, 0.038 mmol). Purification:
Preparatory TLC, silica, 95% hexanes: 5% diethyl ether. 28% GC calibrated yield, 26% ee.

The ee was determined by HPLC analysis: CHIRALPAK OD-H, 4% i-PrOH in hexanes,
1.0 mL/min, retention times: 8.5 min (minor) and 10.8 min (major).

LRMS (EI; LC/MS) m/z (M+H+) caled for CooH7N: 272, found: 271, 272.

Note: The product retention time on HPLC, LC/MS, GC, and TLC (Rf) matches that of

the independently synthesized authentic product (10, see SI, part III).

General Procedure B (eq 41). In a nitrogen-atmosphere glovebox, copper(I) chloride
(5.0 mg, 0.05 mmol, 1.0 equiv) and (R)-SITCP L10 (21.2 mg, 0.06 mmol, 1.2 equiv) were added
to a 4-mL borosilicate vial equipped with a magnetic stir bar. Toluene (1.0 mL, anhydrous) was
added, the vial was sealed with a Teflon-lined septum cap, and the resultant mixture was stirred
for 30 minutes (the mixture becomes homogeneous). The solution was then added to another 4-
mL borosilicate vial, equipped with a magnetic stirbar, containing lithium carbazolides1.2 THF
(13.0 mg, 0.05 mmol, 1.0 equiv); the vial that had contained the mixture of CuCl and L10 was
rinsed with toluene (0.5 mL, anhydrous), and this was also added to the reaction mixture
containing lithium carbazolide. This vial was then sealed with a Teflon-lined septum cap, and the
resultant mixture was stirred for 30 minutes (the mixture becomes slightly turbid, most likely due
to LiBr, but is otherwise homogenous). The solution was then added to another 4-mL

borosilicate vial, equipped with a magnetic stirbar, containing the electrophile (0.075 mmol, 1.5
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equiv); the previous vial was rinsed with toluene (0.5 mL, anhydrous), and this was also added to
the reaction mixture containing the electrophile. This vial was capped with a Teflon-lined septum
cap, removed from the glovebox, and secured upside-down in a plastic vial rack immersed in a
dewar containing a —80 °C ethanol bath which is maintained by a crycool and rests above a stir
plate. The reaction was stirred for 2 minutes in order to equilibrate to —80 °C. Then, a 100-watt
mercury lamp was placed directly above the dewar, facing straight down (see Figure 6). The
entire apparatus was covered in aluminum foil, the mercury lamp was turned on, and the reaction
was allowed to stir at —80 °C for 15 hours.

The reaction was then removed from the —80 °C bath, quenched with 5 pL acetic acid,
and an internal standard, pentadecane (13.8 L, 0.05 mmol, 1.0 equiv) was added. The mixture
was filtered through a plug of silica, eluting with diethyl ether. The yield was then calculated by
calibrated GC analysis. The filtratc was then concentrated using rotary evaporation, and the

crude product was purified (for HPLC analysis) by preparatory TLC.

N

A

Ph™ "Me
9-(1-Phenylethyl)-9H-carbazole (eq 41). This compound was prepared according to
general procedure B, using (1-chloroethyl)benzene (10.0 uL, 0.075 mmol). Purification:
Preparatory TLC, silica, 95% hexanes: 5% diethyl ether. 30% GC calibrated yield, 24% ce.
The ee was determined by HPLC analysis: CHIRALPAK OD-H, 4% i-PrOH in hexanes,
1.0 mL/min, retention times: 8.4 min (minor) and 10.9 min (major).

LRMS (EI; LC/MS) m/z (M+H") calcd for CyoH7N: 272, found: 271, 272.
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Note: The product retention time on HPLC, LC/MS, GC, and TLC (Rf) matches that of

the independently synthesized authentic product (10, see SI, part III).

General Procedure C (eq 45; catalytic reaction). In a nitrogen-atmosphere glovebox,
copper(I) chloride (5.0 mg, 0.05 mmol, 0.1 equiv) and (R)-SITCP L10 (21.2 mg, 0.06 mmol,
0.12 equiv) were added to a 20-mL borosilicate vial equipped with a magnetic stir bar. Toluene
(15.0 mL, anhydrous) was added, the vial was sealed with a Teflon-lined septum cap, and the
resultant mixture was stirred for 60 minutes (the mixture becomes homogeneous). The solution
was then added to a 40-mL borosilicate vial, equipped with a magnetic stirbar, containing lithium
carbazolide«1.2 THF (133.0 mg, 0.50 mmol, 1.0 equiv); the vial that had contained the mixture
of CuCl and L10 was rinsed with toluene (5.0 mL, anhydrous), and this was also added to the
reaction mixture containing lithium carbazolide. To the mixture was then added the electrophile
(0.75 mmol, 1.5 equiv). The vial was capped with a Teflon-lined septum cap, removed from the
glovebox, and secured upside-down with copper wire in a dewar containing a 10 °C ethanol bath
which is maintained by a crycool and rests above a stir plate. The reaction was stirred for 2
minutes in order to equilibrate to 10 °C. Then, a 100-watt mercury lamp was placed directly
above the dewar, facing straight down (see Figure 6). The entire apparatus was covered in
aluminum foil, the mercury lamp was turned on, and the reaction was allowed to stir at 10 °C for
15 hours.

The reaction was then removed from the 10 °C bath, quenched with 50 uL acetic acid,
and an internal standard, pentadecane (138.0 uL, 0.5 mmol, 1.0 equiv) was added. The mixture

was filtered through a plug of silica, eluting with diethyl cther. The yield was then calculated by
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calibrated GC analysis. The filtrate was then concentrated using rotary evaporation, and the

crude product was purificd (for HPLC analysis) by preparatory TLC.

PN

Ph Me

9-(1-Phenylethyl)-9H-carbazole (eq 45). This compound was prepared according to
general procedure C, using (1-chloroethyl)benzene (100.0 uL, 0.75 mmol). Purification:
Preparatory TLC, silica, 95% hexanes: 5% diethyl ether. 22% GC calibrated yield, 10% ce.

The ee was determined by HPLC analysis: CHIRALPAK OD-H, 4% i-PrOH in hexanes,
1.0 mL/min, retention times: 8.6 min (minor) and 10.9 min (major).

LRMS (EI; LC/MS) m/z (M+H") caled for CaoHy7N: 272, found: 271, 272.

Note: The product retention time on HPLC, LC/MS, GC, and TLC (Rf) matches that of

the independently synthesized authentic product (10, see SI, part III).

General Procedure D (eq 47 & 48). In a nitrogen-atmosphere glovebox, copper
complex 3 (21.0 mg, 0.025 mmol, 1.0 equiv) and (R)-SITCP L10 (10.6 mg, 0.03 mmol, 1.2
equiv) were added to a 4-mL borosilicate vial equipped with a magnetic stir bar. Benzene (1.8
mL, anhydrous) was added, the vial was sealed with a Tcflon-lined septum cap, and the resultant
solution was stirred for 30 minutes. The solution was then added to another 4-mL borosilicate
vial, equipped with a magnetic stirbar, containing the electrophile (0.038 mmol, 1.5 cquiv); the
vial that had contained the mixture of 3 and 1.10 was rinsed with benzene (0.2 mL, anhydrous),
and this was also added to the reaction mixture containing the electrophile. This vial was capped

with a Teflon-lined septum cap, removed from the glovebox, and secured upside-down in a
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plastic vial rack immersed in a dewar containing a room temperature cthanol bath which is
maintained by a crycool and rests above a stir plate. Then, a 100-watt mercury lamp was placed
directly above the dewar, facing straight down (see Figure 6). The entire apparatus was covered
in aluminum foil, the mercury lamp was turned on, and the reaction was allowed to stir at room
temperature for 15 hours.

The reaction was then removed from the ethanol bath, quenched with 5 pL acetic acid,
and an internal standard was added. The mixture was filtered through a plug of silica, eluting
with diethyl ether. The yield was then calculated using either calibrated GC or LC analysis. The
filtrate was then concentrated using rotary evaporation, and the crude product was purified (for

HPLC analysis) by preparatory TLC.

o (0
)

3-(9H-Carbazol-9-yl)-1-phenylpyrrolidin-2-one (eq 47). This compound was
synthesized according to general procedure D, using 3-bromo-1-phenylpyrollidin-2-one 8 (9.0
mg, 0.038 mmol). The internal standard added to this reaction was pentadecane (6.9 uL, 0.025
mmol, 1.0 equiv); the yield was calculated by calibrated GC analysis. Purification: Preparatory
TLC, silica, 50% hexanes: 50% diethyl ether. 56% GC calibrated yicld, 72% ce.

The ee was determined by HPLC analysis: CHIRALPAK IC, 20% i-PrOH in hexanes,
1.0 mL/min, retention times: 36.0 min (minor) and 42.5 min (major).

LRMS (EI; LC/MS) m/z (M+H") caled for CyH;sN»O: 327, found: 327.
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Note: The product retention time on HPLC, LC/MS, GC, and TLC (Rf) matches that of

the independently synthesized authentic product (11, see SI, part I1I).

O
e

2-(9H-Carbazol-9-yl)-1-(indolin-1-yl)butan-1-one (eq 48). This compound was
synthesized according to general procedure D, using 2-bromo-(1-indolin-1-yl)butan-1-one 9
(10.2 mg, 0.038 mmol). The internal standard added to this reaction was anisole (5.4 uL, 0.05
mmol, 2.0 equiv); the yicld was calculated by calibrated LC analysis (this compound does not
clute on GC). Purification: Preparatory TLC, silica, 50% hexanes: 50% diethyl ether. 42% LC
calibrated yield, 71% cec.

The ee was determined by HPLC analysis: CHIRALPAK AD-H, 3% i-PrOH in hexanes,
1.0 mL/min, retention times: 24.3 min (major) and 26.0 min (minor).

LRMS (EI; LC/MS) m/z (M+H") calcd for C24H2:N,0: 355, found: 355.

Note: The product retention time on HPLC, LC/MS and TLC (Rf) matches that of the

independently synthesized authentic product (12, see SI, part III).

IV. Syntheses and Full Characterization of Authentic Products

General Procedure E. Potassium tert-butoxide (41.5 mg, 0.37 mmol, | equiv) and
carbazole (62.0 mg, 0.37 mmol, 1 equiv) were added to a 20-mL vial equipped with a stir bar.
The flask was capped with a septum cap and purged with nitrogen. THF (10 mL, anhydrous) was

added, and the reactants were stirred for 20 minutes. The benzylic electrophile was added via
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syringe (0.37 mmol, 1 equiv). The reaction was allowed to stir at 60 °C for 24 h. The reaction
was allowed to cool to room temperature, and filtrate was then concentrated using rotary
evaporation. The crude product was purified by column chromatography (Biotage, silica) with

0—60% diethyl ether/hexanes.

N

PN

Ph™ "Me

9-(1-phenylethyl)-9H-carbazole (10). This compound was prepared according to
general procedure E, using (1-chloroethyl)benzene (49 uL, 0.37 mmol). Yield: 24 mg (24%).

HPLC assay for this racemic compound: CHIRALPAK OD-H, 4% i-PrOH in hexanes,
1.0 mL/min, retention times: 9.4 min and 11.0 min (there was a difference in time of several
months between this assay and the corresponding enantioenriched assays, hence the slight shift
in retention times).

'H NMR (300 MHz, CDCl3) 8 8.6 (dd, 2H, J=7.7, 1.1), 7.41-7.23 (m, 11H), 6.11 (q,
1H,J=17.1 Hz),2.03 (d, 3H, J= 6.0 Hz).

C NMR (100 MHz, CDCl3) & 140.7, 139.8, 128.7, 127.3, 126.5, 125.5, 123.4, 120.3,
119.0, 110.1, 52.3, 17 4.

FT-IR 1481, 1451, 1327, 1224, 1154, 1086, 770, 749, 723 (film) cm™

LRMS (EI; LC/MS) m/z (M+H") caled for CooH7N: 272, found: 271, 272.
General Procedure F. The electrophile (0.37 mmol, 1 equiv) and lithium
carbazolide-1.2 THF (96 mg, 0.37 mmol, 1 equiv) were added to a 4-mL vial equipped with a

stir bar. The vial was capped with a septum cap and purged with nitrogen. THF (3 mL,
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anhydrous) was added, and the reaction was allowed to stir at 60 °C for 24 h. The reaction was
allowed to cool to room temperature, and filtrate was then concentrated using rotary evaporation.
The crude product was purified by column chromatography (Biotage, silica) with 10—100%

diethyl ether/hexanes.

o {9
o )

3-(9H-Carbazol-9-yl)-1-phenylpyrrolidin-2-one (11). This compound was prepared
according to general procedure F, using 3-bromo-1-phenylpyrollidin-2-one 8 (89 mg, 0.37
mmol). Yield: 56 mg (46%).

HPLC assay for this racemic compound: CHIRALPAK IC, 20% i-PrOH in hexanes, 1.0
mL/min, retention times: 34.9 min and 41.4 min,

'H NMR (300 MHz, CDCl3) & 8.12 (d, 2H, J = 6.0 Hz), 7.8 (d, 2H, J = 6.0 Hz),
7.49-7.41 (m, 4H), 7.35-7.23 (m, 5H), 5.61 (t, 1H, /= 10.1 Hz), 4.10-4.06 (m, 2H), 2.72-2.63
(m, 2H).

3C NMR (100 MHz, CDCl3) 8 169.3, 139.2, 129.1, 125.8, 125.3, 123.7, 120.6, 119.7,
119.6, 119.2, 56.1, 44.9, 23.2 (Missing 1C).

FT-IR 1705, 1598, 1484, 1455, 1389, 1306, 1240, 750, 723 (film) cm™,

LRMS (EI; LC/MS) m/z (M+H") calcd for C,HgN,O: 327, found: 327.
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2-(9H-Carbazol-9-yl)-1-(indolin-1-yl)butan-1-one (12). This compound was prepared
according to general procedure F, using 2-bromo-(1-indolin-1-yl)butan-1-one 9 (99 mg, 0.37
mmol). Yield: 54 mg (41%).

HPLC assay for this racemic compound: CHIRALPAK AD-H, 3% i-PrOH in hexanes,
1.0 mL/min, retention times:; 24.9 min and 26.6 min.

'H NMR (300 MHz, CDCl;) & 8.36 (d, 1H, J= 8.1 Hz), 8.11 (d, 2H, J = 6.0 Hz), 7.60 (d,
2H, J = 8.3 Hz), 7.48-7.43 (m, 2H), 7.29-7.18 (m, 3H), 7.07-6.96 (m, 2H), 5.27-5.22 (m, 1H),
3.90 (td, 1H, J=9.9, 4.4 Hz), 3.04-2.84 (m, 2H), 2.73-2.64 (m, 1H), 2.54-2.30 (m, 2H), 0.84 (t,
3H,.J=7.4 Hz).

3C NMR (100 MHz, CDCl3) § 167.6, 143.0, 139.7, 131.1, 127.4, 126.1, 124.4, 124.2,
123.2,120.5, 119.6, 117.4, 109.6, 59.1, 47.7, 28 4, 23.5, 11.0

FT-IR (film) 3046, 2969, 1781, 1654, 1597, 1481, 1453, 1405, 1336, 1326, 1221, 1157,
909, 751, 725 em’™.

LRMS (EL LC/MS) m/z (M+H") caled for CasHaoNoO: 355, found: 355.
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1. HPLC and '"H NMR Spectra of Selected Compounds
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Data File C:\HPCHEM\1\DATA\GROUP\82227-1.D

Injection Date 1/28/2013 10:20:54 PM seq. Line @
Sample Name 5 Location
Acq. Operator : CE n)
Acg. Instrument : Instrument 1 In) Volume

Different Inj Volume from Sequence ! Actual Inj volume
Acg. Method ¢ C:\HPCHEM\1\METHODS\OD-04-20.M
Last changed i 1/28/2013 10:35:27 PM by CB
mod1fied after loading)
Analysis Method : C:\HPCHEM\1\METHODS\OJ-10-20.M

Data File C:\HPCHEM\1\DATA\GROUP\S2227-1.D

Area Percent Report

sorted By 3 signal
Mul t1pl ler : 1.0000
pilution 3

: 1.
Use Multiplier & Dilution Factor with ISTDs

Signal 1: DAD1 A, S1g-250,10 Ref-360,100

Peak RetTime Type Width Area Haight Area
¢ [min] (min}  [mAU*s) [maU] %
e et P Lt et et Dot aetttspeeed ettt |
1 8.529 BB 0.2224 S516.67139  35.79851 36.7221
2 10,794 BB 0.2744 ©€90.30341  49.8442% 63.2779 N

€5.64280 /k

Ph™ "Me

Totals : 1406. 97479
Results obtained with enhanced integrator!

Signal 2: DAD1 B, 51g-254,10 Ref-360,100

eq 40

Peak RetTima Type Width
¢ [min) [min]

Helight Area
[mAU) L]

I
0.2220 426.7913%

1 8.528 BB 29.64708 36.6582
2 10.794 BB 0.2763 T37.45459  41.29683 63.3418
Totals : 1164.245%4  70.94391

Results obtained with enhanced integrator!
Signal 3: DAD1 C, Sig=210,10 Ref-360,100

Peak RetTime Type Width Area Ha ight Area
¢ [mn] [min]  (mAU~S] [mau] *
L (e i e [t e, Jmmmmm— — e |
1 8.527 vB 0.2179 814.59924 56.59964 36.0492
2 10.79%4 vB 0.2849 1439.48828 78.13263 63.7030
3 14,412 BV 0.0610 5.59816 1.3315¢  0.2477
Totals : 2259.68568 136.06385

Last changed  : 8/13/2013 9:56:31 PM by MK
(modifled after loading)
) D)
AU 3
LE ! E
203
.
10
L T T : T 5
7 o5 10 195 n 118
-
2
73 i o MR o8 1o W0 i 118
[ DADTC,Sig=210,10 Rel=350,100 IHOUPEZEZT-1 0}
mALl ]
] £
@ 2
o]
23
) ) o5 { s To 0s n 118
mAU 7 ] 3
] H S
0
w0
204
s as b o5 10 103 1 in
X 1D}
mAL = 3
125 o #
10
T
2.
78 [ ds 1 o8 0 108 i 1l
Instrument 1 8/13/2013 10:43:05 PM MK Page 1 of 2

Results obtained with enhanced Lntegrator!
Signal 4: DAD1 D, S1g=230,10 Ref=360,100

Peak RetTime Type W¥idth Area Halght Area
L] (min] [min) mAU* ) [mau) *
------ ol ettt |
1 8.529 BB 0.2227 1098.08679  75.93232 35.7039
2 10.7%4 BB 0.2751 1893.66113 105.66508 63.2961

Totals : 2991.74792 181.59740

Results obtained with enhanced inteqrator!

signal 5: DAD1 E, S1g=280,10 Ref=360,100

Peak RetTime Type Width Area He ight hrea
(] [min] [m1n] [maU* 5] [(mauv) L]

e e e L Bttt Bttt tutored Eelastctotel
1 8.529 BB 0.2197 170.23125 11.84487 36.7483
2 10.794 e 0.2733 293.00418 16.49063 63.2517
Totals : 463.23543  28.335%1

Results obtained with enhanced lntegrator!

Instrument 1 8/13/2013 10:43:05 PH MK Page 2
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Data File C:\HPCHEM\1\DATA\GROUF\52240.D Data File C:\HPCHEM\L\DATA\GROUF\S2240.D

Injection Date : 2/2/2013 8:25:02 PM seq. Line : 2 Area Parcent Report
Sanpls Hame B Location : Vial 3

Acq. Operator : JTM mj: 1

Acq. Instrument : Instrument 1 In) volune : 5 pl Sorted By 3 s1gnal
Different Inj Volume from Sequence ! Actual In) Volume : 10 pl Multiplier : 1.0000

Acq. Method 1 Ci\HPCHEM\1\METHODS\ODH-0440.M Dpilution ] 1.0000

Last changed : 5/17/2012 8:24:53 PM by JTM Use Multiplier & DLlution Factor with ISTDs

€1 \HPCHEM\ 1 \METHODS\ IA-1020.M
: 8/13/2013 7:17:22 PM by TMB

!nodltlld after loading) Signal 1: DAD1 A, S1g-254,4 Ref-360,100

H Peak RetTime Type Width Area Helght Area
8 H +  (min] [min]  [mAU*s) [mAU) )
- - ol
1 8.355 VB 0.2417 1262.34583  82.33479 38.1968
2 10.938 VB 0.2921 2074.86157 105.18024 61.8032
- Totals : 3387.20740 187.51502
PE
, — N

Analysis Method
Last changed

spek

5 1 2 T A % A ‘l‘ s Results obtained with enhanced integrator!
— o signal 2: DADL B, S1g-254,16 Raf-360,100 )\
1003 - Ph™ "Me
- Peak RetTime Type Width Area Helght Area

80 ¥ [min] [min] [mAU*35) [mAU) ®

- e bl B B s leentsind | eq 41
o 1 8.355 VB 0.2388 1527.29004  99.63960 38.0760

ES 2 10.93% VB 0.3008 2483.87451 127.74651 61.9240

0= " "

Totals : 4011.16455 227.38651

Results obtained with enhanced lntegrator!

mALI a
1003 o -l Signal 3: DAD1 C, S1g=-210,8 Ref-360,100
50 Peak RetTime Type Width Area He 1ght Area
. # [min] [min) (maU* 5] [mAD] Al
E -— -1
503 1 8.350 w 0.2654 3296.47192 180.23219 40.1427
3 2 10.938 W 0.3149 4915.41260 228.58635 59.8573

iy 3 as H os T 10.5 i its i
TR O Sig230, 76 R T00 [GROUREZZAa T} Totals : §211.88452 408.81854
Ay [
4 K] . Results obtained with enhanced integrator!
200
188 Signal 4: DADL D, S1g-230,16 Ref-360,100
. Peak RetTime Type Width Area Welght  Area
50 [] [min) [min) (mAU*s] [mau] 1]
0 = - R e L L P Rt el Rt
T v T v T 1 8.355 BB 0.2391 3561.01514 229.45567 38.5914
—"t’mmw 2 10 2 10,938 VB 0.2989 $566.46240 291.39731 61.4086
bosiad 2 Totals : 9227.47754  520.85298
% Results obtained with enhanced integrator!
2043
® signal 5: DAD E, $1g-280,16 Ref-360,100
0 Peak FetTime Type Width Area He 1ght Area
- —— L in] min’ mMAU* s [mAL L]
75 T % I & T s % s ol AN AL IR e e

1 8.35% BB 0.2350 569.29224 37.51745 38.0610
2 10.938 BB 0.2934  926.44586 47.96332 61.939%0

Totals : 1495.73e10  85.48077

Results obtained with enhanced integrator!

**+ End of Report ***
Instrument 1 8/13/2013 10:46:11 PM TM8 Page 1 of 2 Instrument 1 8/13/2013 10:46:11 PH THMB
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Data File C:\HFCHEM\1\DATA\GROUP\SZ244-1.D

Injection Date : 2/4/2013 12:54:51 PM
Sample Nane :
Acq. Operator : JTM

. Instrument : Instrument 1
pifferent In) Volume from Sequence !

seq. Line : 12
Location : Vial 1

in) 1

Inj Volume : 5 pl

Acg. Method ¢ C:\HPCHEM\1 \METHODS\CDH-0420.M

Last changed 2/4/2013 12:53:45 PM by JTHM
(modified after loading)

Analysis Method : C:\HPCHEM\

1\METHODS\ 1A-1020.M
Last changed : 8/13/2013 10:46:12 PM by TMB

Actual In) volume : 10 pl

;‘-o\ntud after loadl?;

AU -
3003 = H
200
1004
73 i ¥ ] o8 0 W08 " s
h ) TGROUF o7
mAL -3
3 - 4
aaid =
2003
100
0 —
75 i o b o5 1o w0 n s
[ DADTC, Sig=2i0 3 Rel-3e0,100 (GROUPSZ4-1 0]
o -
500} @ o
poy
200
75 i Y 1 o o 10s i 1is
X O
mA
) o’
® )
z /\
78 i i 1 o o W.s i} s
[ DADTE Big=290,1¢ Hel=350,100 [GROUPBZ5H-11]
o -
125 L 2
100-
785
50
2
En ] 85 = 03 o s N s

Instrument 1 8/13/2013 10:48:15 PH THR

Page 1 of 2

Data File C:\HPCHEM\1\DATA\GROUF\52244-1.D

Area Percent Report

Sorted By : Signal
Multipl Ler 1.0000
bilution H 1.0000
Use Mmultiplier & Ollution Factor with ISTDs

Signal 1: DAD1 A, 51g-254,4 Ref-360,100

Peak RetTime Type wWidth Area Height Area
& [min) (min]  [mAU*s] [mAU] A

|
8.607 BV 0.2386 5720.22705 365.46887 45.0102
2 10.879 W 0.2930 6988.49707 359.1839¢ 5S4.989%8

Totals : 1.2708%e4 724.65283
Results obtained with enhanced Integrator!

Signal 2: DAD1 B, S1g=254,16 Ref=360,100

Peak RetTime Type wWidth Area Helght Area
. [min] [min] [mAU*s) [maU) L]
e el bt L S I, et e
1 8.607 VB 0.2396 6909.12451 443.91464 44.9057

2 10.880 BB 0.2982 8476.73828 437.24805 55.0943
Totals : 1.5385%4 881.16269
Rasults obtained with enhanced integrator!
signal 3: DAD) C, S1g=210,& Ref=360,100
Peak ReLTime Type Width Area Ha 1ght Area
L [min] [min] [mau* s] [mAU) %

1 8.606 VV 0.2480 1.15216e4 722.82343 44.9908
2 10.879 W 0.3015 1.40872e4 710.07629 55.0092
Totals : 2.56087%4 1432.89972

Results obtained with enhanced integrator!

Signal 4: DAD1 D, 51¢=230,16 Ref=-1360,100

Peak RetTime Type Width Area Helght Area
[] [min] [min] [mAU*s] (maU] %
e | = | ———=] ||
1 8.607 VB 0.2414 1.56965e4  998.7435% 44.89%8S

2 10.880 VB 0.3002 1.92635e4 984.7797% 55.1015
Totals : 3.49600e4 1983.52338
Results obtained with enhanced integrator!
signal 5: DAD1 E, S1g=280,16 Raf-360,100
Paak RetTime Type Width Area He 1ght Area
[ (min) [min] [mAU* 5] [mAU) t

B It st Lo ettt et s

1 8.607 BB 0.2401 2597.00928 168.22852 44.7752
2 10.881 BB 0.2970 3203.09937 166.09877 55.2248
Totals : Se00.10864 334.32729

rasults obtained with enhanced integrator!

i)

Ph™ "Me
eq 45

+++ End of Report *s

Instrument 1 8/13/2013 10:48:15 PM THB
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Data Flle C:\HPCHEM\1\DATA\GROUP\S5Z488.D Data File C:\HPCHEM\L\DATA\GROUP\52488.D

Injection Date : 8/14/2013 2:00:36 AM Seq. Line : 1 Area Percant Raport
Sample Name H Location : Vial 1

AcqQ. Operator i MK mj: 1

Ac?. Instrument : Instrument 1 In) Volume : 15 pl Sor ted H Signal
pifferent Inj volume from Sequence ! Actual 1In) volume : 1 pl Multiplier H 1.0000

Acg. Method 1 C:\HPCHEM\1\METHODS\OD-04-40.M Dilution : 1.0000

Last changed T 8/14/2013 1:59:18 AM by MK Use Multiplier & Dilutlon Factor with ISTDs

(modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\OJ-10-20.M

Last changed

AU @ ¢ (mun) (nin]  (mAU*s) [mAU]

=+ 2
400 s = 1 9.413 VB 0.2168 7866.17822 550.18707 50.0398
2002 2 11.04¢ BB 0.2545 7853.6796% 466.248% 49.9602
200 Totals : 1.5719%4  1016.43604 Ph
100+
LE * PFesults obtained with enhanced integrator!
T

as S o T W 105 i) 18
T DRDTE SR2 10 R=380,T00 (GROUPSZ 380 O = ﬂ signal 2: DAD1 B, S1g=254,10 Ref=360,100
w
el - Peak RetTime Type Width Area Helght Area
b - & [min] [m1in] AU*5) (mav) 03
300~ meen femmmea |- —— (== sk f——— |
o 1 9.413 vB 0.2164 6482.79297 454.45325 50.0259
2 11.046 BB 0.2562 6476.09082 385.16144 49.9741
1004
& % Totals : 1.29%8%ad 839.461469
‘ T — T T T _'
_memmgmm L] L LL 115 L_ | Results obtained with enhanced inteqrator!
mAl

Signal 3: DAD1 C, S1g=-210,10 Ref-360,100

°
i -1
bt = Peak RetTime Type Width Area He 1ght Area
400 ¢ [min] [min]  [mAU*s] [mAL) %
s | e e e | mem e | o e | = e o | e e e | e e |
200 1 9.413 W 0.2222 1.21956ed  826.30603 49.7948
2 11.046 VW 0.2644 1.22961ed  708.78693 50.2052

[ 9 us 0 103 n 115 | Totals : 2.4491%4  1535.09296
I~ DADT D, Sige230, 10 Ral= 350, 100 [GROUPEZ4 6. 0]
mAU3 "] Fesults obtained with enhanced integrator!
3 <
8003 - = signal 4: DADL D, S1g-230,10 Ref-360,100
oot Peak RetTim Type Width Area He1ght Area
4002 # (mtn) (min] [mau*s] [(mav] i
2004 |
* 1 9.413 VB 0.2163 1.62963e4 1143.16467 49.9006
5 1 T I.. S T Th 2 11.046 BB 0.2964 1.63612e4  972.12799 50.0994
; o7
i P s Totals : 3.265754  2115.29266
130 o e Results obtained with enhanced integrator!
100 signal S: DAD1 E, Si1g=-280,10 Ref=360,100
50 Peak RetTima Type Width Area He 1ght Area
N N : v [mn) [min]  (mAU®s) (mAD) '
T —r—r ; T y T i Bt el B | —-- | 1
as L] 0 L} n 115 1 7.5 PP 0.2613 20.53890  1.01830 0.4072

2 9.413 P 0.2077 2475.95215 180.8497% 49.0835
3 11.046 BB 0.2518 2547.87646 153.37793 50.5093

Totals : S044.36752 335.24599

Results obtailned with enhanced integrator!

Instrument 1 8/14/2013 2:14:18 AM MK Page 1 of 2 Instrument 1 8/14/20013 2:14:18 AM MK

£/13/2013 10:43:06 PM by MK signal 1: DAD1 A, S1g=250,10 Ref=-360,100
odified after loading)
—mrrmﬂ'wm Peak RetTime Type Width Area Welght Area
4
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Data File C:\HPCHEM\1\DATA\GROUF\S52433-2.D

Injection Date : 7/1/2013 S:40:06 PM saq. Line
Sampla Name : Location
Acq. oOperator @ TMB inj
Acq. Instrument : Instrument 1 In) volume

pifferant Inj Volume from Sequence ! Actual In) Volume
Acq. mMethod 1 C:\HPCHEM\1\METHODS\1C-2050.M

Last changed : 5/17/2012 7:46:04 PM by JTH

Analysis Method : C:\HPCHEM\1\METHODS\IA-1020.M

Last changed T 8/13/2013 7:14:24 PM by TMR

2
vial 2

5 pl
10 wpl

%od.lllld after loading)

Instrument 1 8/13/2013 7:17:21 PH THE

Fage 1 of 2

Data File C:\HFCHEM\1\DATA\GROUP\SZ433-2.D

Area Parcent Report

sorted By H signal
Multiplier B 1.0000
Dilution : 1.0000

Use mMultiplier & Dilution Factor with [STDs

Signal 1: DAD1 A, S1g-254,4 Ref-340,100 0
Peak RetTime Type Width Area Height Area
L] [min) [min] [mAL* 5] [mAD] Al N

[ | | -1 Ph-.N
1 36.058 MM 1.2841 312.55051  4.05660 14.1890
2 42,510 MM 1.4950 1890.20837  21.01684 85.8110
Totals : 2202.75688  25.07344
Results obtalned with enhanced integrator! eq 47
signal 2: DADL B, 51g-254,16 Ref-160,100
Peak RetTime Type ®idth Area Helght Area
4 [min) [min)  [mAU*s) [mAU) '

1 36.058 MM 1.2892 330.55002 4.27325 14.0877
2 42.511 MM 1.5028 2015.82776 22.35588 85.9123

Totals : 2346.37778 26.62913
Rasults obtained with enhanced integrator!
signal 3: DAD1 C, S1g=-210, & Ref-360,100

Peak RetTime Type Width Areaa Ha 1ght Area
[} [min) (min] [ma* 5] [mav] L]

I
1 36.058 MM 1.2714  401.48627 5.26294 14.1263
2 42.512 1.5029 2440.62866 27.06579 85.8737

Totals : 2842.11493  32.32872
rasults obtained with enhanced integrator!

signal 4: DAD1 D, 51g=230,16 Ref=360,100

Feak RetTime Type Width Area Helght Area
L] [min] [min] [mAU* 5] (mAU]

i e B L ] B et

1 36.058 MM 1.2370 482.14734 6.49593 13.4985
2 42.509 MM 1.4930 208%.70288  34.49015 86.501%

Totals : 3571.85022  40.98609
Results obtained with enhanced integrator!

signal 5: DAD1 E, S1g=280, 16 Pef=360,100

Peak RetTime Type Width Area He ight Area
& [min) [min)  [mAU*s] [mAD] A

e il et e B ot It Bttt
1 36.056 MM 1.2624 106.20748 1.40223 14.4427
2 42.510 MM 1.4869 629.16565  7.05220 95.3573

Totals : 735.37311 8.45443

Results obtained with enhanced integrator!

**+ End of Report ***

Instrument 1 8/13/2013 7:17:21 PH TME Page 2 ©
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Data File C:\HPCHEM\1\DATA\GROUP\SZ43311C.D

Injection Date : 7/1/2013 1:36:35 PM

Sanple Name :

AcCq. Operator : TMB

Acq. Instrument : Instrument 1

pifferent Inj volume from Sequence ! Actual Inj Volume :
Acq. Method ¢ C:\HPCHEM\1\METHODS\IC-1050.4

Last changed  : 7/1/2013 2:10:02 PM by THE
(modl fled after loading)

Analysis Method : C:\HPCHEM\1\METHODS\IA-1020.M

Last changed D 8/13/2013 7:10:3% PM by TMB

Location : Vial 1

;‘-a\ﬂ.lud after ludl.ap

mAY g

Cata File C:\HPCHEM\l\DATA\GROUP\SZ4331IC.D

Area Percant Report

sorted By H s1gnal
Multiplier ] 1.0000
pilution : 1.0000

Use Multiplier & Dilution Factor with ISTDs

signal 1: DADL A, $1g-254,4 Ret-360,100 O
Peak RetTime Type Width Area Helght Area

& (nin) (nin]  (mAU*s]  (mAd] ' ph,_N N
S N i s PRty P

1 34.879 W 1.4185 3750.10254 44.06201 49.8816
2 41.409 WM 1.2420 3767.90063 50.56122 50.1184

Totals : 7918.00317  94.62323

Results obtained with enhanced integrator!
sSignal 2: DADL B, 51g-254,16 Ref=360,100
Feak RetTime Type Width Area Helght Area
L] [min]) [m1in] Imau=s] [mAU] ]
B DT I R e e L I
1 34.880 MM 1.4227 4006.39917  46.93439 50.5838
2 41,415 m 1.2227 3913.92554 $3.35227 49.4162
Totals : 7920.32471 100.28666
Results obtailned with enhanced integrator!
Signal 3: DAD1 C, S1g=210, 8 Ref=360,100
Peak RetTime Type Width Rrea He ight Area
&  [min] [min] [mAU* 5] (mAU) Y
B e Pl B Pt et Bl |
1 34.878 1.3994 4719.10205 56.20377 50.6812
2 41.403 MM 1.2062 4592.23682 63.45277 49.3188
Totals : 9311.33887 119.65654
Results obtained with enhanced integrator!
Signal 4: DADL D, S1g-230,16 Ref-360,100
Peak RetTime Type Width Area Height Area
(min] [min] [(mAU*s) [mAu] ,
1 34.881 MM 1.4093 6102.21045  72.16672 50.1077
2 41.416 W 1.2315 6075.98584  82.23231 49.8923
Totals : 1.21782ed 154.39902
Results obtained with enhanced Integrator!
Signal 5: DAD1 E, Sig=-280,16 Ref-360,100
Peak RetTime Type Width Area He 1ght. Area
& [min) (min)  [mAD*s) (maU) ]
=] 1===-1 1-— e mmeee]
1 34877 mM 1.4201 1266.12561 14.85952  49.7564
2 41.398 MM 1.2452 1278.52209 17.11285 50.2436
Totals : 2544.64771  31.97237
Results obtainad with enhanced integrator!
**+ End of Raport *++
Instrument 1 8/13/2013 7:14:23 PM THB Page 1 of 2 Instrument 1 8/13/2013 7:14:23 PM DB Page 2
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Bata File C:\EECESN, )\ BATR\GROUH 510D B

Lal changes ¢ ™ oy W
Amiysls Method : C:\RPCHEM. 1 ETROESOJ-18-20.0
Last chamged /333913

|4

r 1 3 F Y 1 1
f\
'3 'y Fa 7 13 ]
H
2
0 ] E] fa £ £ ]

Msbrumant § 8/31S201 TiAZI0 PR M

Page 1 of 3

Pata File C:\EPCHIN1\DATA'CROIPSTSIAD. O

Area Murcent Peport

Signa
.

Stgnal 1: BMDI A SMge330 10 Rafs 340, 100

Ped Metlies Tym Wih  Ama Mignt  Ares
4 quin) [T [t .

e
) ML BB 04740 3T 416H1 IOL 31EL 8. 8086
P OMTY B 0.604% ELITIE 1L AL M4

Totals : AM139001 116 AT o]
Basuits cbtainat With amamced istagrator | N
Sigmal 2 GO & M4 A0 Ruf-36, 00 N
Pear WiTims Typ Widh A Meigw  Ares
] Et
-

00 3BT AN e AROT B
eakes SMIM 1LWE Woae

e eq 48

Totals : [l

anm

Fasults obtained Wth srhunced intsgratort

Signal 3: MDY € Sig-210. 10 Rel- 380, 100

Wima  Area
minl - mara)

Beiam  Ares
L

ems e 1ssna

Wtk smanced intsgrater |
$g-270, 10 #af-1e0, 100

wimh  Ama Haight  Ares
tmin] AR Ll

- -1
05706 322244967 1422280 . AB4
BT MEASED  JLASLLE M.

20001000 161 22T
with sohanced Intagrator!
Hige208, 18 Baf 350, 1864

Pea MLTime Ty WI®N  Amsa Baigs  Ares
¢ imia) Iminl A [ .

%3 1 earmm
wi e A28 TSI

ramenit | & 13/3013 T4 20 W W

Pax
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Page 1 of 3

Bata Fide C:\EPCHEN )\ DATA'GRUMST#S8A0 . B

Area Parcent Mepost

Sartad By Sagnal
T : 1.0006

bilnt bou : .
Ve MUILBIBT & Dilution Factor witn 15Ws

Stgnal L BADI A S0e330, 10 Rafs 340, 160

Pea milim Ty Wian  Ama Welght  krea
¢ fmin) (LT [ct 0

.
3 e.ss2
Totals : PIT20007 206 L4404

Basuits cttsinel wIth eamamced Imtagratort
Sigmal 31 BABL B B1ge23d4, 10 Pefa1es,
an  Ama meigrt  Arsa

ol
3EIS. TEIS LOL 1M 8. $1
PS4 IR IS 0RIMT LT

ACTRETL TR
Becull s obtalned wth ehanced |ntegrator!
Signal 3 BEDY G Sige16, 10 Refe 160, K0

Are
="y v

el -1
I3 S647.000M 1513843 38,3040
014300 MO IEMI 136 ATHS 7O

Pual RetTims Typs Widlh
+ mmi ming

Totals : 1azemed  Ielémee
Feguits ODLALBSY MLR SEMIBCSd LWtsgrater!
Slgnal 4 DADI O =234, 10 Raf=140, 100

Pedk MiTiss Ty Wiah  Ama Heigit  Area
¢ min) Imin) ) AT v

Pt '
L 20790 BB 0.5887 5712,16563 158, 80000 49, 933
2o " e 4R RTEE 13082046 S804

Totals : LI 195 0244
Posuits oblalned with erhanced iniagratos!
Sigual b: GADL K, Sig-300, 10 Ref-34e, 100
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