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Abstract

ASHLEY M. BERMAN: Catalytic Electrophilic Amination Reactions
(Under the direction of Professor Jeffrey S. Johnson)

Chapter One: Copper-Catalyzed Electrophilic Amination of Organozinc

Nucleophiles

The copper-catalyzed electrophilic amination of diorganozinc reagents using O-
benzoyl hydroxylamines as electrophilic nitrogen sources has been developed. Simple
and functionalized aryl-, heteroaryl-, benzyl, n-alkyl-, s-alkyl-, and t-alkyl nucleophiles
couple with R,NOC(O)Ph and RHNOC(O)Ph reagents in the presence of catalytic
quantities of copper salts to provide tertiary and secondary amines, respectively, in
generally good yields. In many cases the product may be isolated analytically pure after
a simple extractive workup. The amination process is shown to tolerate a significant
degree of steric demand. The amination of nominally unreactive C,y-H bonds via a
sequential directed ortho metalation/transmetalation/catalytic amination reaction
sequence is detailed. The direct Cu-catalyzed amination of Grignard reagents using
cocatalysis by ZnCl, is described.

Cu (I) or
R., .O_ _Ph , Cu(ll) cat. R, .R'
n _—

N
R O THF R
r.t.



Chapter Two: Nickel-Catalyzed Electrophilic Amination of Organozinc

Nucleophiles
The nickel-catalyzed electrophilic amination of organozinc halides using O-
benzoyl hydroxylamines has been developed. Simple and functionalized aryl-, benzyl,
and n-alkyl- nucleophiles couple with R,NOC(O)Ph reagents in the presence of catalytic
quantities of Ni(PPh3),Cl, to provide tertiary amines in generally good yields. The
reaction is noteworthy for the mild reaction conditions employed and the ease of product

purification (acid/base extractive work-up).

R.__O._ _Ph Ni(PPhs),Cl, cat.  R.. _R'
E 70( + RZGl N
THF R

r.t.

Chapter Three: Electrophilic Amination of o-Nitrobenzyl Silanes

The electrophilic amination of o-nitrobenzyl silanes using di-tert-butyl
azodicarboxylate as electrophilic nitrogen source and catalytic tetrabutylammonium
fluoride as activator has been developed. A wide variety of a-alkyl and 4’- substituted o-
nitrobenzyl silanes couple with di-terf-butyl azodicarboxylate in the presence of catalytic

quantities of tetrabutylammonium fluoride to provide N-benzyl hydrazides in good yields.

NO, R BOC NO, R
| BuyNF cat. _N.
SRy + N —— N"BOC
|
Boc Trl-tlF BOC
R R"
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Chapter One

Copper-Catalyzed Electrophilic Amination of Organozinc Nucleophiles

1.1 Introduction

The investigation of umpolung strategies in organic synthesis often produces
reactions that are complementary to counterparts following normal polarity pathways.’
In the context of amine synthesis, the effective application of the umpolung concept
relies on the identification of useful electrophilic nitrogen synthons and reaction
conditions that are sufficiently mild so as to tolerate functionality that might be required
for subsequent manipulation. A large number of R,N(+) synthons have been developed
for reactions with nucleophiles,’> and recent advances from Erdik* * and Narasaka®®
have demonstrated that transition metal catalysts can potentiate the reactivity of
Grignard reagents or zincates with oxime derivatives; however, in most instances
electrophilic amination approaches are not currently competitive with catalytic

nucleophilic amination strategies discovered and developed by Buchwald and Hartwig.*

10

Because of the central role of amine synthesis in organic chemistry, the
electrophilic amination problem continues to attract considerable interest.'"™
Hydroxylamine derivatives occupy a prominent position in the development of umpolung

C—-N bond constructions, with key advances relying on the use of appropriate activating

'S I'8: 17 activation is

groups to facilitate the amination. The use of sulfonyl™ and phosphiny



representative, but surprisingly little has been done in the field employing acyl activation
of the hydroxylamine moiety."®

In an effort to address the technology gap between nucleophilic and electrophilic
catalytic amination, we initiated a search for a useful electrophilic amination protocol that
would employ readily-accessible R,N(+) synthons and enjoy broad functional group
compatibility. In this chapter we document the scope and limitations of a new copper-
catalyzed C—N bond construction that couples O-benzoyl hydroxylamine derivatives and
in situ-generated diorganozinc reagents (eq 1). Salient features of the protocol that will
be detailed include: 1) remarkable tolerance of both steric hindrance at the reaction site
and reactive functionality elsewhere in the molecules undergoing coupling; 2) mild
reaction conditions (r.t., <1h) and ease of product isolation/purification (acid-base
extractive workup); 3) broad scope with respect to the sp® and sp-hybridized
nucleophiles; 4) capacity of the reaction to facilitate direct amination of C,y—H bonds
using directed ortho-metalation; 5) direct amination of Grignard reagents using catalysis

by Cu(ll) and co-catalysis by Zn(Il).This chapter has been previously published.%??

Cu (I)or
R. .O_ _Ph Cu(ll)cat. R._ _R'
N+ Rz ——— N (1)
R O THF R

r.t.

1.2 Results and Discussion
1.2.1 Initial Studies. We initiated our studies by evaluating conditions for the transition-

metal catalyzed amination of organometallic reagents (eq 2).

M (20 mol %) / Ligand
RoN-X + Ph-M' RoN-Ph @)
(Additive)
M' = B(OH),, SnBus, MgBr, MnClI, ZnX
M = Pd(dba),, Ni(cod),, CuX, Fe(acac)s

We intentionally limited our search in several key aspects: 1) Only those
aminating reagents allowing for the direct delivery of sp>-hybridized R,N(+) synthons
would be considered; 2) only weak carbon donors would be evaluated. These criteria

were imposed in the hopes of developing a more general protocol. N,N-Dialkyl-N-
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chloroamines were initially investigated as aminating agent. Such compounds have been
used sparingly in electrophilic amination, ?* but their ease of synthesis renders them
attractive starting materials. Results with PhB(OH), and PhSnBu; proved disappointing
under all conditions screened (transition-metal salt, supporting ligand, stoichiometric
additive). Other organometallic reagents tested (PhMgBr, PhMnCl, Ph,Mn, Ph,Zn)
likewise proved ineffective. The results with PhZnX proved promising, with yields of the
desired tertiary amine reaching 10-20% for various transition metal/ligand combinations.
In all cases, biphenyl formation was the major side reaction. All attempts to optimize
conditions for the amination of PhZnX failed to provide substantial increases in yield,
prompting us to explore the use of a different aminating agent.

We next tested the hypothesis that O-acyl hydroxylamine derivatives might be
effective reagents for the proposed C—N bond construction (Table 1-1). Despite their
ease of synthesis and stability (vide infra), these compounds have not been employed
extensively or effectively in the amination of organometallics. In combination with a
ligand-free CuOTTf catalyst, these reagents proved promising in the amination of RZnX
(entries 1-4). A dramatic increase in yield was realized when R,Zn was employed as
organometallic reagent (entry 5). With such encouraging results, we next set out to
prepare a series of O-benzoyl hydroxylamine derivatives and to evaluate their potential

utility in the amination of R,Zn reagents.



Table 1-1. Evaluation of Conditions for the Copper-Catalyzed Electrophilic Amination of

Organozinc Reagents®

[CU(OTf)]2 CGHG

R\N/OYPh Rz (1.25 mol %) R\N/R'
o THF, rt. R
2 4-6h 3
entry R,NOC(O)Ph R'ZnX product % yield"
1 pN/OWPh PhZnCl N-Fn 29
Od 0 2a OJ 3a
2 2a PhZnBr 3a 25
3 2a PhZnl 3a 18
4 BN Oy P t-BuznCl ~ Bn.-tBu 18
| |
Bh O 2C B 3q
5 pN/OYPh Ph,Zn Ll 91
O O 2a OJ 3a

@ 1.1 equiv of diorganozinc were employed. R,Zn reagents were prepared via
transmetalation of the corresponding RMgX or RLi reagent with 0.5 equiv of ZnCl,. °
Isolated yield of product of purity > 95 % based on 'H NMR spectroscopy and GLC
analysis. Yield is based on the starting R,N-OC(O)Ph.

1.2.2 Preparation of O-Benzoyl Hydroxylamines. The O-benzoyl hydroxylamines
utilized in our studies were prepared via the oxidation of primary and secondary amines
with benzoyl peroxide and an exogenous inorganic base, as originally reported by
Ganem.? In the Ganem report extended reaction times (>12 h) and refluxing conditions
are necessary. While this method results in acceptable yields of desired product,
competitive N-acylation of the amine was noted as a problematic side reaction. We
discovered that these same oxidations, when conducted in a polar aprotic solvent,
proceed to completion at room temperature with competitive N-acylation greatly
suppressed. Utilizing this modified procedure, we were able to prepare a variety of O-
benzoyl hydroxylamines, both from primary and secondary amines, in uniformly high

yields (Table 1-2).%° The reactions are typically run on a 50 mmol scale of the limiting
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reagent (benzoyl peroxide), and the products are easily purified by column
chromatography. The majority of these compounds are crystalline solids and all show
good stability (they can be stored indefinitely in the freezer without decomposition or loss
of reactivity). Reaction times varied from 1 h for sterically unhindered primary and
secondary amines (entries 1, 2, 8) to 24 h for the most sterically demanding primary and
secondary amines tested (entries 3, 5, 6). In instances where the free hydroxylamine is
readily available (e.g. Et,NOH is commercially available), benzoylation represents a
simple alternate route to these compounds. In the case of E{;N-OC(O)Ph (2e),
acylation of the commercially available parent hydroxylamine resulted in clean formation
of product (98 % isolated yield), representing an alternate route to these compounds.
While the reaction works uniformly well for N-alkyl amines, heteroaromatic amines (e.g.
imidazole) failed to undergo oxidation under the present reaction conditions. Attempted

oxidation of methyl prolinate was likewise unsuccessful.



Table 1-2. Preparation of O-Benzoyl Hydroxylamines?®

o)
R KoHPO, R. . Ph
n o+ Mo _ph N OY

I L 0 T
. o) rt. )
entry R(RINH  R(R)NOC(O)Ph time (h) % yield®
1 OQ 1a (0) O 23 1 73
(0] Ph
NH N~ Y
2 Q 1b Q 0 2b 1 80
Bn. Bn. .O Ph
b NH N
3 én']C én I 2c 24 68
\/\NH \/\N,OWPh
4 - 1d s 0 24 4 92

5P )\NH )\N/OWPh 24 87
A 0
6° MNH XX O P 24 91
7 %NH2 1h %H/O@Ph 6 89
pe} Ph
8 YNHZH \h: I 2i 1 61

2 1.2 equiv of the amine was employed, 1.5 equiv of K,HPO, was employed. ° 2.5 equiv
of the amine was employed, 1.5 equiv of K;HPO4 was employed. © Isolated yield of
product of purity > 95 % based on 'H NMR spectroscopy (average of at least two
experiments). Yield is based on the starting benzoyl peroxide.

1.2.3 Electrophilic Amination of Diorganozinc Reagents: Preparation of Secondary
and Tertiary Amines. Our studies into the transition metal catalyzed electrophilic
amination of weak carbon donors began with the discovery that copper salts catalyze the
amination of R,Zn reagents with O-benzoyl hydroxylamines under mild reaction

conditions (r.t., <1h) (vida supra). With a convenient means of preparing our aminating



reagents (vida supra), we next set out to test the generality of this newly discovered
amination protocol. The reaction is quite general, allowing for the facile preparation of a
wide variety of both secondary and tertiary amines (Table 1-3). Aryl coupling proceeds in
good to excellent vyield for various N-monoalkyl- and N,N-dialkyl-O-benzoyl
hydroxylamines (entries 1-3, 6-14, 18-20), allowing for the preparation of diverse aniline
derivatives. Heteroaryl coupling is also realized in good vyield (entry 4). These results
offer a complement to existing transition-metal catalyzed methods for the arylation of
amines. The preparation of tertiary benzyl amines is also possible using this
methodology (entry 5). Likewise, alkyl coupling proceeds in good to excellent yield for
primary, secondary, and tertiary dialkylzincs (entries 15-17, 21).

A high level of steric tolerance is apparent in these reactions, as evidenced by
the facile coupling of sterically hindered Pr,N—OC(O)Ph (2f) with both di(o-tolyl)- and
di(mesityl)zinc reagents (entries 9, 10). Sterically hindered secondary alkyl amines are
also accessible using this methodology. The synthesis of N,N-tert-octyl-tert-butyl amine
(3u), an immediate precursor to the useful lithio amide base LiN(‘Oct)'Bu,? is exemplary;
entry 21 reports the isolated yield (by distillation) for the preparation of 3u on a 10 mmol
scale. Although moderate compared to other entries in Table 1-3, the simplicity of the

two step process represents an attractive route to this useful secondary amine.



Table 1-3. Scope of the Copper-Catalyzed Electrophilic Amination of Diorganozinc

Reagents®
[CUOTﬂz'CeHe
R.,,.O._Ph (1.25 mol %) R. .R
Nt Rezn N
" THF, r. t. "
R 2 ° 15-60rrrt1in ';
entry R(R”)N-OC(O)Ph R"2Zn (product) % yield®
1 N Oy Ph (3a) 91
O\) O 2a
2 2a 2-MePh (3b) 94
3 2a 4-MeOPh (3c) 93
4 2a 2-pyridyl (3d) 71
5 2a Bn (3e) 80
6 O/OYPh Ph (3f) 91
° 2b
7 2b 4-MeOPh (39) 95
8° AN/OTPh Ph (3h) 72
Lo o
o° 2f 2-MePh (3i) 62
10° 2f 2,4,6-MePh (3j) 76
11 Bty O PP Ph (3k) 69
Et O 2e
12 2e 2-MePh (31) 70
13° NN O Ph (3m) 96
\) ° 24
14 BN O P Ph (3n) 94
Bh O 2¢
15 2c Et (30) 91
16 2c Pr (3p) 77
17 2c ‘Bu (3q) 98
18° NOn PP Ph (3r 71
19° \)\N/OTPh Ph (3s) 80
H o 2h
20° )Q(N/owph Ph (3t) 74
H le} 29
21° 29 ‘Bu (3u) 43




# 1.1 equiv of diorganozinc were employed. R,Zn reagents were prepared via
transmetalation of the corresponding RMgX or RLi reagent with 0.5 equiv of ZnCl,. ® 2.5
mol % of CuCl, was employed. ¢ Isolated yield of product of purity > 95 % based on 'H
NMR spectroscopy and GLC analysis (average of at least two experiments). Yield is
based on the starting R,N-OC(O)Ph.

All reactions were complete within 15 — 60 min at room temperature, and simple
acid-base extractive workup was sufficient to obtain analytically pure product in most
instances. Both Cu(l) and Cu(ll) salts catalyze the reaction with equal facility. Identical
results are obtained when CuCl, is substituted for CuOTf under the standard reaction

conditions (eq 3 and eq 4; cf Table 1-3, entries 1 and 17 respectively).

CUC|2
0 Ph (25 mol %) _Ph
N+ Phgzn ———— JN 3)
o) o THF, 250 ©
15 min
91 % yield
CuCl,
Bn. _O. _Ph (2.5 mol %) ¢
N Buzn s B (4)
Bn O THF, 25 °C Bn
15 min
99 % yield

Additives and/or supporting ligands for the metal are unnecessary. The
aminations were generally performed on a <1 mmol scale. Upon scale-up (25 mmol), we
observed a slight decrease in yield (entry 1, 91%, 0.5 mmol scale; compared with 72%,
25 mmol scale). This may be attributed to a deleterious exotherm which becomes
manifest on larger scale; the exotherm is easily managed by conducting the larger scale
aminations at 0 °C.%

The use of 0.6 equiv of the diorganozinc reagent engenders a higher level of
efficiency to the process. When 2b was treated with 0.6 equiv of (0-MePh),Zn in the

presence of 2.5 mol % of CuCl,, N-o-tolylpiperidine was isolated in 86% vyield.

1.2.4 Preparation of Functionalized Aryl Amines. Knochel's recently-described 1/Mg

exchange reaction offers a useful route to functionalized aryl Grignard reagents.?’”*

Treatment of an electron deficient aryl iodide with RMgX (typically ‘PrMgBr) at low



temperatures results in rapid I/Mg exchange. Electron rich aryl iodides can also be
accommodated when elevated reaction temperatures (room temperature) are employed.
We envisioned utilizing such reagents in electrophilic amination processes, via an I/Mg
exchange/transmetalation sequence, as a simple route to functionalized aryl amines
(Scheme 1-1).

Scheme 1-1. Strategy for the Preparation of Functionalized Aryl Amines

7\ RMgX @
F(-‘,//.\;>;I -RI FG/. — Mox

FG =CN, COsR, NO,,

OTf, X, etc. ZnCl,

0.5 equiv
Cu(l) or
R Cu(ll) cat.

A R

FG\=— R O FG\—"/,

ph—~< R
O-N
R

The Grignard reagents derived from I/Mg exchange readily undergo
transmetalation with 0.5 equiv of ZnCl,, giving access to functionalized diarylzinc
reagents that can be used without prior isolation and/or purification. We were successful
in employing such reagents in our copper catalyzed electrophilic amination protocol,
giving access to a wide array of functionalized aryl amine products, which are readily
purified by simple acid-base extractive workup (Table 1-4). The amination reaction
shows broad functional group tolerance in the nucleophilic component. Diverse
functional groups, including nitrile, ester, halide, triflate, and nitro are all tolerated under
the reaction conditions. Those functional groups requiring prior protection were a phenol
(as the derived acetate ester, entry 6) and ketone (as the derived ketal, entry 9).
Interestingly, the reaction proceeds equally well for both electron deficient (entry 5) and

electron rich (entry 8) Ar,Zn reagents.
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As was true for the unfunctionalized diorganozinc reagents, the use of 0.6 equiv
of Ar,Zn is feasible as demonstrated by the obtention of 3v (74%), 3y (74%), 3ab (83%),

and 3¢ (71%) in yields comparable to those reported in Table 1-4.
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Table 1-4. Scope of the Copper-Catalyzed Electrophilic Amination of Functionalized

Diarylzinc Reagents®

[CUOTﬂz'CGHG
R, .O__Ph (1.25 mol %) R., .Ar
N + Ar,Z N
R E e THF, 1. t. R
2 15 - 60 min 3
entry R2N-OC(O)Ph AryZn (product) % yield®
1 Ny p-NCPh (3v) 76
OJ 0 2a
2 2a p-EtO,CPh (3w) 77
3 2a p-CIPh (3x) 93
4 2a p-FPh (3y) 71
5 2a m-F3CPh (32) 74
6 2a p-AcOPh (3aa) 76
7 2a p-TfOPh (3ab) 95
8° 2a p-MeOPh (3c) 81
9° 2a (o 79
o) - (3ac
o )t (3ac)
10° 2a 0-O,NPh (3ad) 83
11° 2a 2,4-(0,N),Ph (3ae) 59
12° 2a 1-naphthyl (3af) 90
13 By O P p-CNPh (3ag) 95
Bh O 2cC
14 2c p-EtO,CPh (3ah) 99
15 2c p-CIPh (3ai) 88
16° 2c p-MeOPh (3aj) 87
17° 2c 0-O,NPh (3ak) 97

? 1.1 equiv of diarylzinc were employed. Ar.Zn reagents were prepared from the
corresponding Arl as follows: 1) 'PrMgBr, -35 °C, 1h 2) ZnCl,, -35 °C, 10 min. ® Ar,Zn
prepared from the corresponding Arl as follows: 1) 'PrMgBr, rt, 1h 2) ZnCl,, rt, 10 min. ©
Ar,Zn prepared from the corresponding Arl as follows: 1) PhMgBr, -35 °C, 10 min 2)

12



ZnCly, -35 °C, 10 min. ¢ Isolated yield of product of > 95 % purity as judged by '"H NMR
spectroscopy and GLC analysis (average of at least two experiments). Yield is based on
the starting RoN-OC(O)Ph.

1.2.5 Directed Ortho Lithiation/Amination Sequence. Directed ortho lithiation has
been utilized extensively as a reliable tool for the functionalization of poorly reactive
Cay—H bonds.*® Most work in this area has focused on the utility of this methodology
toward the construction of new C—C bonds.*' Fewer studies have addressed the aspects
of C—N bond construction. Seminal examples by Snieckus illustrate the potential utility of
this methodology for the formation of new C—N bonds.** ** We envisaged employing a
directed ortho lithiation/transmetalation sequence to obtain Ar.Zn reagents in situ. These
reagents could then be used (without isolation and/or purification) in the title copper-
catalyzed electrophilic amination protocol, allowing for the facile, selective oxidation of

Cary—H bonds (Scheme 1-2).

Scheme 1-2. Strategy for the Directed Ortho Metalation/Amination Sequence

D D

BulLi
. Li
-BuH
D = ortho directing group ZnCl,
0.5 equiv
D Cu(l) or D

R Cu (Il) cat.
N = ( Zn
R O 2

We tested this hypothesis for a number of arenes, employing the most commonly
used directing groups in similar directed ortho lithiation protocols (Table 1-5). The
reaction works equally well for both N,N-dialkylamide and methoxymethyl ether directing
groups (entries 1,3). Somewhat less effective are the commonly employed O-aryl
carbamate and oxazoline directing groups under the optimized reaction conditions

(entries 2,4). A noticeable reduction in reaction rate is apparent for all substrates tested,
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presumably a result of the enhanced coordination in the derived diorganozinc reagents.
The symbiosis of directed ortho metalation/amination allows for the preparation of

diverse amine products not readily accessible using previous methodology.

Table 1-5. Scope of the Directed Ortho Metalation/Amination Sequence?

D CuCl,
ﬁN/OWPh N ( :< zZn (2.5 mol %) ﬁNzAr
o o) A THF, r. t. o
2-6h
2a AroZn 3
entry Ar,Zn product % yield®
o .
N'Pr, N'Pr,
1 ™\ 88
Zn N O
2 —/ (3al)
oﬂ( 0
2 ;N B 55
I\
Zn N (0]
2 — (3am)
a— O_
o—/O o~/
3P @ @ I\ 95
Zn N 0]
2 — (3an)
NEt, OCONEt,
0
4 j<o N Do 62
[ " (3ao0)

@ 1.1 equiv of diarylzinc were employed. Ar,Zn reagents were prepared from the
corresponding arene as follows: 1) secBuLi, TMEDA, -78 °C, 30 min; 2) ZnCl,, -78 °C to
rt, 30 min. ® Ar,Zn prepared from the corresponding arene as follows: 1) ‘BuLi, 0 °C, 1 h;
2) ZnCl,, 0 °C to rt, 30 min. ° Isolated yield of product of > 95 % purity as judged by 'H
NMR spectroscopy and GLC analysis (average of at least two experiments). Yield is
based on the starting R,N-OC(O)Ph.

1.2.6 Double Metal Catalyzed Electrophilic Amination. The organozinc reagents
employed in these studies were generally prepared from the corresponding RMgX or RLi

reagent via transmetalation with 0.5 equiv of ZnCl,. The resultant R,Zn solution was

14



subsequently added to the remaining reaction components and amination allowed to
proceed under normal reaction conditions. Recent reports in the literature suggest that in
situ generation of organozinc reagents from RMgX is also possible using catalytic
quantities of a Zn(ll) salt.** This method obviates the use of large quantities of
anhydrous zinc salts, which can present processing concerns on scale. We tested the
feasibility of this protocol for our electrophilic amination reaction.

Studies early in this project illustrated the apparent incompatibility of R,NO-
C(O)Ph reagents with RMgX nucleophiles: rapid acylation (ketone formation) of the
Grignard reagent under standard reaction conditions was the predominant reaction
pathway. Thus, for the proposed “catalytic-in-zinc” protocol to be successful, the
projected transmetalation/amination must be faster than direct acylation. Gratifyingly,
this is the case, and we observed good yields of the desired amination product when
catalytic quantities of ZnCl, were employed (eq 5). An analogous experiment using
morpholine-derived 2a, 2.5 mol % of CuCl,, and 10 mol % of ZnCl, gave N-

phenylmorpholine (3a) in 69% isolated yield.

catalyst,
.0.__Ph -Ph
N Y +  PhMgBr cocatalyst N 5)
O THF, rt
2b 15 min 3f
catalyst cocatalyst yield
none none 4%
CuOTf (2.5%) none 13%

CuOTf (2.5%)  ZnCl, (10%)  65%

Our studies suggest that the rate of addition of the Grignard reagent is important,
with both rapid (<1 min) and exceedingly slow (>60 min) additions resulting in lower
product yield. Dropwise addition over the course of 5 min results in optimal yields.
Reaction temperature is likewise crucial, with sub-ambient temperatures resulting in
diminished yields and/or incomplete reaction.

Recent results from our labs illustrate that, under tightly controlled reaction

conditions, the use of ZnCl, can be completely eliminated.* Employing catalytic CuCl,
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(2.5 — 15 mol %; substrate dependent) and a series of N,N-dialkyl-O-benzoyl
hydroxylamines as limiting reagent, amination of RMgX proceeds smoothly at ambient
temperature. In a further improvement, the use of catalytic copper can be eliminated,
allowing for the uncatalyzed amination of RMgX.35 In this instance, the use of 0-2,4,6-
trimethylbenzoyl hydroxylamine is requisite to minimize competitive acylation of RMgX,
which is the predominant pathway when the standard N,N-dialkyl-O-benzoyl

hydroxylamine is employed (vida supra).

1.3 Conclusion
In conclusion, we have developed a mild and broadly applicable method for the

preparation of a wide variety of secondary and tertiary amines via the copper-catalyzed
electrophilic amination of R.,Zn reagents. The O-benzoyl hydroxylamine aminating
reagents employed are easily prepared in one step from the corresponding primary or
secondary amine and show good stability. The R,Zn reagents are generated from the
corresponding RMgX or RLi, and are used without prior isolation and/or purification.
Isolation of analytically pure material is possible in most instances via a simple acid/base
extractive workup, thus making these reactions operationally convenient. The reaction
shows good substrate scope, both in terms of the functional groups tolerated on the

nucleophilic component and the sterics of the coupling partners.
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1.5 Supporting Information

l. Materials and Methods

General. Infrared (IR) spectra were obtained using a Nicolet 560-E.S.P. infrared
spectrometer. Proton and carbon magnetic resonance spectra (‘H NMR and "*C NMR )
were recorded on a Bruker model Avance 400 ("H NMR at 400 MHz and *C NMR at
100 MHz) spectrometer with tetramethylsilane or solvent resonance as the internal
standard ('"H NMR: TMS at 0.00 ppm, CDCl; at 7.24 ppm; *C NMR: CDCl; at 77.0
ppm). "H NMR data are reported as follows: chemical shift, multiplicity (s = singlet, br s =
broad singlet, d = doublet, br d = broad doublet, t = triplet, br t = broad triplet, q =
quartet, sept = septet, m = multiplet), coupling constants (Hz), and integration. GLC
analysis was performed on an Agilent 6890N Network GC System equipped with an HP-
5 column (30 m x 0.316 mm, pressure = 10.0 psi, flow = 1.4 mL/min, detector = FID,
250°C) with helium gas as carrier. SFC analysis was performed on a Berger
Supercritical Fluid Chromatograph model FCM 1100/1200 equipped with a Hypersil
column (pressure = 150 bar, flow = 1.5 mL/min, detector = UV-vis). Samples were eluted
with SFC grade CO, and 1.5 % MeOH. Combustion analyses were performed by Atlantic
Microlab Inc., Norcross, GA. Analytical thin layer chromatography (TLC) was performed
on Whatman 0.25 mm silica gel 60 plates. Visualization was accomplished with UV light
and aqueous ceric ammonium molybdate solution followed by heating. Purification of the
reaction products was carried out either by acid/base extractive work-up or flash
chromatography using Sorbent Technologies silica gel 60 (32-63 um). All reactions were
carried out under an inert atmosphere of argon or nitrogen in oven-dried glassware with
magnetic stirring. Yield refers to isolated yield of analytically pure material. Yields are
reported for a specific experiment and as a result may differ slightly from those found in
the tables, which are averages of at least two experiments. Tetrahydrofuran was dried
by passage through a column of neutral alumina under nitrogen prior to use." ZnCl, was
dried under vacuum (0.1 mmHg) at 150 °C for 12 hours prior to use. 4-lodobenzonitrile,
4-iodobenzoic acid ethyl ester, and 2-iodo-pyridine were prepared from the
corresponding aryl bromides according to the method of Buchwald.? All other reagents

were obtained from commercial sources and used without further purification.
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ll. Preparation of O-Benzoyl Hydroxylamines

General Procedure (A) for the preparation of O-benzoyl hydroxylamines. A 500-mL,
one-necked, round-bottomed flask equipped with a Teflon-coated magnetic stirbar is
charged with benzoyl peroxide (12.11 g, 50 mmol), dipotassium hydrogen phosphate
(13.06 g, 75 mmol), and N,N-dimethyl formamide (125 mL). The suspension is stirred
and the amine (60 - 125 mmol) is added via syringe in one portion. The suspension is
stirred at ambient temperature for the indicated reaction time. Deionized water (200 mL)
is added and the contents are stirred vigorously for several minutes until all solid has
dissolved. The reaction mixture is transferred to a 1-L separatory funnel and extracted
with 150 mL of ethyl acetate. The organic phase is collected and washed with two 100-
mL portions of saturated ag. NaHCO; solution. All of the aqueous fractions are combined
and extracted with three 100-mL portions of ethyl acetate. All of the organic fractions are
combined and washed with three 100-mL portions of deionized water, 100-mL of brine,
dried over MgSQO,, and concentrated by rotary evaporation. The resulting crude product
mixture is purified by flash column chromatography, eluting with the indicated solvent
system, to afford desired product of > 95 % purity as judged by 'H NMR spectroscopy.

The product was stored at sub-ambient temperature under anhydrous conditions.

0] O.__Ph

INH K HPO, N

o) * prng® e cQ T
rt

4-Benzoyloxymorpholine (2a). The title compound was prepared according to general
procedure A using morpholine (5.20 mL, 60 mmol) with stirring for 1 h to yield 4-
benzoyloxymorpholine (7.71 g, 37 mmol, 74 %) as a white solid following flash column
chromatography with 50 % EtOAc:hexanes. Analytical data for the title compound: IR
(Nujol, cm™) 2924, 2852, 1730, 1599, 1456, 1377, 1315, 1269, 1248, 1178, 1165, 1101,
1084, 1066, 1049, 1007, 922, 858, 712; 'H NMR (400 MHz, CDCl;) 5 8.00 - 7.98 (m,
2H), 7.58 — 7.53 (m, 1H), 7.45 - 7.41 (m, 2H), 3.96 (br d, J = 10.7 Hz, 2H), 3.85 (brt, J =
11.2 Hz, 2H), 3.43 (br d, 9.3 Hz, 2H), 3.03 (br t, 9.4 Hz, 2H); C NMR (100 MHz,
CDCl3) 6 164.6, 133.1, 129.4, 129.2, 128.4, 65.8, 57.0. Anal. Calcd for C4{H13NO3: C,
63.76; H, 6.32; N, 6.76. Found: C, 63.96; H, 6.40; N, 6.67.

o) O._ _Ph
NH K,HPO, N~
Q * Phko/owphg’ Q E

0

DMF
rt

1-Benzoyloxypiperidine (2b). The title compound was prepared according to
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general procedure A using piperidine (5.94 mL, 60 mmol) with stirring for 1 h to yield 1-
benzoyloxypiperidine (8.23 g, 40 mmol, 80 %) as a white solid following flash column
chromatography with 25 % EtOAc:hexanes. Analytical data for the title compound: IR
(Nujol, cm™) 2924, 2856, 1731, 1452, 1377, 1369, 1253, 1183, 1091, 1070, 1018, 850,
716; '"H NMR (400 MHz, CDCls) & 8.00 — 7.98 (m, 2H), 7.55 — 7.51 (m, 1H), 7.43 — 7.38
(m, 2H), 3.49 (br s, 2H), 2.76 (br s, 2H), 1.84 — 1.78 (m, 4H), 1.65 (br s, 1H), 1.28 — 1.26
(m, 1H); *C NMR (100 MHz, CDCl;) & 164.7, 132.8, 129.7, 129.4, 128.3, 57.5, 25.0,
23.3.

A o) )\ _O_Ph
NH KoHPO, N
e g Ao m R TN T

o)

DMF
rt

O-Benzoyl-N,N-Diisopropylhydroxylamine (2f). The title compound was prepared
according to general procedure A using N,N-diisopropyl amine (17.5 mL, 125 mmol) with
stirring for 24 h to yield O-benzoyl-N,N-diisopropylhydroxylamine (9.35 g, 42 mmol, 85
%) as a white solid following flash column chromatography with 15 % EtOAc:hexanes.
Analytical data for the title compound: IR (thin film, cm'1) 3067, 2979, 2937, 2875, 2615,
1707, 1601, 1451, 1383, 1321, 1210, 1177, 1072, 919, 874, 845, 761, 692, 663, 614; 'H
NMR (400 MHz, CDCl;) & 8.03 — 8.01 (m, 2H), 7.54 — 7.53 (m, 1H), 7.44 — 7.40 (m, 2H),
3.39 (sept, 2H, J = 6.4), 1.13 (d, 12H, J = 6.4); *C NMR (100 MHz, CDCl;) § 166.3,
132.9, 129.6, 129.4, 128.4, 53.5, 53 .4.

/\/\XNH2 + PhiO/o\H/Ph %’::4, MHDE{%

rt
O-Benzoyl-N-tert-Octylhydroxylamine (2g). The title compound was prepared
according to general procedure A using fert-octyl amine (20.1 mL, 125 mmol) with
stirring for 24 h to yield O-benzoyl-N-tert-octylhydroxylamine (11.30 g, 45 mmol, 91 %)
as a clear, colorless oil following flash column chromatography with 10 %
EtOAc:hexanes. Analytical data for the titte compound: IR (thin film, cm™) 3223, 3070,
2953, 2908, 2873, 1965, 1907, 1718, 1603, 1473, 1451, 1366, 1316, 1273, 1177, 1093,
1068, 1026, 796, 708; 'H NMR (400 MHz, CDCl;) & 8.02 — 8.00 (m, 2H), 7.65 (br s, 1H),
7.57 — 7.55 (m, 1H), 7.47 — 7.43 (m, 2H), 1.57 (s, 2H), 1.25 (s, 6H), 1.05 (s, 9H); **C
NMR (100 MHz, CDCl;) 8 166.7, 133.1, 129.2, 128.6, 128.5, 59.9, 51.7, 31.7, 31.5, 26.7.
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General Procedure (B) for the preparation of O-benzoyl hydroxylamines. A 50-mL,
one-necked, round-bottomed flask equipped with a Teflon-coated magnetic stirbar is
charged with benzoyl peroxide (1.21 g, 5.0 mmol), dipotassium hydrogen phosphate
(1.31 g, 7.5 mmol), and N,N-dimethyl formamide (12.5 mL). The suspension is stirred
and the amine (6.0 — 12.5 mmol) is added via syringe in one portion. The suspension is
stirred at ambient temperature for the indicated reaction time. Deionized water (50 mL) is
added and the contents are stirred vigorously for several minutes until all solid has
dissolved. The reaction mixture is transferred to a 125-mL separatory funnel and
extracted with 25 mL of ethyl acetate. The organic phase is collected and washed with
two 25-mL portions of saturated ag. NaHCO; solution. All of the aqueous fractions are
combined and extracted with three 25-mL portions of ethyl acetate. All of the organic
fractions are combined and washed with three 25-mL portions of deionized water, 25-mL
of brine, dried over MgSQO,, and concentrated by rotary evaporation. The resulting crude
product mixture is purified by flash column chromatography, eluting with the indicated
solvent system, to afford desired product of > 95 % purity as judged by 'H NMR
spectroscopy. The product was stored at sub-ambient temperature under anhydrous

conditions.

O-Benzoyl-N,N-Dibenzylhydroxylamine (2c). The title compound was prepared
according to general procedure B using dibenzylamine (2.7 mL, 12.5 mmol) with stirring
for 24 h to yield O-benzoyl-N,N-dibenzylhydroxylamine (1.05 g, 3.3 mmol, 66%) as a
white solid after flash chromatography with 1% EtOAc:hexanes. Analytical data for the
titte compound: IR (Nujol, cm™) 2952, 2926, 2854, 1726, 1456, 1377, 1254, 1095, 1068,
1026, 983, 751, 707; 'H NMR (400 MHz, CDCl;) § 7.82 — 7.80 (m, 2H), 7.50 — 7.46 (m,
1H), 7.44 — 7.42 (m, 4H), 7.36 — 7.23 (m, 8H), 4.19 (s, 4H); *C NMR (100 MHz, CDCl;)
5 164.9, 136.0, 132.8, 129.5, 129.4, 129.3, 128.3, 128.28, 127.6, 62.1.

X _O._Ph
SONH o M o pn  MPOs Sy g

) T ow ~) o
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O-Benzoyl-N,N-Diallylhydroxylamine (2d). The title compound was prepared
according to general procedure B using N,N-diallyl amine (0.74 mL, 6.0 mmol) with

stirring for 4 h to yield O-benzoyl-N,N-diallylhydroxylamine (1.00 g, 4.6 mmol, 92 %) as a
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clear, colorless oil following flash column chromatography with 25 % EtOAc:hexanes.
Analytical data for the title compound: IR (thin film, cm'1) 3081, 3015, 2983, 2838, 1750,
1647, 1602, 1492, 1451, 1254, 1177, 1073, 1026, 989, 929, 819, 707; '"H NMR (400
MHz, CDCl;) 6 7.97 — 7.94 (m, 2H), 7.55 - 7.51 (m, 1H), 7.42 — 7.38 (m, 2H), 6.04 — 5.94
(m, 2H), 5.27 — 5.15 (m, 4H), 3.65 — 3.63 (m, 4H); *C NMR (100 MHz, CDCl;) § 165.3,
133.0, 132.6, 129.4, 129.2, 128.3, 119.5, 61.7.

%NH; Phio”oj{Ph % \)\N/OYPh

0 t H o
O-Benzoyl-N-sec-Butylhydroxylamine (2h). The title compound was prepared
according to general procedure B using N-sec-butyl amine (0.61 mL, 6.0 mmol) with
stirring for 6 h to yield O-benzoyl-N-sec-butylhydroxylamine (0.86 g, 4.5 mmol, 89 %) as
a clear, colorless oil following flash column chromatography with 15 % EtOAc:hexanes.
Analytical data for the title compound: IR (thin film, cm'1) 3239, 3068, 2969, 2936, 2878,
1965, 1913, 1720, 1602, 1452, 1378, 1316, 1273, 1178, 1092, 1067, 1026, 830, 797,
708; "H NMR (400 MHz, CDCl;) & 8.02 — 8.00 (m, 2H), 7.76 (br s, 1H), 7.58 — 7.54 (m,
1H), 7.46 — 7.42 (m, 2H), 3.13 - 3.11 (m, 1H), 1.69 — 1.62 (m, 1H), 1.48 — 1.41 (m, 1H),
1.17 (d, 3H, J = 6.4), 0.97 (t, 3H, J = 7.5); *C NMR (100 MHz, CDCl;) & 166.9, 133.2,
129.3, 128.6, 128.5, 58.2, 26.8, 17.5, 10.2.

o)

YNH; Ph)kO/OE(Ph %, Y”,O\g/Ph

rt

O-Benzoyl-N-iso-Butylhydroxylamine (2i). The title compound was prepared
according to general procedure B using N-iso-butyl amine (0.60 mL, 6.0 mmol) with
stirring for 1 h to yield O-benzoyl-N-sec-butylhydroxylamine (0.59 g, 3.1 mmol, 61 %) as
a clear, colorless oil following flash column chromatography with 15 % EtOAc:hexanes.
Analytical data for the title compound: IR (thin film, cm™) 3245, 3069, 2960, 2929, 2872,
1964, 1905, 1720, 1602, 1470, 1452, 1389, 1316, 1275, 1177, 1092, 1067, 1026, 791,
708; "H NMR (400 MHz, CDCls) & 8.01 — 7.98 (m, 3H), 7.56 — 7.54 (m, 1H), 7.45 — 7.41
(m, 2H), 2.94 (d, 2H, J = 6.7), 1.96 — 1.92 (m, 1H), 1.00 (d, 6H, J = 6.7); *C NMR (100
MHz, CDCl;) 6 166.9, 133.3, 129.3, 128.5, 60.1, 26.4, 20.5.

o)
Et.. OH NEt; Et. _O__Ph
Ny s N
g PO chen Et O
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O-Benzoyl- N,N-Diethylhydroxylamine (2e). An oven-dried round bottom flask
equipped with magnetic stir bar and addition funnel was charged with N,N-
diethylhydroxylamine (0.89 g, 1.0 mL, 10 mmol), freshly distilled triethylamine (1.0 g, 1.4
mL, 10 mmol), and anhydrous dichloromethane (10 mL). The addition funnel was
charged with benzoyl chloride (1.4 g, 1.2 mL, 10 mmol) and anhydrous dichloromethane
(5 mL). The benzoyl chloride solution was added drop wise over 10 minutes and reaction
mixture stirred at room temperature an additional 30 minutes. The reaction mixture was
diluted with water (25 mL) and the organic layer was separated, washed with water (1 x
25mL), dried over sodium sulfate, and the solvent was removed under reduced
pressure. The crude product was purified by flash chromatography, eluting with 15 %
ethyl acetate:hexanes, to afford O-benzoyl-N,N-diethylhydroxylamine (1.89 g, 9.8 mmol,
98 % yield) as a pale yellow oil. The product was stored at sub-ambient temperature
under anhydrous conditions. Analytical data for the title compound: '"H NMR (400 MHz,
CDCI3) 6 8.07 — 8.04 (m, 2H), 7.57 — 7.53 (m, 1H), 7.44 — 7.40 (m, 2H), 2.72 (q, J=7.6
Hz, 4H), 0.73 (t, J = 7.6 Hz, 6H); *C NMR (100 MHz, CDCl;) § 165.8, 132.9, 129.4,
129.3, 128.3, 53.4, 11.8. For additional analytical data (IR spectrum), see Grinberg and
Bittner.?

lll. Electrophilic Amination of Diorganozinc Reagents: Preparation of Secondary

and Tertiary Amines

General Procedure (C) for the copper catalyzed amination of diorganozinc
reagents. An oven-dried 10-mL, one-necked, round-bottomed flask equipped with a
Teflon-coated magnetic stirbar is maintained under an inert atmosphere of argon and
charged with zinc chloride (0.075 g, 0.55 mmol), and anhydrous tetrahydrofuran (2.0
mL). The solution is stirred at ambient temperature and an ethereal solution of the RMgX
or RLi (1.1 mL, 1.1 mmol, 1.0 M) is added via cannula in one portion. The resulting
solution is stirred for 20 min at ambient temperature prior to use (vida infra). An oven-
dried 25-mL, one-necked, round-bottomed flask equipped with a Teflon-coated magnetic
stirbar is maintained under an inert atmosphere of argon and charged with the O-
benzoyl hydroxylamine (0.50 mmol), the copper salt (0.0125 mmol), and anhydrous
tetrahydrofuran (5.0 mL). The solution is stirred and the previously generated
diorganozinc solution (vida supra) is added via cannula in one portion. The resulting
solution is stirred at ambient temperature for 1 h. Diethyl ether (10 mL) is added and the

reaction mixture is transferred to a 125-mL  separatory funnel. The reaction mixture is
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washed with three 10-mL portions of saturated aq. NaHCOj solution, and extracted with
three 10-mL portions of 10 % aqg. HCI solution. The aqueous extracts are basified with
10 % ag. NaOH solution, and extracted with three 10-mL portions of dichloromethane.
The organic fraction is washed with 10-mL of brine, dried over Na,SO,, and
concentrated by rotary evaporation, to afford the desired product of > 95 % purity as
judged by "H NMR spectroscopy.
[CUOTﬂz -CGHG
O Ph 1.25 mol % _Ph
N + PhyZn ——_— %5 N
ST e
4-Phenylmorpholine (3a). The title compound was prepared according to general
procedure C using 4-benzoyloxymorpholine (0.1031 g, 0.50 mmol), copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0028 g, 0.0056 mmol),
and a tetrahydrofuran solution of diphenylzinc to yield 4-phenylmorpholine (0.0797 g,
0.49 mmol, 98%) as a white solid. The 'H NMR spectrum was consistent with that

reported in the literature.*

[CUOTH, -CeHe \/©
Ph 9
+ (2MePh)zn —-22MA%

0
N
o) o R

4-(2-Methylphenyl)morpholine (3b). The title compound was prepared according to
general procedure C using 4-benzoyloxymorpholine (0.1035 g, 0.50 mmol), copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0031 g, 0.0062 mmol),
and a tetrahydrofuran solution of di-o-tolylzinc to yield 4-(2-methylphenyl)morpholine
(0.0858 g, 0.48 mmol, 97%) as a clear, pale yellow oil. The '"H NMR spectrum was

consistent with that reported in the literature.®

OMe

[CUOTH, -CoHg /©/

_O__Ph
N+ (4-MeOPh),Zn —»1'25T :i‘;" % N

OJ 0 rt 0

4-(4-Methoxyphenyl)morpholine (3c). The title compound was prepared according to
general procedure C using 4-benzoyloxymorpholine (0.1035 g, 0.50 mmol), copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0032 g, 0.0064 mmol),
and a tetrahydrofuran solution of bis-(4-methoxyphenyl)zinc to yield 4-(4-
methoxyphenyl)morpholine (0.0911 g, 0.47 mmol, 94%) as a white solid. The "H NMR

spectrum was consistent with that reported  in the literature.*
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4-Pyridin-2-yl-morpholine (3d). The title compound was prepared according to general
procedure C using 4-benzoyloxymorpholine (0.1030 g, 0.50 mmol), copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0030 g, 0.0060 mmol),
and a tetrahydrofuran solution of bis-(2-pyridinyl)zinc to yield 4-pyridin-2-yl-morpholine
(0.0586 g, 0.36 mmol, 71%) as a yellow oil. The "H NMR spectrum was consistent with

that reported in the literature.®

[CuOT], -CeHg

fN/OE(Ph + Bnyzn 1_25;::3 % fN,Bn

rt

4-Benzylmorpholine (3e). The title compound was prepared according to general
procedure C using 4-benzoyloxymorpholine (0.1037 g, 0.50 mmol), copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0031 g, 0.0062 mmol),
and a diethyl ether solution of dibenzylzinc to yield 4-benzylmorpholine (0.0696 g, 0.39
mmol, 78%) as a clear, colorless oil. The "H NMR spectrum was consistent with that

reported in the literature.’

[CUOTﬂZ -CGHG
N’OYPM Ph,zn _1:25mol % Nh
o) THF
rt

1-Phenylpiperidine (3f). The title compound was prepared according to general
procedure C using 1-benzoyloxypiperidine (0.1025 g, 0.50 mmol), copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0033 g, 0.0066 mmol),
and a tetrahydrofuran solution of diphenylzinc to yield 1-phenylpiperidine (0.0744 g,
0.46 mmol, 92%) as a clear, pale yellow oil. The "H NMR spectrum was consistent with

that reported in the literature.*

OMe
[CuOT], -CgHe /©/
.0__Ph
NN+ (d-MeOPh)zn 22 Mol% |
S THF
rt

1-(4-Methoxyphenyl)piperidine (3g). The title compound was prepared according to
general procedure C using 1-benzoyloxy-piperidine (0.1029 g, 0.50 mmol), copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0031 g, 0.0062 mmol),

and a tetrahydrofuran solution of bis-(4- methoxyphenyl)zinc to yield 1-(4-
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methoxyphenyl)piperidine (0.0938 g, 0.49 mmol, 98%) as a clear, pale yellow oil. The 'H

NMR spectrum was consistent with that reported in the literature.®

/L CuCl, A
N’Oj( PR phyzn —25mol % -Ph
P TR )\

rt

N,N-Diisopropylaniline (3h). The title compound was prepared according to general
procedure C using O-benzoyl-N,N-diisopropylhydroxylamine (0.1105 g, 0.50 mmol),
copper(ll) chloride (0.0017 g, 0.0125 mmol), and a tetrahydrofuran solution of
diphenylzinc to yield N,N-diisopropylaniline (0.0716 g, 0.40 mmol, 81 %) as a clear,

colorless oil. The "H NMR spectrum was consistent with that reported in the literature.’

)\ CUC|2 )\ \/©
_O__Ph o
)N\ N+ (@MePh)zn —22M0 %,
0

THF

Diisopropyl-(2-Methylphenyl)amine (3i). The title compound was prepared according
to general procedure C using O-benzoyl-N,N-diisopropylhydroxylamine (0.1105 g, 0.50
mmol), copper(ll) chloride (0.0017 g, 0.0125 mmol), and a tetrahydrofuran solution of di-
o-tolylzinc to yield diisopropyl-(2-methylphenyl)amine (0.0592 g, 0.31 mmol, 62 %) as a

clear, colorless oil. The '"H NMR spectrum was consistent with that reported in the

A cucly )\

_O_ _Ph 0

N+ (24,6-MePh),zn _25mol%,
PO THF

Diisopropyl-(2,4,6-Trimethylphenyl)amine (3j). The title compound was prepared

literature. ™

according to general procedure C using O-benzoyl-N,N-diisopropylhydroxylamine
(0.1105 g, 0.50 mmol), copper(ll) chloride (0.0017 g, 0.0125 mmol), and a
tetrahydrofuran solution of di-mesitylzinc to yield diisopropyl-(2,4,6-
trimethylphenyl)amine (0.0842 g, 0.38 mmol, 77 %) as a clear, pale yellow colored oil.
Analytical data for the title compound: IR (thin film, cm™) 2968, 2926, 2873, 2624, 1720,
1608, 1479, 1381, 1371, 1339, 1301, 1250, 1192, 1110, 1012, 920, 856; 'H NMR (400
MHz, CDCl;) 6 6.78 (s, 2H), 3.53 (sept, 2H, J = 6.4), 2.22 (s, 9H), 0.99 (d, 12 H, J = 6.4);
3C NMR (100 MHz, CDCls) & 143.7, 140.3, 134.0, 128.6, 49.7, 23.4, 20.8, 20.2.

27
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rt

N,N-Diethylaniline (3k). The title compound was prepared according to general
procedure C using N,N-diethyl-O-benzoylhydroxylamine (0.0955 g, 0.50 mmol),
copper(l) trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0034 g, 0.0068
mmol), and a tetrahydrofuran solution of diphenylzinc to yield N,N-diethylaniline (0.0574
g, 0.39 mmol, 77%) as a clear, pale yellow oil. The '"H NMR spectrum was consistent

with that reported in the literature."

[CUOTH], -CeHe t@
Et. _O_ _Ph %  Et
N W/ + (2-MePh),Zn 1.25 mol % N

w THF .
Et O X Et

Diethyl-(2-methylphenyl)amine (3l). The title compound was prepared according to
general procedure C using N,N-diethyl-O-benzoylhydroxylamine (0.0962 g, 0.50 mmol),
copper(l) trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0030 g, 0.0060
mmol), and a tetrahydrofuran solution of di-o-tolylzinc to vyield diethyl-(2-
methylphenyl)amine (0.0650 g, 0.40 mmol, 80 %) as a clear, pale yellow oil. The 'H

NMR spectrum was consistent with that reported in the literature.'

CUC|2
\/\N/O\th+ Phyzn 285m0l % S~ -Ph

) o w ~

N,N-Diallylaniline (3m). The title compound was prepared according to general
procedure C using O-benzoyl-N,N-diallylhydroxylamine (0.1085 g, 0.50 mmol), copper(ll)
chloride (0.0017 g, 0.0125 mmol), and a tetrahydrofuran solution of diphenylzinc to yield
N,N-diallylaniline (0.0827 g, 0.48 mmol, 96 %) as a clear, colorless oil. The 'H NMR

spectrum was consistent with that reported in the literature.™

CuCl,
Y”/OWO(PM Ph,Zn 2.5Tr:t(|):l% YH,Ph
r
N-iso-Butylaniline (3r). The title compound was prepared according to general
procedure C using O-benzoyl-N-iso-butylhydroxylamine (0.0965 g, 0.50 mmol),
copper(ll) chloride (0.0017 g, 0.0125 mmol), and a tetrahydrofuran solution of
diphenylzinc to yield N-sec-butylaniline (0.0526 g, 0.35 mmol, 71 %) as a clear, colorless

oil. The "H NMR spectrum was consistent with that reported in the literature.™
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N-sec-Butylaniline (3s). The title compound was prepared according to general
procedure € using O-benzoyl-N-sec-butylhydroxylamine (0.0965 g, 0.50 mmol),
copper(ll) chloride (0.0017 g, 0.0125 mmol), and a tetrahydrofuran solution of
diphenylzinc to yield N-sec-butylaniline (0.0569 g, 0.38 mmol, 76 %) as a clear, pale
brown colored oil. The '"H NMR spectrum was consistent with that reported in the

literature.™

General Procedure (D) for the copper catalyzed amination of diorganozinc
reagents. An oven-dried 10-mL, one-necked, round-bottomed flask equipped with a
Teflon-coated magnetic stirbar is maintained under an inert atmosphere of argon and
charged with zinc chloride (0.075 g, 0.55 mmol) and anhydrous tetrahydrofuran (2.0 mL).
The solution is stirred at ambient temperature and an ethereal solution of the RMgX or
RLi (1.1 mL, 1.1 mmol, 1.0 M) is added via cannula in one portion. The resulting solution
is stirred for 20 min at ambient temperature prior to use (vida infra). An oven-dried 25-
mL, one-necked, round-bottomed flask equipped with a Teflon-coated magnetic stirbar is
maintained under an inert atmosphere of argon and charged with the O-benzoyl
hydroxylamine (0.50 mmol), the copper salt (0.0125 mmol), and anhydrous
tetrahydrofuran (5.0 mL). The solution is stirred and the previously generated
diorganozinc solution (vida supra) is added via cannula in one portion. The resulting
solution is stirred at ambient temperature for 1 h. Diethyl ether (10 mL) is added and the
reaction mixture is transferred to a 125-mL separatory funnel. The reaction mixture is
washed with three 10-mL portions of saturated ag. NaHCO; solution, 10-mL of brine,
dried over MgSQ,, and concentrated by rotary evaporation. The resulting crude product
mixture is purified by flash column chromatography, eluting with the indicated solvent

system, to afford desired product of > 95 % purity as judged by '"H NMR spectroscopy.

[CUOTﬂ2 'CGHG

Bn . ,OYPh + Phyzn 1.25 mol % Bn\N,Ph
THF !

rt Bn

N,N-Dibenzylaniline (3n). The title compound was prepared according to general
procedure D using O-benzoyl-N,N-dibenzylhydroxylamine (0.1585 g, 0.50 mmol),
copper(l) trifluoromethanesulfonate benzene complex ([CuOTf],-CgHg, 0.0033 g, 0.0066
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mmol), and a tetrahydrofuran solution of diphenylzinc to yield N,N-dibenzylaniline
(0.1286 g, 0.47mmol, 94 %) as a white solid following flash column chromatography with
1% EtOAc:hexanes. The "H NMR spectrum was consistent with that reported in the
literature.™®

[CUOTﬂZ -CGHG

Bn.,-O-_-Ph 1.25mol%  Bn. -Et
N + Etpzn —1-29mol% N
g z THF w

rt Bn

N,N-Dibenzylethylamine (30). The title compound was prepared according to general
procedure D using O-benzoyl-N,N-dibenzylhydroxylamine (0.1585 g, 0.50 mmol),
copper(l) trifluoromethanesulfonate benzene complex ([CuOTf],-CgHg, 0.0031 g, 0.0062
mmol), and a hexanes solution of diethylzinc to yield N,N-dibenzylethylamine (0.1022 g,
0.46 mmol, 91%) as a clear, pale yellow oil following flash column chromatography with

10% EtOAc:hexanes. The 'H NMR spectrum was consistent with that reported in the

literature."”
[CUOTﬂ2 'C6H6 J\
Bn\N/OTPh+ Pryzn 1.25 mol % B”\N
Bn O THF Bn

rt

N,N-Dibenzylisopropylamine (3p). The title compound was prepared according to
general procedure D using O-benzoyl-N,N-dibenzylhydroxylamine (0.1591 g, 0.50
mmol), copper(l) trifluoromethanesulfonate benzene complex ([CuOTf],-CsHs, 0.0029 g,
0.0058 mmol), and a tetrahydrofuran solution of diisopropylzinc to yield N,N-
dibenzylisopropylamine (0.0976 g, 0.41 mmol, 82%) as a clear, colorless oil following
flash column chromatography with 2.5% EtOAc:hexanes. The "H NMR spectrum was

consistent with that reported in the literature.

[CUOTﬂz -CGHG ><
Bn\’T'/OTPh + Buyzn 1.25 mol % Bn\N
Bn O THF Bn

rt

N,N-Dibenzyl-tert-butylamine (3q). The title compound was prepared according to
general procedure D using O-benzoyl-N,N-dibenzylhydroxylamine (0.1589 g, 0.50
mmol), copper(l) trifluoromethanesulfonate benzene complex ([CuOTf],-CsHs, 0.0031 g,
0.0062 mmol), and a tetrahydrofuran solution of di-tert-butylzinc to yield N,N-dibenzyl-
tert-butylamine (0.1250 g, 0.495 mmol, 99 %) as a white solid with no purification

necessary. The 'H NMR spectrum was consistent with that reported in the literature.™
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N-tert-Octylaniline (3t). The title compound was prepared according to general
procedure D using O-benzoyl-N-tert-octylhydroxylamine (0.1245 g, 0.50 mmol),
copper(ll) chloride (0.0017 g, 0.0125 mmol), and a tetrahydrofuran solution of di-
phenylzinc to yield N-tert-octylaniline (0.0658 g, 0.32 mmol, 64 %) as a clear, colorless
oil following flash column chromatography with 5% EtOAc:hexanes. Analytical data for
the title compound: IR (thin film, cm™) 3422, 3091, 3056, 2954, 2907, 2871, 1601, 1497,
1480, 1385, 1365, 1325, 1312, 1262, 1246, 1224, 1181, 1153, 1081, 1032, 995, 867,
746, 693; "H NMR (400 MHz, CDCl3) 6 7.14 — 7.10 (m, 2H), 6.67 — 6.65 (m, 3H), 1.68 (s,
2H), 1.37 (s, 6 H), 1.01 (s, 9H); "*C NMR (100 MHz, CDCl5) & 146.9, 128.9, 117.3, 116.5,
55.2,53.1, 31.8, 31.7, 30.5.

M o MY
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N-tert-Octyl-N-tert-Butylamine (3u). An oven-dried 100-mL, one-necked, round-
bottomed flask equipped with a Teflon-coated magnetic stirbar is maintained under an
inert atmosphere of argon and charged with zinc chloride (1.50 g, 11 mmol) and
anhydrous tetrahydrofuran (22 mL). The solution is stirred and cooled in an ice bath and
a tetrahydrofuran solution of ‘BuMgCI (22 mL, 22 mmol, 1.0 M) is added via cannula in
one portion. The resulting solution is stirred for 20 min at ambient temperature prior to
use (vida infra). An oven-dried 100-mL, one-necked, round-bottomed flask equipped with
a Teflon-coated magnetic stirbar is maintained under an inert atmosphere of argon and
charged with O-benzoyl-N-tert-octylhydroxylamine (2.49 g, 10 mmol), copper(ll) chloride
(0.0336 g, 0.25 mmol), and anhydrous tetrahydrofuran (25 mL). The solution is stirred
and the previously generated di-tert-butylzinc solution (vida supra) is added via cannula
in one portion. The resulting solution is stirred at ambient temperature for 1 h. Diethyl
ether (100 mL) is added and the reaction mixture is transferred to a 500-mL separatory
funnel. The reaction mixture is washed with three 100-mL portions of saturated aq.
NaHCO; solution, 100-mL of brine, dried over MgSQO,, and concentrated by rotary
evaporation. The resulting crude product mixture is purified by distillation under reduced
pressure (50 mbar, 70 °C bp) to yield N-tert-octylaniline (0.7905 g, 4.3 mmol, 43 %) as a
clear, colorless oil. The '"H NMR spectrum was consistent with that reported in the

literature.?°
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IV. Preparation of Functionalized Aryl Amines

General Procedure (E) for the copper catalyzed amination of functionalized
diarylzinc reagents. An oven-dried round bottom flask equipped with magnetic stir bar
was charged with the aryl iodide (0.55 mmol), anhydrous tetrahydrofuran (3.0 mL), and
the solution was cooled to -35 °C. A tetrahydrofuran solution of isopropyl magnesium
bromide (0.60 mL, 1.0 M) was slowly added along the edges of the flask and the
reaction mixture was stirred at -35 °C for 1 hour. A tetrahydrofuran solution of zinc(ll)
chloride (1.0 mL, 0.28 M) was slowly added along the edges of the flask and the reaction
mixture was stirred at -35 °C for 10 minutes. A second oven-dried round bottom flask
equipped with magnetic stir bar was charged with the N,N-dialkyl O-benzoyl
hydroxylamine derivative (0.25 mmol), copper(l) trifluoromethanesulfonate benzene
complex ([CuOTf],-CsHs, 0.0031 mmol), and anhydrous tetrahydrofuran (2.0 mL). The
contents of the first flask were added to this second flask and the reaction mixture was
stirred at room temperature for 1 hour. The reaction mixture was diluted with diethyl
ether (10 mL), the organic layer was washed with a saturated sodium bicarbonate
solution (2 x 10 mL), and the aqueous layer was extracted with dichloromethane (2 x 10
mL). The organic layers were combined and the solvent was removed under reduced
pressure. The resulting residue was taken up in diethyl ether (10 mL) and washed with a
1M hydrochloric acid solution (2 x 10 mL), the aqueous layer was basified with a 10%
sodium hydroxide solution and extracted with dichloromethane (2 x 10 mL). The organic
extracts were combined, dried over sodium sulfate, and the solvent was removed under
reduced pressure, affording the desired product of >95 % purity as judged by 'H NMR
spectroscopy and GLC or SFC analysis.

1. PrMgBr, -35°C, 1 h

. O
| 2.2ZnCl,, -35°C, 10 min
3. [CUOTf,*CgHg cat. \
NC P>
N/OBZ NC
o) .1nh

4-(Morpholin-4-yl)-benzonitrile (3v). The title compound was prepared according to
General Procedure E using 4-iodobenzonitrile (0.1258 g, 0.55 mmol), 4-
(benzoyloxy)morpholine (0.0520 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to yield 4-(morpholin-4-yl)-
benzonitrile (0.0370 g, 0.20 mmol, 79%) as a white solid. The 'H NMR spectrum was
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consistent with that reported in the literature.?’

1. 'PrMgBr, -35°C, 1 h

: (0]
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.[Cu . cat.
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ﬁN/OBZ EtOZC
o) ,rt, 1h

4-(Morpholin-4-yl)-benzoic acid ethyl ester (3w). The title compound was prepared
according to General Procedure E using 4-iodobenzoic acid ethyl ester (0.1520 g, 0.55
mmol), 4-(benzoyloxy)morpholine (0.0518 g, 0.25 mmol), and copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHsg, 0.0017 g, 0.0031 mmol) to
yield 4-(morpholin-4-yl)-benzoic acid ethyl ester (0.0443 g, 0.19 mmol, 75%) as a white

solid. The "H NMR spectrum was consistent with that reported in the literature.?

1. 'PrMgBr, -35°C, 1 h
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| 2.2ZnCl,, -35°C, 10 min
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4-(4-Chlorophenyl)-morpholine (3x). The title compound was prepared according to
General Procedure E using 1-chloro-4-iodo-benzene (0.1312 g, 0.55 mmol), 4-
(benzoyloxy)morpholine (0.0520 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to yield 4-(4-chlorophenyl)-
morpholine (0.0477 g, 0.24 mmol, 97%) as a white solid. The "H NMR spectrum was

consistent with that reported in the literature.?

1. PrMgBr, -35°C, 1 h

o
o .
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4-(4-Fluorophenyl)-morpholine (3y). The title compound was prepared according to
General Procedure E using 1-fluoro-4-iodo-benzene (0.1224 g, 0.55 mmol), 4-
(benzoyloxy)morpholine (0.0518 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to yield 4-(4-fluorophenyl)-
morpholine (0.0327 g, 0.18 mmol, 72%) as a pale yellow oil. Analytical data for the title
compound: "H NMR (400 MHz, CDCl;) & 7.00 — 6.96 (m, 2H), 6.88 — 6.85 (m, 2H), 3.87
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— 3.85 (m, 4H), 3.09 — 3.07 (m, 4H); "*C NMR (100 MHz, CDCl;) & 117.6, 117.5, 115.7,
115.5, 66.9, 50.4.

1. PrMgBr, -35°C, 1 h
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4-(3-Trifluoromethyl-phenyl)-morpholine (3z). The title compound was prepared
according to General Procedure E using 1-iodo-3-trifluoromethyl-benzene (0.1496 g,
0.55 mmol), 4-(benzoyloxy)morpholine (0.0519 g, 0.25 mmol), and copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHg, 0.0017 g, 0.0031 mmol) to
yield 4-(3-trifluoromethyl-phenyl)-morpholine (0.0416 g, 0.18 mmol, 72%) as a pale
yellow oil. Analytical data for the title compound: "H NMR (400 MHz, CDCl3) § 7.37 —
7.35 (m, 1H), 7.12 — 7.05 (m, 3H), 3.88 — 3.86 (m, 4H), 3.21 — 3.19 (m, 4H); *C NMR
(100 MHz, CDCl;) 6 151.5, 129.6, 125.7, 123.0, 118.4, 116.2, 111.9, 66.7, 48.9.

General Procedure (F) for the copper catalyzed amination of functionalized
diarylzinc reagents. An oven-dried round bottom flask equipped with magnetic stir bar
was charged with the aryl iodide (0.55 mmol), anhydrous tetrahydrofuran (3.0 mL), and
the solution cooled to -35 °C. A tetrahydrofuran solution of isopropyl magnesium
bromide (0.60 mL, 1.0 M) was slowly added along the edges of the flask and the
reaction mixture was stirred at -35 °C for 1 hour. A tetrahydrofuran solution of zinc(ll)
chloride (1.0 mL, 0.28 M) was slowly added along the edges of the flask and the reaction
mixture was stirred at -35 °C for 10 minutes. A second oven-dried round bottom flask
equipped with magnetic stir bar was charged with the N,N-dialkyl O-benzoyl
hydroxylamine derivative (0.25 mmol), copper(l) trifluoromethanesulfonate benzene
complex ([CuOTf],-CgHs, 0.0031 mmol), and anhydrous tetrahydrofuran (2.0 mL). The
contents of the first flask were added to this second flask and the reaction mixture was
stirred at room temperature for 1 hour. The reaction mixture was diluted with diethyl
ether (10 mL) and the organic layer was washed with a saturated sodium bicarbonate
solution (2 x 10 mL), dried over magnesium sulfate, and the solvent was removed under
reduced pressure. The crude product was purified by flash chromatography, eluting with

the indicated solvent system, to afford the desired product of >95 % purity as judged by
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"H NMR spectroscopy and GLC or SFC analysis.

1. PrMgBr, -35°C, 1 h

0
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4-(4-acetoxyphenyl)-morpholine (3aa). The title compound was prepared according to
General Procedure F using 1-acetoxy-4-iodobenzene (0.144 g, 0.55 mmol), 4-
(benzoyloxy)morpholine (0.0518 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to yield 4-(4-acetoxyphenyl)-
morpholine (0.0408 g, 0.18 mmol, 74%) as a white solid after flash chromatography with
30% ethyl acetate:hexanes. Analytical data for the title compound: IR (Nujol, cm™) 2924,
2854, 1761, 1514, 1460, 1377, 1201, 1120, 922, 834, 719; '"H NMR (400 MHz, CDCl3) &
7.00 — 6.98 (m, 2H), 6.90 — 6.88 (m, 2H), 3.86 — 3.84 (m, 4H), 3.13 — 3.11 (m, 4H), 2.27
(s, 3H); *C NMR (100 MHz, CDCls) & 169.8, 149.3, 144.0, 122.0, 116.6, 66.9, 49.8,
21.0. Anal. Calcd for C1,H1sNOg3: C, 65.14; H, 6.83; N, 6.33. Found: C, 65.12; H, 6.91; N,
6.15.

1. PrMgBr, -35°C, 1 h
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Trifluoromethanesulfonic acid 4-(morpholin-4-yl)-phenyl ester (3ab). The title
compound was prepared according to General Procedure F using
trifluoromethanesulfonic acid 4-iodo-phenyl ester (0.1936 g, 0.55 mmol) 4-
(benzoyloxy)morpholine (0.0518 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to yield
trifluoromethanesulfonic acid 4-(morpholin-4-yl)-phenyl ester (0.0737 g, 0.24 mmol,
95%) as a clear oil after flash chromatography with 30% ethyl acetate:hexanes. The 'H

NMR spectrum was consistent with that reported in the literature.?*

35



1. PrMgBr, -35°C, 1 h

I 2.ZnCl,, -35°C, 10 min N
“Bn
NC/©/ 3. [CuOTf]*CeHg cat. /©/
Bn.-OBz NC
Bn -1h

4-Dibenzylamino-benzonitrile (3ag). The title compound was prepared according to
General Procedure F using 4-iodobenzonitrile (0.1259 g, 0.55 mmol), O-benzoyl-N,N-
dibenzylhydroxylamine (0.0793 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to yield 4-dibenzylamino-
benzonitrile (0.0712 g, 0.24 mmol, 96%) as a white solid after flash chromatography with
15% ethyl acetate:hexanes. Analytical data for the title compound: "H NMR (400 MHz,
CDCl3) §7.42-7.18 (m, 12H), 6.72 — 6.70 (m, 2H), 4.71 (s, 4H); *C NMR (100 MHz,
CDCl3) 3 151.9, 136.8, 133.6, 128.9, 127.4, 126.4, 120.3, 112.2, 98.7, 54.2.

i 0
1. PrMgBr, -35°C, 1 h ‘Bn

/@/I 2.ZnCl,, -35°C, 10 min N
“Bn

3. [CUOTflp*CgHg cat. J@/

EtO,C

2 Bn. OBz EtO,C

N
Bn .M 1h

4-Dibenzylamino-benzoic acid ethyl ester (3ah). The title compound was prepared
according to General Procedure F using 4-iodobenzoic acid ethyl ester (0.1518 g, 0.55
mmol), O-benzoyl-N,N-dibenzylhydroxylamine (0.0793 g, 0.25 mmol), and copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHg, 0.0016 g, 0.0031 mmol) to
yield 4-dibenzylamino-benzoic acid ethyl ester (0.0855 g, 0.25 mmol, 100%) as a white
solid after flash chromatography with 5% ethyl acetate:hexanes. Analytical data for the
titte compound: '"H NMR (400 MHz, CDCls) § 7.87 — 7.84 (m, 2H), 7.35 — 7.20 (m, 10H),
6.72 — 6.70 (m, 2H), 4.71 (s, 4H), 4.30 (q, 2H, J = 7.1), 1.33 (t, 3H, J = 7.1); ®*C NMR
(100 MHz, CDCl,;) 6 166.7, 152.4, 137.4, 131.4, 128.8, 127.2, 126.4, 118.3, 111.2, 60.1,
54.0, 14.4.

1. 'PrMgBr, -35°C, 1h
Bn

| 2.2ZnCly, -35°C, 10 min v
C|/©/ 3. [CUOTflp+CgH cat. /©/ Bn
Bn..,, OBz cl

Bn - 1h

N-(4-Chloro-phenyl)-dibenzylamine (3ai). The title compound was prepared according
to General Procedure F using 1-chloro-4-iodo-benzene (0.1312 g, 0.55 mmol), O-

benzoyl-N,N-dibenzylhydroxylamine (0.0792 g, 0.25 mmol), and copper(l)
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trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to
yield N-(4-chloro-phenyl)-dibenzylamine (0.0709 g, 0.23 mmol, 92%) as a white solid
after flash chromatography with 1% ethyl acetate:hexanes. The 'H NMR spectrum was

consistent with that reported in the literature.?

General Procedure (G) for the copper catalyzed amination of functionalized
diarylzinc reagents. An oven-dried round bottom flask equipped with magnetic stir bar
was charged with the aryl iodide (0.55 mmol), anhydrous tetrahydrofuran (3.0 mL), and
the solution cooled to -35 °C. A tetrahydrofuran solution of phenyl magnesium bromide
(0.60 mL, 1.0 M) was slowly added along the edges of the flask and the reaction mixture
was stirred at -35 °C for 10 minutes. A tetrahydrofuran solution of zinc(ll) chloride (1.0
mL, 0.28 M) was slowly added along the edges of the flask and the reaction mixture was
stirred at -35 °C for 10 minutes. A second oven-dried round bottom flask equipped with
magnetic stir bar was charged with the N,N-dialkyl O-benzoyl hydroxylamine derivative
(0.25 mmol), copper(l) trifluoromethanesulfonate benzene complex ([CuOTf],-CeHe,
0.0031 mmol), and anhydrous tetrahydrofuran (2.0 mL). The contents of the first flask
were added to this second flask and the reaction mixture was stirred at room
temperature for 1 hour. The reaction mixture was diluted with diethyl ether (10 mL) and
the organic layer was washed with a saturated sodium bicarbonate solution (2 x 10 mL),
dried over magnesium sulfate, and the solvent was removed under reduced pressure.
The crude product was purified by flash chromatography, eluting with the indicated
solvent system, to afford the desired product of >95 % purity as judged by 'H NMR
spectroscopy and GLC or SFC analysis.

1. PhMgBr, -35°C, 10 min
N02 . N02 ho
| 2.2ZnCly, -35°C, 10 min N

3. [CuOTf],*CeHg cat.
N,OBz

OJ it 1h

4-(2-Nitrophenyl)-morpholine (3ad). The title compound was prepared according to
General Procedure G using 1-iodo-2-nitrobenzene (0.1369 g, 0.55 mmol), 4-
(benzoyloxy)morpholine (0.0518 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to yield 4-(2-nitro-phenyl)-

morpholine (0.0515 g, 0.25 mmol, 100%) as a yellow, viscous oil after flash
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chromatography with 15% ethyl acetate:hexanes. The "H NMR spectrum was consistent

with that reported in the literature.’

1. PhMgBr, -35 °C, 10 min
N02 . ) N02 ﬁo
| 2.2ZnCl,, -35°C, 10 min NJ
3. [CuOTf]y*CgHg cat | -
. u . cat.
0N 2*Cele P
_OBz O:N
(N
o i, 1h

4-(2,4-Dinitrophenyl)-morpholine (3ae). The title compound was prepared according to
General Procedure G using 1-iodo-2,4-dinitrobenzene (0.1617 g, 0.55 mmol), 4-
(benzoyloxy)morpholine (0.0518 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to yield 4-(2,4-dinitro-phenyl)-
morpholine (0.0372 g, 0.15 mmol, 59%) as a yellow solid after flash chromatography
with 30% ethyl acetate:hexanes. The 'H NMR spectrum was consistent with that

reported in the literature.

1. PhMgBr, -35 °C, 10 min
NO> g NO, Bn
| 2.2ZnCly, -35°C, 10 min N
“Bn
3. [CuOTf],*CgHg cat.
Bn. .OB
n N z
Bn .m1h

N-(2-nitrophenyl)-dibenzylamine (3ak). The titte compound was prepared according to
General Procedure G using 1-iodo-2-nitrobenzene (0.1369 g, 0.55 mmol), O-benzoyl-

N, N-dibenzylhydroxylamine (0.0792 g, 0.25 mmol), and copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHg, 0.0016 g, 0.0031 mmol) to
yield N-(2-nitro-phenyl)-dibenzylamine (0.0764 g, 0.24 mmol, 96%) as a yellow, viscous
oil after flash chromatography with 15% ethyl acetate:hexanes. Analytical data for the
titte compound: '"H NMR (400 MHz, CDCl3) § 7.74 — 7.71 (m, 1H), 7.34 — 7.21 (m, 11H),
7.08 — 7.06 (m, 1H), 6.99 — 6.97 (m, 1H), 4.20 (s, 4H); *C NMR (100 MHz, CDCl5) &
145.1, 144.6, 137.5, 133.1, 128.9, 128.8, 127.8, 126.1, 123.9, 122.0, 57.1.

General Procedure (H) for the copper catalyzed amination of functionalized
diarylzinc reagents. An oven-dried round bottom flask equipped with magnetic stir bar
was charged with the aryl iodide (0.55 mmol) and anhydrous tetrahydrofuran (3.0 mL). A
tetrahydrofuran solution of isopropyl magnesium bromide (0.60 mL, 1.0 M) was slowly

added and the reaction mixture was stirred at room temperature for 1 hour. A
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tetrahydrofuran solution of zinc(ll) chloride (1.0 mL, 0.28 M) was slowly added and the
reaction mixture was stirred at room temperature for 10 minutes. A second oven-dried
round bottom flask equipped with magnetic stir bar was charged with the N,N-dialkyl O-
benzoyl hydroxylamine derivative (0.25 mmol), copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CsHe, 0.0031 mmol), and anhydrous tetrahydrofuran (2.0
mL). The contents of the first flask were added to this second flask and the reaction
mixture was stirred at room temperature for 1 hour. The reaction mixture was diluted
with diethyl ether (10 mL) and the organic layer was washed with a saturated sodium
bicarbonate solution (2 x 10 mL), dried over magnesium sulfate, and the solvent was
removed under reduced pressure. The crude product was purified by flash
chromatography, eluting with the indicated solvent system, to afford the desired product

of >95 % purity as judged by "H NMR spectroscopy and GLC or SFC analysis.

1. 'PrMgBr, t, 1 h
«|  2.ZnCl, tt, 10 min O
o | > 3. [CuOTf],*CgHg cat. o | :
o)
/‘ N,OBZ O/‘
OJ it 1h

2-(4-Morpholin-4-yl-phenyl)-2-methyl-1,3-dioxolane (3ac). The title compound was
prepared according to General Procedure H using 2-(4-iodophenyl)-2-methyl-1,3-
dioxolane (0.1594 g, 0.55 mmol), 4-(benzoyloxy)morpholine (0.0518 g, 0.25 mmol), and
copper(l) trifluoromethanesulfonate benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031
mmol) to yield 2-(4-morpholin-4-yl-phenyl)-2-methyl-1,3-dioxolane (0.0512 g, 0.21 mmol,
82%) as a white solid after flash chromatography with 30% ethyl acetate:hexanes.
Analytical data for the title compound: IR (Nuijol, cm'1) 2923, 2854, 1610, 1514, 1460,
1377, 1265, 1225, 1200, 1192, 1126, 1041, 926, 877, 818, 723; 'H NMR (400 MHz,
CDCl3) 8 7.39 — 7.37 (m, 2H), 6.89 — 6.87 (m, 2H), 4.04 — 4.00 (m, 2H), 3.87 — 3.85 (m,
4H), 3.80 — 3.76 (m, 2H), 3.18 — 3.15 (m, 4H), 1.64 (s, 3H); "*C NMR (100 MHz, CDCl;)
5 150.8, 134.6, 126.2, 115.1, 108.8, 66.9, 64.4, 49.2, 27.5. Anal. Calcd for C14H1gNO3:
C, 67.45; H, 7.68; N, 5.62. Found: C, 67.33; H, 7.77; N, 5.61.
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1.'PrMgBr, 1t, 1 h
. Bn
2. ZnCly, rt, 10 min I

|
N
/©/ 3. [CUOTf],*CqHg cat J@/ ‘Bn
-lbu 2°CgMe Cal.
MeO MeO

Bn.,_. OB
nN z
Bn «mt1h

N-(4-Methoxyphenyl)-dibenzylamine (3aj). The title compound was prepared
according to General Procedure H using 4-iodoanisole (0.1287 g, 0.55 mmol), O-
benzoyl-N,N-dibenzylhydroxylamine (0.0792 g, 0.25 mmol), and copper(l)
trifluoromethanesulfonate benzene complex ([CuOTf],-CeHsg, 0.0016 g, 0.0031 mmol) to
yield N-(4-methoxyphenyl)-dibenzylamine (0.0681 g, 0.22 mmol, 90%) as a white solid
after flash chromatography with 5% ethyl acetate:hexanes. The 'H NMR spectrum was

consistent with that reported in the literature.?

General Procedure (l) for the copper catalyzed amination of functionalized
diarylzinc reagents. An oven-dried round bottom flask equipped with magnetic stir bar
was charged with the aryl iodide (0.55 mmol) and anhydrous tetrahydrofuran (3.0 mL). A
tetrahydrofuran solution of isopropyl magnesium bromide (0.60 mL, 1.0 M) was slowly
added and the reaction mixture was stirred at room temperature for 1 hour. A
tetrahydrofuran solution of zinc(ll) chloride (1.0 mL, 0.28 M) was slowly added and the
reaction mixture was stirred at room temperature for 10 minutes. A second oven-dried
round bottom flask equipped with magnetic stir bar was charged with the N,N-dialkyl O-
benzoyl hydroxylamine derivative (0.25 mmol), copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CsHe, 0.0031 mmol), and anhydrous tetrahydrofuran (2.0
mL). The contents of the first flask were added to this second flask and the reaction
mixture was stirred at room temperature for 1 hour. The reaction mixture was diluted
with diethyl ether (10 mL), the organic layer was washed with a saturated sodium
bicarbonate solution (2 x 10 mL), and the aqueous layer was exftracted with
dichloromethane (2 x 10 mL). The organic layers were combined and the solvent was
removed under reduced pressure. The resulting residue was taken up in diethyl ether
(10 mL) and washed with a 1M hydrochloric acid solution (2 x 10 mL), the aqueous layer
was basified with a 10% sodium hydroxide solution and extracted with dichloromethane
(2 x 10 mL). The organic extracts were combined, dried over sodium sulfate, and the
solvent was removed under reduced pressure, affording the desired product of >95 %

purity as judged by "H NMR spectroscopy and GLC or SFC analysis.
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1. 'PrMgBr, rt, 1 h
9 N ho
| 2.2ZnCly, rt, 10 min | NJ
X
3. [CuOTf],*CgHg cat. | P

ﬁN/OBZ

o .t 1h

4-(Naphthalen-1-yl)-morpholine (3af). The title compound was prepared according to
General Procedure | using 1-iodo-naphthalene (0.1398 g, 0.55 mmol), 4-
(benzoyloxy)morpholine (0.0518 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CgHs, 0.0016 g, 0.0031 mmol) to yield 4-(naphthalen-1-yl)-
morpholine (0.0481 g, 0.23 mmol, 90%) as a white solid. The "H NMR spectrum was
consistent with that reported in the literature.?’

1. PrMgBr, 1t, 1 h
. ﬁo
2. ZnCly, rt, 10 min

or N
3. [CUOTf],*CgHg cat. ©/
MeO MeO

N,OBz

OJ it 1h

4-(4-Methoxyphenyl)-morpholine (3c). The title compound was prepared according to
General Procedure | using 4-iodoanisole (0.1287 g, 0.55 mmol), 4-
(benzoyloxy)morpholine (0.0518 g, 0.25 mmol), and copper(l) trifluoromethanesulfonate
benzene complex ([CuOTf],-CeHs, 0.0016 g, 0.0031 mmol) to yield 4-(4-methoxyphenyl)-
morpholine (0.0403 g, 0.21 mmol, 83%) as a white solid. The "H NMR spectrum was

consistent with that reported in the literature.??

V. Directed Ortho Lithiation/Amination Sequence

General Procedure (J) for the copper catalyzed amination of diorganozinc
reagents. An oven-dried 25-mL, one-necked, round-bottomed flask equipped with a
Teflon-coated magnetic stirbar is maintained under an inert atmosphere of argon and
charged with tetramethylethylene diamine (0.0703 g, 0.61 mmol) and anhydrous
tetrahydrofuran (2.5 mL). The solution is stirred and cooled in a CO,/acetone bath and a
cyclohexane solution of sec-BuLi (0.47 mL, 0.61 mmol, 1.3 M) is added via syringe along
edges of flask. The resulting solution is stirred for 10 min at -78 °C and a tetrahydrofuran

solution of the functionalized arene (1.5 mL, 0.55 mmol, 0.4M) is added via syringe
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gradually along edges of flask. The solution is stirred at -78 °C for 30 min. A
tetrahydrofuran solution of ZnCl, (1.0 mL, 0.0375 g, 0.28 mmol, 0.3M) is added via
syringe along edges of flask and the solution is stirred at -78 °C for 15 min. The cold
bath is removed and the solution is allowed to gradually warm to ambient temperature
over the course of 15 min prior to use (vida infra). An oven-dried 25-mL, one-necked,
round-bottomed flask equipped with a Teflon-coated magnetic stirbar is maintained
under an inert atmosphere of argon and charged with 4-benzoyloxymorpholine (0.0518
g, 0.25 mmol), copper(ll) chloride (0.0008 g, 0.0063 mmol), and anhydrous
tetrahydrofuran (2.5 mL). The solution is stirred and the previously generated diarylzinc
solution (vida supra) is added via cannula in one portion. The resulting solution is stirred
at ambient temperature for the indicated reaction time. Diethyl ether (10 mL) is added
and the reaction mixture is transferred to a 125-mL separatory funnel. The reaction
mixture is washed with three 10-mL portions of saturated ag. NaHCOj; solution, 10-mL of
brine, dried over MgSQ,, and concentrated by rotary evaporation. The resulting crude
product mixture is purified by flash column chromatography, eluting with the indicated

solvent system, to afford desired product of > 95 % purity as judged by 'H NMR

spectroscopy.
0 1. sec-BuLi, TMEDA, -78°C, 30 min o)

@AN[PQ 2. ZnCl, -78°C, 15 min: rt, 15 min i )L NP,

3. CuCl, cat., rt

2 N/\
.0__Ph

N o

OJ o)

2-Morpholino-N,N-Diisopropylbenzamide (3al). The title compound was prepared
according to general procedure J using N,N-diisopropylbenzamide (0.1128 g, 0.55
mmol) with stirring for 1 h to yield 2-morpholino-N,N-diisopropylbenzamide (0.0639 g,
0.22 mmol, 88 %) as a clear, pale yellow oil following flash column chromatography with
30 % EtOAc:hexanes. Analytical data for the title compound: IR (thin film, cm™) 2963,
2856, 2822, 1625, 1490, 1450, 1377, 1339, 1226, 1119, 1035, 936, 850, 766; 'H NMR
(400 MHz, CDCl3) 6 7.30 — 7.26 (m, 1H), 7.12 — 7.01 (m, 3H), 3.84 — 3.70 (m, 4H), 3.52
—3.34 (m, 4 H), 2.77 — 2.72 (m, 2H), 1.55 — 1.53 (m, 6H), 1.20 — 1.18 (m, 3H), 0.97 —
0.95 (m, 3H); *C NMR (100 MHz, CDCl;) & 170.3, 148.5, 135.0, 129.1, 126.9, 123.7,
118.9, 67.2, 52.8, 50.6, 45.5, 20.7, 20.5, 20.4, 20.3.
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O._NEt
1. sec-BuLi, TMEDA, -78°C, 30 min Y2
OTNEtZ 2. ZnCly, -78°C, 15 min; rt, 15 min o
©/ le} 3. CuCl, cat., rt
O_ _Ph N
N 0
o ) o

N,N-Diethylcarbamic acid 2-Morpholinophenyl ester (3ao). The title compound was
prepared according to general procedure J using N,N-diethylcarbamic acid phenyl ester
(0.1067 g, 0.55 mmol) with stirring for 12 h to yield N,N-diethylcarbamic acid 2-
morpholinophenyl ester (0.0435 g, 0.16 mmol, 62 %) as a white solid following flash
column chromatography with 30 % EtOAc:hexanes. Analytical data for the title
compound: IR (thin film, cm™) 2969, 2854, 2817, 1721, 1604, 1497, 1419, 1379, 1272,
1236, 1193, 1153, 1118, 940, 754; '"H NMR (400 MHz, CDCl3) & 7.17 — 7.03 (m, 4H),
3.82 — 3.77 (m, 4H), 3.50 — 3.37 (m, 4H), 3.00 — 2.96 (m, 4 H), 1.27 — 1.19 (m, 6H); **C
NMR (100 MHz, CDCl;) & 153.9, 145.4, 144.8, 126.1, 123.7, 120.1, 67.4, 51.8, 421,

41.7,14.3, 13.5.
0 1. sec-BuLi, TMEDA, -78°C, 30 min 0
@%\}L 2. ZnCly, -78°C, 15 min; rt, 15 min @fk\}é
3. CuCl, cat., rt
: O. _Ph N
Vo Lo
o) o

2-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-1-Morpholinobenzene (3am). The title
compound was prepared according to general procedure J using 4,4-dimethyl-2-phenyl-
4,5-dihydro-oxazole (0.0963 g, 0.55 mmol) with stirring for 4 h to yield 2-(4,4-dimethyl-
4,5-dihydro-oxazol-2-yl)-1-morpholinobenzene (0.0358 g, 0.14 mmol, 55 %) as a clear,
pale vyellow colored oil following flash column chromatography with 50 %
EtOAc:hexanes. Analytical data for the title compound: Analytical data for the title
compound: IR (thin film, cm'1) 2964, 2927, 2893, 2858, 2818, 2361, 1723, 1646, 1598,
1492, 1448, 1374, 1309, 1228, 1116, 1068, 1037, 935, 765, 698; '"H NMR (400 MHz,
CDCl3) 6 7.63 — 7.61 (m, 1H), 7.36 — 7.34 (m, 1H), 7.00 — 6.96 (m, 2H), 4.05 (s, 1H),
3.84 — 3.82 (m, 4H), 3.05 — 3.03 (m, 4H), 1.36 (s, 6H); *C NMR (100 MHz, CDCl,)
5163.0, 151.4,131.7, 131.6, 121.8, 121.7, 118.1, 78.9, 67.4, 67.1, 52.3, 28.3.
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1. t-BuLi, 0°C, 1 h
O._O._  2.znCly, 0°C, 15 min; rt, 15 min OO
©/ 3. CuClj cat., rt N
_O__Ph
N 0
o J o

1-Methoxymethyloxy-2-Morpholinobenzene (3an). An oven-dried 25-mL, one-
necked, round-bottomed flask equipped with a Teflon-coated magnetic stirbar is
maintained under an inert atmosphere of argon and charged with methoxymethyl phenyl
ether (0.0759 g, 0.55 mmol) and anhydrous diethyl ether (2.0 mL). The solution is stirred
and cooled in an ice bath and a pentane solution of {-BuLi (0.40 mL, 0.61 mmol, 1.5 M)
is added via syringe along edges of flask. The resulting solution is stirred for 1 h at 0 °C
and a tetrahydrofuran solution of ZnCl, (1.0 mL, 0.0375 g, 0.28 mmol, 0.3M) is added via
syringe along edges of flask and the solution is stirred at 0 °C for 15 min. The cold bath
is removed and the solution is allowed to gradually warm to ambient temperature over
the course of 15 min prior to use (vida infra). An oven-dried 25-mL, one-necked, round-
bottomed flask equipped with a Teflon-coated magnetic stirbar is maintained under an
inert atmosphere of argon and charged with 4-benzoyloxymorpholine (0.0518 g, 0.25
mmol), copper(ll) chloride (0.0008 g, 0.0063 mmol), and anhydrous tetrahydrofuran (2.5
mL). The solution is stirred and the previously generated diarylzinc solution (vida supra)
is added via cannula in one portion. The resulting solution is stirred at ambient
temperature for 6 h. Diethyl ether (10 mL) is added and the reaction mixture is
transferred to a 125-mL separatory funnel. The reaction mixture is washed with three 10-
mL portions of saturated aq. NaHCOj; solution, 10-mL of brine, dried over MgSQ,, and
concentrated by rotary evaporation. The resulting crude product mixture is purified by
flash column chromatography with 30 % EtOAc:hexanes to yield 1-methoxymethyloxy-2-
morpholinobenzene (0.055 g, 0.25 mmol, 100 %) as a clear, colorless oil. Analytical data
for the title compound: Analytical data for the title compound: IR (thin film, cm™) 2953,
2852, 2822, 1597, 1498, 1447, 1235, 1154, 1119, 1078, 995, 926, 856, 752; 'H NMR
(400 MHz, CDCl3) 6 7.10 — 7.07 (m, 1H), 6.99 — 6.93 (m, 3H), 5.22 (s, 2H), 3.87 — 3.85
(m, 4H), 3.50 (s, 3H), 3.09 — 3.06 (m, 4H); *C NMR (100 MHz, CDCl3) & 150.0, 142.2,
123.1, 122.8, 118.4, 116.6, 95.2, 67.3, 56.3, 51.2.
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Chapter Two

Nickel-Catalyzed Electrophilic Amination of Organozinc Nucleophiles

2.1 Introduction

The dichotomous behavior of diorganozinc and organozinc halide reagents is
common in the application of these compounds in organic synthesis." The divergence is
manifested, sometimes dramatically, in different activity of nominally similar compounds.
We recently had occasion to note significant disparities in reaction efficiency of RZnX
and R,Zn reagents in the context of copper-catalyzed electrophilic aminations, with the
latter providing results far superior to the former (refer to Chapter 1). In this chapter we
document our efforts to bridge this gap through the discovery that nickel complexes

successfully catalyze the electrophilic amination of organozinc halides (eq 1).

R',Zn
CuCly (2.5 mol %)

‘ THF, r.t. J

R'ZnCl
Ni(PPh3),Cl (2.5 mol %)

THF, .t
This study was initiated as part of a broader effort to develop new methods for
C-N bond formation.? As previously discussed, of the modern methods currently
available, the Buchwald—Hartwig cross coupling reaction has gained prominence as a
general protocol for the preparation of aryl amines, representing the state of the art in

metal-catalyzed nucleophilic amination.®>* While typically performed under palladium



catalysis, other transition metals have proven to be competent catalysts as well. Of
particular interest are reports by Buchwald and others on nickel-catalyzed nucleophilic
amination.®”

Electrophilic amination of nonstabilized carbanions represents an alternative
approach to amine synthesis, and is noteworthy for its use of the umpolung strategy for
C—N bond construction.®'® Early examples have focused on the amination of highly
reactive carbon donors (RLi and RMgX), and have generally been hampered by modest
yields and/or harsh reaction conditions. Reports by Erdik and Narasaka on the metal-
catalyzed amination of nonstabilized carbanions employing O-sulfonyl oximes as HoN(+)
synthons represent an improvement on previous methodology, but have as yet been
limited to the preparation of non-functionalized aniline derivatives."" '? Rieke’s
observation that organozinc halide reagents undergo amination with azodicarboxylates

is also germane to the present investigation.' ™

2.2 Results and Discussion

2.2.1 Initial Studies. In the course of our initial screen of potential catalysts and
reagents for the union of weak organic nucleophiles with RoN(+) synthons, nickel arose
as a candidate metal for the reaction of RZnX with O-benzoyl hydroxylamines. Efforts to
build upon this preliminary finding focused on the identity of the nickel complex.
Ni(COD), was chosen as a readily available source of Ni(0) and was evaluated for

catalytic competence in the presence of a number of neutral ligands (Table 2-1).
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Table 2-1. Effect of Ligation on the Nickel-Catalyzed Electrophilic Amination of

Phenylzinc Bromide®

Ni(cod); (2.5 mol %)

ligand
ﬁN/OYPh + PhznBr e OQN

o o] THF, r.t.
1a 2a
entry ligand time (h) % yield®

1 none 24 56
2 1,10-phenanthroline® 15 24
3 BINAP® 24 56
4 Imes-HCI® 0.25 53
5 PCys° 0.25 40
6 P(OPh);° 0.25 65
7 PPh;° 0.25 71

@ 1.1 equiv of PhZnBr was employed. PhZnBr was prepared from PhMgBr via
transmetallation with 1.0 equiv ZnBr.. ® 2.5 mol % ligand employed. ¢ 5.0 mol % ligand
employed. ¢ Isolated yield of product of purity > 95 % based on "H NMR spectroscopy
analysis. Yield is based on the starting R,N-OC(O)Ph.

In the absence of ligand, amination proceeds slowly and only in modest yields
(entry 1). When a chelating diamine (entry 2) or (bis)phosphine (entry 3) is employed,
the reaction rate is once again severely hampered and modest yields obtained. We
observed a dramatic acceleration in rate when monodentate ligands were employed (15
min vs. 15 h), along with a more subtle electronic and/or steric effect on yield (entries 4—
7). When an electron-rich and sterically hindered N-heterocyclic carbene or
trialkylphosphine is employed, modest yields of product are obtained (entries 4 and 5).
With the electron-poor and sterically neutral triphenylphosphite, an improvement in yield
is observed (entry 6). Our best results were obtained with the electronically and sterically
neutral triphenylphosphine ligand (entry 7), affording 71% yield of desired product under
unoptimized conditions. The air stable and commercially available Ni(PPh3),Cl, complex
was also found to be a competent catalyst for this reaction, and was employed in all

subsequent studies.
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2.2.2 Electrophilic Amination of Organozinc Halide Reagents: Preparation of
Tertiary Amines. With a convenient nickel catalyst in hand, we next set out to study the
scope of the reaction. The RZnX reagents employed in this study were generated in situ
from the corresponding RMgX via transmetalation with 5.0 equivalents of ZnCl,, and
were used without isolation and/or purification. The O-benzoyl hydroxylamines were
prepared as previously described (refer to Chapter 1). As illustrated in Table 2-2, a
variety of aryl fragments undergo amination in good yields (entries 1-3, 6-8, 10, 11).
Alkyl (primary) and benzyl fragments likewise undergo transfer to the R,N(+) electrophile
in acceptable yields (entries 4, 5, 9). Attempted amination of secondary and tertiary alkyl
RZnCl failed to yield the desired product, instead giving complex reaction mixtures in all
cases. This is in contrast to the aforementioned copper system, in which the amination
of secondary and tertiary alkyl fragments occurs readily (refer to Chapter 1).
Unfortunately, use of RZnX reagents prepared from direct insertion of Zn(0) into the

corresponding R—X electrophile resulted in significantly depressed yields.
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Table 2-2. Scope of the Nickel-Catalyzed Electrophilic Amination of Organozinc Halides®

((F;th)zrlvigsl)z
ROy Rznc B e R\N/R'
R jor THF, rt. R
entry R2N-OC(O)Ph R’ZnClI (product) % yield®
1 N O P Ph (2a) 89
OJ (0] 1a
2 1a 2-MePh (2b) 73
3 1a 4-MeOPh (2c) 89
4 1a Bn (2d) 85
5 1a "octyl (2e) 58
6 O‘/OYPh Ph (2f) 77
° 1b
1b 2-MePh(2g) 72
1b 4-MeOPh (2h) 92
1b Bn (2i) 68
10 Bt O P Ph (2j) 71
EE O 1¢
11 1c 4-MeOPh (2k) 92

# 1.1 equiv of R’ZnCl was employed. R'’ZnCl was prepared from the corresponding
R’MgX via transmetallation with 5.0 equiv ZnCl,. ° Isolated yield of product of purity > 95
% based on 'H NMR spectroscopy and GLC analysis (average of at least two
experiments). Yield is based on the starting R,N-OC(O)Ph.

2.2.3 Preparation of Functionalized Aryl Amines. The preparation of functionalized
tertiary aryl amines was also explored.” '® The requisite functionalized ArZnCl reagents
were generated in situ from the corresponding aryl iodide (Arl) via I-Mg exchange,
transmetalation sequence (5.0 equiv ZnCl,) as previously described (refer to Chapter
1).17 As illustrated in Table 2-3, nitrile, ester, and halide functionalities are all
accommodated employing the nickel catalyst system. In general, amination with

functionalized ArZnCl nucleophiles proved to be markedly sluggish, with extended
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reaction times and/or incomplete consumption of starting material observed in several
instances.
Table 2-3. Scope of the Nickel-Catalyzed Electrophilic Amination of Functionalized

Arylzinc Halides®

(Ph3P),NiCl,
(2.5 mol %)
R\N/OTPh + AZnCl ——————— ‘N’Ar
R O THF, r.t. R
1-6h
1 2
entry R2N-OC(O)Ph ArZnClI (product) % yield®
1 Ny p-NCPh (2I) 56
OQ O 1a
2 1a p-EtO,CPh (2m) 59
3 1a p-CIPh (2n) 84
4 1a m-F3CPh (20) 82

? 1.1 equiv of ArZnCl were employed. ArZnCl reagents were prepared from the
corresponding Arl as follows: 1) '‘PrMgBr, -35 °C, 1h 2) ZnCl, (5.0 equiv), -35 °C, 20 min.
® |solated yield of product of > 95 % purity as judged by '"H NMR spectroscopy and GLC
analysis (average of at least two experiments). Yield is based on the starting RoN-
OC(O)Ph.
2.3 Conclusion

In conclusion, we have developed a nickel-catalyzed electrophilic amination of
organozinc halides that complements our previously reported copper-catalyzed system
for the amination of R,Zn reagents. As in the copper system, the present protocol is
noteworthy for the mild reaction conditions employed (r.t.) and the ease of product
purification (acid/base extractive work up) to obtain analytically pure material. The RZnCI
reagents employed were prepared via transmetalation from the corresponding RMgX
and used without prior isolation and/or purification. While the nickel system lacks the
generality of the copper system, the present report nonetheless expands upon the
repertoire of experimental conditions that may be employed in such processes and

documents a new metal center that is competent for the catalysis of electrophilic

amination.
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2.5 Supporting Information

I. Materials and Methods

General. Infrared (IR) spectra were obtained using a Nicolet 560-E.S.P. infrared
spectrometer. Proton and carbon magnetic resonance spectra ("H NMR and "*C NMR )
were recorded on a Bruker model Avance 400 ("H NMR at 400 MHz and *C NMR at 100
MHz) spectrometer with tetramethylsilane or solvent resonance as the internal standard
(*H NMR: TMS at 0.00 ppm, CDCl; at 7.24 ppm; *C NMR: CDCl; at 77.0 ppm). '"H NMR
data are reported as follows: chemical shift, multiplicity (s = singlet, br s = broad singlet,
d = doublet, br d = broad doublet, t = triplet, br t = broad triplet, g = quartet, m =
multiplet), coupling constants (Hz), and integration. GLC analysis was performed on an
Agilent 6890N Network GC System equipped with an HP-5 column (30 m x 0.316 mm,
pressure = 10.0 psi, flow = 1.4 mL/min, detector = FID, 250°C) with helium gas as
carrier. SFC analysis was performed on a Berger Supercritical Fluid Chromatograph
model FCM 1100/1200 equipped with a Hypersil column (pressure = 150 bar, flow = 1.5
mL/min, detector = UV-vis). Samples were eluted with SFC grade CO; and 1.5 % MeOH.
Combustion analyses were performed by Atlantic Microlab Inc., Norcross, GA. Analytical
thin layer chromatography (TLC) was performed on Whatman 0.25 mm silica gel 60
plates. Visualization was accomplished with UV light and aqueous ceric ammonium
molybdate solution followed by heating. Purification of the reaction products was carried
out either by acid/base extractive work-up or flash chromatography using Sorbent
Technologies silica gel 60 (32-63 pm). All reactions were carried out under an
atmosphere of nitrogen in oven-dried glassware with magnetic stirring. Yield refers to
isolated yield of analytically pure material. Yields are reported for a specific experiment
and as a result may differ slightly from those found in the tables, which are averages of
at least two experiments. Tetrahydrofuran was dried by passage through a column of
neutral alumina under nitrogen prior to use.! Zinc chloride was dried under vacuum (0.1
mmHg) at 150 °C for 12 hours prior to use. 4-Benzoyloxy-morpholine, 1-benzoyloxy-
piperidine, and O-benzoyl-N,N-diethylhydroxylamine were prepared as described
previously.? 4-lodobenzonitrile and 4-iodobenzoic acid ethyl ester were prepared from
the corresponding aryl bromides according to the method of Buchwald.® All other

reagents were obtained from commercial sources and used without further purification.
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Il. Electrophilic Amination of Organozinc Halide Reagents: Preparation of Tertiary
Amines

General Procedure (A) for the nickel catalyzed amination of organozinc reagents.
An oven-dried 25-mL, one-necked, round-bottomed flask equipped with a Teflon-coated
magnetic stirbar is maintained under an inert atmosphere of argon and charged with zinc
chloride (0.3748 g, 2.75 mmol), and anhydrous tetrahydrofuran (5.0 mL). The solution is
stirred at room temperature and a 1.0 M ethereal solution of the Grignard reagent (0.55
mL, 0.55 mmol) is added via syringe in one portion. The resulting suspension is stirred at
room temperature for 15 minutes prior to use (vida infra). An oven-dried 25-mL, one-
necked, round-bottomed flask equipped with a Teflon-coated magnetic stirbar is
maintained under an inert atmosphere of argon and charged with the O-acyl
hydroxylamine (0.50 mmol), bis(triphenylphosphine)nickel(ll) chloride (0.0082 g, 0.0125
mmol), and anhydrous tetrahydrofuran (5.0 mL). The suspension is stirred at room
temperature and the previously generated organozinc halide suspension (vida supra) is
added via cannula in one portion. The resulting suspension is stirred at room
temperature until all O-acyl hydroxylamine has been consumed as judged by TLC
analysis. Diethyl ether (15 mL) is added and the reaction mixture is transferred to a 125-
mL separatory funnel. The reaction mixture is washed with three 10-mL portions of
saturated ag. NaHCOj; solution, the aqueous layer is extracted with three 10-mL portions
of dichloromethane, and the organic fractions are combined and concentrated by rotary
evaporation. The resulting residue is dissolved in diethyl ether (10 mL) and extracted
with three 10-mL portions of 10 % aq. HCI solution The aqueous extracts are basified
with 40-mL of 10 % aqg. NaOH solution, and extracted with three 10-mL portions of
dichloromethane. The organic fraction is washed with 15-mL of brine, dried over Na,SOy,
and concentrated by rotary evaporation, to afford the desired product of >95 % purity as

judged by "H NMR spectroscopy and GLC analysis.

Ni(PPhs),Cl, cat.

_O._Ph _Ph
N . 0,
[ jo( 4 phzncl __25mol % N
THF, rt ©
10 min

4-Phenylmorpholine (2a). The title compound was prepared according to General
Procedure A using 4-benzoyloxy-morpholine (0.1035 g, 0.50 mmol) and a 1.0 M
tetrahydrofuran solution of phenylmagnesium bromide to yield 0.0708 g (87 %) of 4-
phenylmorpholine as a white solid. The '"H NMR spectrum was consistent with that

reported in the literature.*
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Ni(PPhs),Cl, cat. @
O _Ph :
N (0-MePh)zncl — 25mol% N
0 o) o/

THF, rt Me
2h

4-(2-Methylphenyl)morpholine (2b). The title compound was prepared according to
General Procedure A using 4-benzoyloxy-morpholine (0.1035 g, 0.50 mmol) and a 1.0
M tetrahydrofuran solution of 2-methylphenylmagnesium bromide to yield 0.0586 g (66
%) of 4-(2-methylphenyl)morpholine as a clear oil. The "H NMR spectrum was consistent
with that reported in the literature.®

/©/OMe
Ni(PPh3)-Cl, cat.
OJN/OE(Ph+ (p-MeOPh)ZnCl <2Tﬁzo:t02/0 CQN

3h
4-(4-Methoxyphenyl)morpholine (2c). The title compound was prepared according to
General Procedure A using 4-benzoyloxy-morpholine (0.1035 g, 0.50 mmol) and a 1.0
M tetrahydrofuran solution of 4-methoxyphenylmagnesium bromide to yield 0.0847 g (88
%) of 4-(4-methoxyphenyl)morpholine as a white solid. The 'H NMR spectrum was
consistent with that reported in the literature.*

NI(PPh3)ZC|2 cat. _Bn

2.5 mol % N
OJ 70{ + BnznCl Tﬁ“— o@

1h
4-Benzylmorpholine (2d). The title compound was prepared according to General
Procedure A using 4-benzoyloxy-morpholine (0.1035 g, 0.50 mmol) and a 1.0 M diethyl
ether solution of benzylmagnesium bromide to yield 0.0799 g (90 %) of 4-
benzylmorpholine as a clear oil. The "H NMR spectrum was consistent with that reported

in the literature.®
(PPh3)2C|2 cat.

_Ph
()
Q Y + Phzncl —22mol% Ol

THF, rt
10 min

1-Phenylpiperidine (2f). The title compound was prepared according to General
Procedure A using 1-benzoyloxy-piperidine (0.1025 g, 0.50 mmol) and a 1.0 M
tetrahydrofuran solution of phenylmagnesium bromide to yield 0.0623 g (77 %) of 1-
phenylpiperidine as a pale yellow oil. The 'H NMR spectrum was consistent with that

reported in the literature.*

o Ph NI(PPh3)2C|2 cat. @
< 0,
QN TO( + (oMePh)znc — 22Ml% QN

THF, rt Me
24 h

1-(2-Methylphenyl)piperidine (2g). The title compound was prepared according to
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General Procedure A using 1-benzoyloxy-piperidine (0.1025 g, 0.50 mmol) and a 1.0 M
tetrahydrofuran solution of 2-methylphenylmagnesium bromide to yield 0.0630 g (72 %)

of 1-(2-methylphenyl)piperidine as a clear oil. The "H NMR spectrum was consistent with

OMe
Ni(PPh3)Cl, cat. O
_O__Ph
2.5 mol % N
QN T+ (pMeoPhznel —22Mo% Q

0 THF, rt
30 min

that reported in the literature.”

1-(4-Methoxyphenyl)piperidine (2h). The title compound was prepared according to
General Procedure A using 1-benzoyloxy-piperidine (0.1025 g, 0.50 mmol) and a 1.0 M
tetrahydrofuran solution of 4-methoxyphenylmagnesium bromide to yield 0.0875 g (92
%) of 1-(4-methoxyphenyl)piperidine as a pale yellow oil. The '"H NMR spectrum was

consistent with that reported in the literature.®
(PPh3)2C|2 cat.

-Bn
0,
Q T + gnzncl —22Ml% Ol

THF, rt
2h

4-Benzylpiperidine (2i). The title compound was prepared according to General
Procedure A using 1-benzoyloxy-piperidine (0.1025 g, 0.50 mmol) and a 1.0 M diethyl
ether solution of benzylmagnesium bromide to yield 0.0642 g (73 %) of 4-
benzylpiperidine as a clear oil. The "H NMR spectrum was consistent with that reported

in the literature.®
Ni(PPh3),Cl cat.

Et. Et_.Ph
N’ 5 mol 9
L Y + Phzncl 25 mol% N
THF, rt Et
10 min

N,N-Diethylaniline (2j). The title compound was prepared according to General
Procedure A using N,N-diethyl-O-benzoylhydroxylamine (0.0955 g, 0.50 mmol) and a
1.0 M tetrahydrofuran solution of phenylmagnesium bromide to yield 0.0577 g (77 %) of

N,N-diethylaniline as a clear oil. The "H NMR spectrum was consistent with that reported

OMe
Ni(PPhs),Cl, cat. Q/
E
b 2.5 mol % BN

N W/ + (p-MeOPh)ZnCl ———— — » I

Et THF, 1t Et

1h

in the literature.™

Diethyl-(4-methoxyphenyl)amine (2k). The title compound was prepared according to
General Procedure A using N,N-diethyl-O-benzoylhydroxylamine (0.0962 g, 0.50 mmol)
and a 1.0 M tetrahydrofuran solution of 4-methoxyphenylmagnesium bromide to yield
0.0784 g (88 %) of diethyl-(4-methoxyphenyl)amine as a pale yellow oil. The '"H NMR

spectrum was consistent with that reported in the literature..
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lll. Preparation of Functionalized Aryl Amines

General Procedure (B) for the nickel catalyzed amination of functionalized arylzinc
halide reagents. An oven-dried round bottom flask equipped with magnetic stir bar was
charged with the aryl iodide (0.55 mmol), anhydrous tetrahydrofuran (3.0 mL), and the
solution was cooled to -35 °C. A tetrahydrofuran solution of isopropyl magnesium
bromide (0.60 mL, 1.0 M) was slowly added along the edges of the flask and the
reaction mixture was stirred at -35 °C for 1 hour. A tetrahydrofuran solution of zinc(Il)
chloride (5.0 mL, 0.55 M) was slowly added along the edges of the flask and the reaction
mixture was stirred at -35 °C for 20 minutes. A second oven-dried round bottom flask
equipped with magnetic stir bar was charged with the O-acyl hydroxylamine (0.50
mmol), bis(triphenylphosphine)nickel(ll) chloride (0.0082 g, 0.0125 mmol), and
anhydrous tetrahydrofuran (5.0 mL). The suspension is stirred at room temperature and
the previously generated organozinc halide suspension (vida supra) is added via
cannula in one portion. The resulting suspension is stirred at room temperature until all
O-acyl hydroxylamine has been consumed as judged by TLC analysis. Diethyl ether (15
mL) is added and the reaction mixture is transferred to a 125-mL separatory funnel. The
reaction mixture is washed with three 10-mL portions of saturated aq. NaHCO; solution,
the aqueous layer is extracted with three 10-mL portions of dichloromethane, and the
organic fractions are combined and concentrated by rotary evaporation. The resulting
residue is dissolved in diethyl ether (10 mL) and extracted with three 10-mL portions of
10 % aqg. HCI solution The aqueous extracts are basified with 40-mL of 10 % aq. NaOH
solution, and extracted with three 10-mL portions of dichloromethane. The organic
fraction is washed with 15-mL of brine, dried over Na,SQO,, and concentrated by rotary
evaporation, to afford the desired product of >95 % purity as judged by 'H NMR

spectroscopy and GLC analysis.

1. 'PrMgBr, -35°C, 1 h
| 2.2ZnCly, -35°C, 20 min ﬁo
r o
3. Ni(PPhs),Cl cat.
NG (PPh3), /©/
e NC

OQ i, 1h

4-(Morpholin-4-yl)-benzonitrile (2I). The title compound was prepared according to

General Procedure B using 4-iodobenzonitrile (0.1258 g, 0.55 mmol) and 4-benzoyloxy-
morpholine (0.1035 g, 0.50 mmol) to yield 4-(morpholin-4-yl)-benzonitrile (0.0527 g, 0.28
mmol, 56%) as a white solid. The '"H NMR spectrum was consistent with that reported in

the literature."
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1.'PrMgBr, -35°C, 1 h

| 2.2ZnCly, -35°C, 20 min o
or N
3. Ni(PPhg),Cl cat.
E10,C (PPh3)2Cl2 /©/
082 EtO,C
OJ .1, 3h

4-(Morpholin-4-yl)-benzoic acid ethyl ester (2m). The title compound was prepared
according to General Procedure B using 4-iodobenzoic acid ethyl ester (0.1520 g, 0.55
mmol) and 4-benzoyloxy-morpholine (0.1035 g, 0.50 mmol) to yield 4-(morpholin-4-yl)-
benzoic acid ethyl ester (0.0682 g, 0.29 mmol, 59%) as a white solid. The '"H NMR
spectrum was consistent with that reported in the literature.?

1. 'PrMgBr, -35°C, 1 h

<« 2.2ZnCly, -35°C, 20 min o
| : N_
cl _— 3. NI(PPh3)2C|2 cat.
ﬁN,OBz cl
5 it 1h

4-(4-Chlorophenyl)-morpholine (2n). The title compound was prepared according to
General Procedure B using 1-chloro-4-iodo-benzene (0.1312 g, 0.55 mmol) and 4-
benzoyloxy-morpholine (0.1035 g, 0.50 mmol) to yield 4-(4-chlorophenyl)-morpholine
(0.0830 g, 0.42 mmol, 84%) as a white solid. The "H NMR spectrum was consistent with
that reported in the literature.™

1. 'PrMgBr, -35°C, 1 h

0]
o .
F3;C I 2.2ZnCly, -35°C, 20 min FaC NJ
3. Ni(PPhj3),Cl; cat. \©/
N,OBz
OJ .1t 1h

4-(3-Trifluoromethyl-phenyl)-morpholine (20). The title compound was prepared
according to General Procedure B using 1-iodo-3-trifluoromethyl-benzene (0.1496 g,
0.55 mmol) and 4-benzoyloxy-morpholine (0.1035 g, 0.50 mmol) to yield 4-(3-
trifluoromethyl-phenyl)-morpholine (0.0925 g, 0.40 mmol, 82%) as a pale yellow oil.
Analytical data for the title compound: '"H NMR (400 MHz, CDCl3) & 7.37 — 7.35 (m, 1H),
7.12 —7.05 (m, 3H), 3.88 — 3.86 (m, 4H), 3.21 — 3.19 (m, 4H); "*C NMR (100 MHz,
CDCl3) 3 151.5, 129.6, 125.7, 123.0, 118.4, 116.2, 111.9, 66.7, 48.9
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Chapter Three

Electrophilic Amination of o-Nitrobenzyl Silanes

3.1 Introduction

Nitrogen-rich compounds are ubiquitous in Nature. Consequently, the
development of methodology for their concise preparation continues to be an active area
of research.” ? N-Alkyl hydrazides represent a particularly important class of nitrogen
containing compounds.® N-Alkyl hydrazides and derivatives thereof are readily converted
to many important classes of heterocycles, including pyrazoles, pyrazolones, and 1,2,4-
triazoles.* They have likewise found utility as precursors to azatides, an important class
of peptidomimetic compounds used as surrogate peptides.®

Classic approaches to N-substituted hydrazines have exploited the innate
nucleophilicity of the parent hydrazine.®> Seminal contributions by Ragnarsson and others
on the N-alkylation of orthogonally protected hydrazines® ’ and hydrazones® are
particularly noteworthy. Catalytic nucleophilic amination protocols developed by
Buchwald®"" and others'* *® have expanded the scope of this manifold to include N-aryl
and N-vinyl substituted hydrazine derivatives. Electrophilic amination protocols represent
an alternative strategy, and have been explored extensively. Hydrazination of
nonstabilized carbanions (ArLi," ' ArMgX," ArZnX'®) and electron-rich arenes'’"® with
azodicarboxylates is established methodology for the preparation of N-aryl hydrazides.?*

22,23

1 Catalytic enantioselective electrophilic hydrazination of enolates®* ?* and enamines?*

%5 with azodicarboxylates provides rapid access to enantioenriched N-alkyl hydrazides.

These adducts can be further elaborated in few steps, providing access to a variety of



optically acitve a-amino carbonyl and a-amino alcohol derivatives.?® Very recently,
Carreira has described a metal catalyzed hydrohydrazination of olefins with
azodicarboxylates and phenylsilane as hydride source, providing a general method for
the preparation of highly substituted N-alkyl hydrazides.? %3

Activated benzyl silanes have found broad utility as latent benzyl anions, with
application in C—C bond forming reactions.?>*2 The use of benzyl silanes in analogous
C-N bond forming reactions has been far less successful.** * An early study on the
nitration of 1-(trimethylsilylmethyl)-4-naphthalene is telling: nitration of the benzyl C-Si
bond proceeds in modest yields with competitive nitration of the arene ring
predominating.®® Despite its current state of underdevelopment, such methodology
would provide access to valuable aminated benzyl fragments.

Much more successful have been studies focused on the electrophilic amination
of allyl silanes with aryl diazonium salts and nitrenes (generated in situ from the Lewis
acid catalyzed decomposition of PhI=NTs or the base promoted decomposition of
NsONHCO,Et).***® Examples from Panek on the electrophilic amination of allyl silanes
with nitronium and nitrosium salts represent the state of the art in C-Si bond
amination.***? The reaction proceeds with chirality transfer via an anti-Sg’ addition
process, providing access to enantioenriched allyl amine precursors in high yields
starting from the enantiopure allysilanes. While these examples of the electrophilic
amination of allyl silanes are encouraging, little work to date has focused on the
conceptually similar electrophilic amination of benzyl silanes (vida supra). It was our
intention to bridge this technology gap in the development of new methodology for the

concise electrophilic amination of benzyl silanes (eq 1).

R R
) FGCZit. _XH
] SR 7 N (1)
gl NX N C

|
Y
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3.2 Results and Discussion

3.2.1 Initial Studies. We initially focused on identifying a suitable benzylsilane
framework and electrophilic nitrogen source to promote the desired benzylic amination.
Initial results with unsubstituted benzyl silanes proved discouraging. Activation with
either catalytic tetrabutylammonium fluoride (TBAF) or tetrabutylammonium
triphenyldifluorosilicate (TBAT) under forcing conditions (refluxing THF, 24 h) resulted in
the isolation of only modest quantities of the expected N-benzylhydrazides when
azodicarboxylates were employed as electrophilic nitrogen source. Similar results were
obtained with iminomalonate, an electrophilic aminating reagent that has recently found

utility in the amination of non-stabilized carbanions (eq 2).**

activator

. (10 mol %) XH
D S
Y THF, reflux, 24 h Y

YN=X activator yield
CO,i-Pr
N=N TBAF 6
i-PrOQC
TBAT 1
N COEt  1BAF trace
PMF  COEt  TRAT trace

We next turned our attention to 2-(trimethylsilylmethyl)benzamides, substrates
that have proven effective benzyl anion equivalents in analogous C-C bond forming
reactions. Employing azodicarboxylates as electrophilic nitrogen source, activation with
stoichiometric TBAF resulted in the isolation of desired product in 63% yield. Switching
to TBAT as stoichiometric activator, only trace quantities of the expected adduct were
observed. The opposite trend was noted with iminomalonate. In this case 51% yield of
desired product was obtained with stoichiometric TBAT as activator (9% yield with

stoichiometric TBAF) (eq 3).
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o}

i-ProN .
activator +ProN ©
. 1.0 equiv.
SIMe3 4 N//X # N/XH (3)
| |
Y THF, r.t., 24 h Y

YN=X activator yield
BOC
N=N TBAF 63
BOC
TBAT trace
COEt  TBAF 9
N=—
PMF  COEt  TRAT 51

Apart from such divergent results, the reactions with 2-(trimethylsilymethyl)-
benzamide proved difficult to reproduce. In general, the reactions were quite sluggish, in
many instances resulting in incomplete consumption and/or decomposition of starting
material after 24 h. Use of catalytic activator (TBAF or TBAT) provided inferior results in
all cases studied. A solvent screen failed to provide the anticipated boost in yield, and
the reactions with 2-(trimethylsilyimethyl)benzamide were abandoned.* While these
initial results proved encouraging, it became clear that the presence of a suitable
electron-withdrawing substituent in the ortho position of the requisite benzyl silane would

be crucial to the success of this approach.

3.2.2 Preparation of o-Nitrobenzyl Silanes. Bartoli has illustrated the utility of o-
nitrobenzyl silanes as latent benzyl anion equivalents in C—C bond forming reactions.*®
Recently, researchers at Merck have extended this methodology toward the preparation
of KDR kinase inhibitors.*®*® We envisioned such o-nitrobenzy! silanes would provide
the optimal framework for our proposed benzyl amination protocol. A series of o-
nitrobenzyl silanes were prepared in acceptable yields starting from the nitroarene
according to the method of Bartoli. Sensitive functionalities (e.g. ethyl ester, acetate,

iodide) can be accommodated when the reaction is run at low temperatures. The o-
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nitrobenzyl silanes show good stability properties; they can be stored indefinitely at sub-
ambient temperatures without noticeable loss of reactivity (Table 3-1).

Table 3-1. Preparation of o-Nitrobenzyl Silanes®

1) Me3SiCH(R')MgCI

NOz  tyE 780c-0°C NO2 SiMes
1-3h R
2)DDQ
R" THF,0°C, 1 h R
1 2
entry nitroarene Me;SiCH(R)MgCI (product) % yield"
1 NO2 Me;SiCH,MgCI (2a) 49
OMe 1a
2 1a Me;SiCH(CH3)MgCI (2b) 52
1a Me;SiCH(Cy)MgCI (2c) 28
NO2 Me;SiCH,MgCI (2d) 62
¢ 1b
1b Me;SiCH(CH3)MgCI (2e) 40
6 éz (2f) 58
I 1c
7 52 (29) 40
‘OAC 1d
8 52 (2h) 39
‘OTMS 1e
9 NO, (2i) 40
COsEt 1f

2 1.1 equiv of Me;SiCH(R’)MgCI were employed. 1.2 equiv of DDQ were employed. °
Isolated yield of product of purity > 95 % based on 'H NMR spectroscopy and HRMS
analysis (average of at least two experiments). Yield is based on the starting nitroarene.
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While Bartoli’s method provides rapid access to a wide variety of o-nitrobenzyl
silanes from cheap nitroarene starting materials, this methodology is limited in several
key aspects: 1) The presence of a “blocking” group in the para-position of the starting
nitroarene is mandatory to provide regiocontrol in the Grignard addition; 2) the requisite
starting materials for the Grignard reagent (i.e. a-trimethylsilylalkylhalides) are not
commercially available in all but a few cases, and are difficult to access from known
methodology.®"*

We envisioned an alternate route to o-nitrobenzyl silanes that would avoid the
limitations inherent in Bartoli’s approach. Hydrogenation of vinyl silanes would provide
easy access to the desired o-nitrobenzyl silanes under exceptionally mild conditions.>*
The requisite vinyl silanes are in turn accessible via the highly regioselective
hydrosilylation of ortho-substituted internal aryl alkynes as developed by Alami (Scheme
3-1).%

Scheme 3-1. Strategy for the Preparation of o-Nitrobenzyl Silanes

NO, SiEts NO, SiEts NO, R
=
R X
—1 j—
R
hydrogenation hydrosilylation

Starting from the aryl alkynes 4a and 4b (Scheme 3-2), readily accessible via
the Sonogashira cross-coupling reaction, hydrosilylation proceeded in high yields to
afford the desired vinyl silanes 5a and 5b as single regioisomers (not shown). Attempts
at hydrogenation of 5a and 5b directly under various conditions failed to afford the
expected products; in all cases only recovered starting material was obtained.*® After
additional experimentation it was discovered that reduction of the nitro functionality to
the free amine was necessary to facilitate clean hydrogenation to the saturated benzyl
silanes. Hydrogenative reduction of the nitro function with catalytic Pt/C afforded the
expected anilines 6a and 6b in high yields. Using Crabtree’s catalyst, hydrogenation of

the vinyl silane now proceeded under mild conditions to afford high yields of the
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saturated benzyl silanes 7a and 7b (not shown). Finally, oxidation with m-
chloroperbenzoic acid®’” afforded the desired o-nitrobenzyl silanes 2j and 2k in four
overall steps from readily available starting materials. This method represents a
complementary strategy for the preparation of o-nitrobenzyl silanes, providing access to
substrates otherwise inaccessible using Bartoli’s method.

Scheme 3-2. Conditions for the Preparation of o-Nitrobenzyl Silanes 2j and 2k

NO; _ hexyl NH, SiEty NOz SiEty

= a, b c,d

- . X - >

n
"hexyl hexyl

4a 6a 2j

Conditions: a) Et;SiH, PtO,, 60 °C, 5 h (87%); b) H, (25 bar), Pt/C, MeOH, r.t., 24 h
(77%); ¢) H, (25 bar), [Ir(PCys)(py)(cod)]PFs, CH,Cly, r.t., 24 h (72%); d) mCPBA,
CICH,CH.ClI, 83 °C 2h (74%

NH, SiEts NO, Sikts
c,d
27 \ — @)\
Ph = Ph
6b 2k

Conditions: a) Et3SiH, PtO,, 60 °C, 2 h (92%); b) H» (25 bar), Pt/C, MeOH, r.t., 24 h
(71%); c) Hz (25 bar), [Ir(PCys)(py)(cod)]PFs, CH2Cly, r.t., 24 h (98%); d) mCPBA,
CICH,CH,CI, 83 °C, 2 h (53%).

3.2.3 Electrophilic Amination of o-Nitrobenzyl Silanes: Preparation of N-Benzyl
Hydrazides. With access to the requisite o-nitrobenzyl silanes, we next evaluated their
potential utility as latent benzyl anion equivalents in the proposed electrophilic amination
protocol. A series of electrophilic aminating reagents were evaluated with o-nitrobenzyl
silane 2a and catalytic TBAF as activator (Table 3-2). Amination proceeded rapidly
under exceptionally mild conditions (r.t., <1 h) for a series of azo (entries 1, 3, 4) and
imino (entry 2) derived electrophilic aminating reagents. The reaction did not work for
representative sulfonyl azides, nitrosoarenes, nitronium salts, or O-acyl hydroxylamines,

resulting only in decomposition in all cases (entries 5-8).
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a

Table 3-2. Conditions Evaluated for the Electrophilic Amination of o-Nitrobenzyl Silanes

NO, TBAF NO,
(10 mol %) XH
| Ny siMe; ;. X — N
— Y THF, r.t, <1 h Y
OMe OMe
2a
entry YN=X % yield"
1 s 55
/N:N
Ph
pMP CO.E
3 BOC 68
N=N
BOC
4 COyi-Pr 95
N=N
i-PrOZC
5 i-Pr 0

7 NO,BF, 0

8 OTPh 0

v
o J o

2 1.1 equiv of the YN=X were employed. ° Isolated yield of product of purity > 95 %
based on "H NMR spectroscopy analysis (average of at least two experiments). Yield is
based on the starting o-nitrobenzylsilane.

With azodicarboxylates proving the most effective electrophilic nitrogen reagents
evaluated (entries 3, 4), and being immediate precursors to important N-benzyl
hydrazide adducts (vida supra), we next set out to evaluate the scope of this novel
benzyl amination with a series of diverse o-nitrobenzyl silanes. All reactions were
performed on a 1.0 mmol scale of the limiting reagent (o-nitrobenzyl silane) using
catalytic TBAF (10 mol %) as activator and di-tert-butyl azodicarboxylate (1.1 equiv.) as
the electrophilic nitrogen source. The reactions proceed under mild conditions (r.t., <1 h)

to afford the desired N-benzyl hydrazide products in good to excellent yields after
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purification by column chromatography (Table 3-3). The reaction scope is quite broad,
with a wide variety of functionality tolerated (methyl ether, chloride, iodide, ethyl ester)
on the arene ring. The reaction did not work when acetate or hydroxy functionalities
were present, presumably due to competitive acylation or protonation respectively of the
putative hydrazido intermediate in these cases (entries 7, 8). The identity of the a-alkyl
side-chain can be varied without deleterious effect. Methyl, cyclohexyl, n-heptyl, and
benzyl side-chains are all readily accommodated in the reaction, illustrating the steric

tolerance of the current protocol (entries 2, 3, 10, 11).

69



Table 3-3. Scope of the Hydrazination of o-Nitrobenzyl Silanes®

NO, R NO, R

TBAF N
SiRs N-BOC (10 mol %) N"""BOC
TN BOC
f BOC THF, r.t. .
R 15 - 60 min R
2 3
entry o-nitrobenzyl silane product % yield®
1 NO, NO, H 78
SiMes N/N\BOC
BOC
|
OMe 2a OMe 3a
2 NO2 NO, H 95
SiMe | X N/N\BOC
) BOC
\
OMe 2b OMe 3b
3 NO, Cy NO; Cy 99
SiMes N/N\BOC
BOC
OMe 2c OMe 3c
4 N02 N02 H 83
SiMe; N’N\Boc
BOC
cl 2d cl 3d
5 NO, "\102 H 95
SiMe;, N”N\Boc
BOC
cl 2e cl 3e
6 NO 77

SiMe3

i "
—4(1 %:Z
O
N
22
o) /Z I
o
o
(@]

2f
o

SiMes

~
4

N

o

OAc 29
NO

SiMe3

(o]
Z ~
o

OH 2h
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entry o-nitrobenzyl silane product % yield®

9 NO, NO; H 100
SiMeg N/N\BOC
BOC
‘COZEt 2i CO,Et 3g
10 NO, n-heptyl NO, n-hep't\i/I/H 84
SiEty N"""BOC
2 BOC  3ph
11 NO, Bn NO, Bn 88
SiEts N’N‘BOC
2k BOC 3

2 1.1 equiv of di-tert-butyl azodicarboxylate were employed. ° Isolated yield of product of
purity > 95 % based on "H NMR spectroscopy and HRMS analysis (average of at least
two experiments). Yield is based on the starting o-nitrobenzylsilane.
3.3 Conclusion

In conclusion, we have developed a novel method for the hydrazination of o-
nitrobenzyl silanes with di-tert-butyl azodicarboxylate and catalytic TBAF as activator.
The reaction provides rapid access to N-benzylhydrazides under exceptionally mild
conditions (r.t., <1 h). Many of the requisite o-nitrobenzyl silanes are prepared from the
corresponding nitroarene in one-step using established methodology. A novel route to
previously inaccessible o-nitrobenzyl silanes has also been developed, which takes
advantage of the regioselective hydrosilylation of aryl alkynes, further enhancing the

scope of this methodology.
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3.5 Supporting Information

l. Materials and Methods

General. Infrared (IR) spectra were obtained using a Nicolet 560-E.S.P. infrared
spectrometer. Proton and carbon magnetic resonance spectra (‘H NMR and "*C NMR )
were recorded on a Bruker model Avance 400 ("H NMR at 400 MHz and *C NMR at
100 MHz) spectrometer with tetramethylsilane or solvent resonance as the internal
standard ('"H NMR: TMS at 0.00 ppm, CDCl; at 7.24 ppm; *C NMR: CDCl; at 77.0
ppm). "H NMR data are reported as follows: chemical shift, multiplicity (s = singlet, br s =
broad singlet, d = doublet, br d = broad doublet, t = triplet, br t = broad triplet, q =
quartet, sept = septet, m = multiplet), coupling constants (Hz), and integration.
Combustion analyses were performed by Atlantic Microlab Inc., Norcross, GA. Mass
spectrum analyses were performed by the University of North Carolina Mass Spectrum
facility, Chapel Hill, NC. Analytical thin layer chromatography (TLC) was performed on
Whatman 0.25 mm silica gel 60 plates. Visualization was accomplished with UV light
and aqueous ceric ammonium molybdate solution followed by heating. Purification of the
reaction products was carried out by flash chromatography using Sorbent Technologies
silica gel 60 (32-63 pm). All reactions were carried out under an inert atmosphere of
argon or nitrogen in oven-dried glassware with magnetic stirring. Yield refers to isolated
yield of analytically pure material. Yields are reported for a specific experiment and as a
result may differ slightly from those found in the tables, which are averages of at least
two experiments. Tetrahydrofuran and dichloromethane were dried by passage through
a column of neutral alumina under nitrogen prior to use.' Tetrabutylammonium fluoride
was purchased from Aldrich as a 1.0 M solution in THF (containing ca. 5 % water) and
used without further purification. (E)-Triethyl-(1-(2-nitrophenyl)-1-octenyl)-silane (5a) and
(E)-Triethyl-(1-(2-nitrophenyl)-2-phenylethenyl)-silane (5b) were prepared as previously
described.? All other reagents were obtained from commercial sources and used without

further purification.
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ll. Preparation of o-Nitrobenzyl Silanes

General Procedure (A) for the preparation of O-nitrobenzyl silanes. The same
general procedure described by Bartoli et. al. was followed.> An oven-dried 100-mL,
three-necked, round-bottomed flask equipped with a reflux condenser, additional funnel,
and Teflon-coated magnetic stirbar is charged with magnesium turnings (0.40 g, 16.5
mmol), iodine (25.0 mg, 0.10 mmol), and tetrahydrofuran (3.0 mL). The addition funnel
is charged with the chloroalkyl-trialkyl-silane (5.5 mmol) and tetrahydrofuran (2.0 mL).
The contents of the addition funnel are added dropwise to a stirred suspension of the
magnesium turnings with concurrent heating to initiate reaction (indicated by a loss of
the deep red color of the solution). Dropwise addition is continued at such a rate as to
maintain a gentle reflux (total addition time of 20 min). The reaction mixture is heated at
reflux for an additional 30 min, cooled to room temperature, and used as is in the next
reaction (vida infra). An oven-dried 250-mL, one-necked round-bottomed flask equipped
with a Teflon-coated magnetic stirbar is charged with the nitrobenzene (5.0 mmol),
tetrahydrofuran (20 mL), and the solution cooled to the specified temperature. The
previously generated Grignard solution is added dropwise via cannula (total addition
time of 5 min) and the solution is stirred for the indicated time. The reaction mixture is
brought to 0 °C and an ethereal solution of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ, 1.36 g, 6.0 mmol) in tetrahydrofuran (20 mL) is added dropwise via cannula (total
addition time of 20 min). The reaction mixture is stirred at 0 °C for 1 hour. 5 % aq. Acetic
acid solution (50 mL) is added and the contents are stirred vigorously for several
minutes. The reaction mixture is transferred to a 500-mL separatory funnel and extracted
with three 100 mL portions of ethyl acetate. The organic phase is collected and washed
with two 100-mL portions of saturated aq. NaHCOj; solution, one 100 mL portion of
saturated ag. NaCl, dried over MgSO,4, and concentrated by rotary evaporation. The
resulting crude product mixture is purified by flash column chromatography, eluting with
the indicated solvent system, to afford desired product of > 95 % purity as judged by 'H

NMR spectroscopy. The product was stored under anhydrous conditions.

NO, 1.MezSiCH,MgCI, THF, 0°C, 1h NO,

2.DDQ, THF, 0°C, 1h @ASiMeg

OMe OMe

3-(Trimethylsilyl-methyl)-4-nitroanisole (2a). The title compound was prepared
according to general procedure A using chloromethyl-trimethyl-silane (0.77 mL, 5.5
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mmol) and 4-nitroanisole (0.77 g, 5.0 mmol) with stirring for 1 h at 0 °C to yield 3-
(trimethylsilylmethyl)-4-nitroanisole (0.58 g, 2.5 mmol, 49 %) as a yellow oil following
flash column chromatography with 10 % EtOAc:hexanes. The "H NMR spectrum was

consistent with that reported in the literature.’

NO, 1.Me3SiCH,MgCl, THF, 0°C, 2.5h NO2
<> 2.DDQ, THF, 0°C, 1h SiMe;
cl

Cl

2-(Trimethylsilyl-methyl)-4-chloro-nitrobenzene (2d). The title compound was
prepared according to general procedure A using chloromethyl-trimethyl-silane (0.77
mL, 5.5 mmol) and 4-chloro-nitrobenzene (0.79 g, 5.0 mmol) with stirring for 2.5 h at 0
°C to yield 2-(trimethylsilylmethyl)-4-chloro-nitrobenzene (0.76 g, 3.1 mmol, 62 %) as a
yellow oil following flash column chromatography with 5 % EtOAc:hexanes. The 'H NMR

spectrum was consistent with that reported in the literature.’

NO, 1. Me3SiCH(CH3)MgCI, THF, 0°C, 1h

NO,
0,
2.DDQ, THF, 0°C, 1h @Asn\n%

OMe OMe

3-(Trimethylsilyl-1-ethyl)-4-nitroanisole (2b). The title compound was prepared
according to general procedure A using (1-chloroethyl)-trimethyl-silane (0.76 g, 5.5
mmol) and 4-nitroanisole (0.77 g, 5.0 mmol) with stirring for 1 h at 0 °C to yield 3-
(trimethylsilyl-1-ethyl)-4-nitroanisole (0.66 g, 2.6 mmol, 52 %) as a yellow oil following
flash column chromatography with 10 % EtOAc:hexanes. Analytical data for the title
compound: "H NMR (400 MHz, CDCl;) 7.95 — 7.92 (m, 1H), 6.69 — 6.65 (m, 2H), 3.85 (s,
3H), 3.36 (g, 1H), 1.35 (d, 3H), -0.05 (s, 9H); Anal. Calcd for C4,H4sNO;Si: C, 56.88; H,
7.56; N, 5.53. Found: C, 56.99; H, 7.54; N, 5.58; HRMS (ESI+) Calcd for

C12H19gNO3Si+Na: 276.103; Found: 276.103.
NO, 1-MesSICH(CH3)MgC, THF, 0°C. 2.5h

2.DDQ, THF, 0°C, 1h .

Cl Cl

2-(Trimethylsilyl-1-ethyl)-4-chloro-nitrobenzene (2e). The title compound was
prepared according to general procedure A using (1-chloroethyl)-trimethyl-silane (0.76 g,

5.5 mmol) and 4-chloro-nitrobenzene (0.79 g, 5.0 mmol) with stirring for 2.5 h at 0 °C to
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yield 2-(trimethylsilyl-1-ethyl)-4-chloro-nitrobenzene (0.52 g, 2.0 mmol, 40 %) as a yellow
oil following flash column chromatography with 5 % EtOAc:hexanes. Analytical data for
the title compound: "H NMR (400 MHz, CDCl3) 7.80 — 7.77 (m, 1H), 7.27 — 7.16 (m, 2H),
3.17 (q, 1H), 1.38 (d, 3H), -0.01 (s, 9H); Anal. Calcd for C41H1cCINO,Si: C, 51.25; H,
6.26; N, 5.43. Found: C, 51.29; H, 6.35; N, 5.49; MS (ESI+) Calcd for C41H¢CINO,SiNa:
280.054; Found: 280.1.

NO, 1. Me3SiCH(CH3)MgClI, THF, -78°C, 2h

NO,
()
i 2.DDQ, THF, 0°C, 1h @A&Mez

2-(Trimethylsilyl-1-ethyl)-4-iodo-nitrobenzene (2f). The title compound was prepared
according to general procedure A using (1-chloroethyl)-trimethyl-silane (0.76 g, 5.5
mmol) and 4-iodo-nitrobenzene (1.25 g, 5.0 mmol) with stirring for 2 h at -78 °C to yield
2-(trimethylsilyl-1-ethyl)-4-iodo-nitrobenzene (1.01 g, 2.9 mmol, 58 %) as a yellow oil
following flash column chromatography with 10 % EtOAc:hexanes. Analytical data for
the title compound: '"H NMR (400 MHz, CDCls) 7.59 — 7.59 (m, 1H), 7.51 — 7.50 (m, 2H),
3.03 (q, 1H), 1.35 (d, 3H), -0.05 (s, 9H); Anal. Calcd for C11H16,INO,Si: C, 37.83; H, 4.62;
N, 4.01. Found: C, 37.66; H, 4.66; N, 4.15; MS (ESI+) Calcd for C11H,INO,Si+Na:
371.989; Found: 372.0.

NO, 1. Me3SiCH(CH3)MgClI, THF, -78°C, 3.5h NO,

2.DDQ, THF, 0°C, 1h
Q ' ' SiMe;

CO,Et CO,Et

Ethyl 3-(trimethylsilyl-1-ethyl)-4-nitrobenzoate (2i). The title compound was prepared
according to general procedure A using (1-chloroethyl)-trimethyl-silane (0.76 g, 5.5
mmol) and ethyl 4-nitrobenzoate (0.98 g, 5.0 mmol) with stirring for 3.5 h at -78 °C to
yield ethyl 3-(trimethylsilyl-1-ethyl)-4-nitrobenzoate (0.59 g, 2.0 mmol, 40 %) as a yellow
oil following flash column chromatography with 10 % EtOAc:hexanes. Analytical data for
the title compound: "H NMR (400 MHz, CDCls) 7.95 — 7.94 (m, 1H), 7.84 — 7.81 (m, 1H),
7.75—-7.73 (m, 1H), 4.39 (q, 2H), 2.94 (q, 1H), 1.40 (m, 6H), -0.04 (s, 9H); Anal. Calcd
for C14H21NO,4Si: C, 56.92; H, 7.17; N, 4.74. Found: C, 57.02; H, 7.22; N, 4.82; HRMS
(ESI+) Calcd for C14H21NO,4Si+Na: 318.114; Found: 318.112.
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NO, 1-MesSICH(CHyMgCl, THF, -78°C, 2h

‘ NO,
2.DDQ, THF, 0°C, 1h .

OAc OAc

3-(Trimethylsilyl-1-ethyl)-1-acetoxy-4-nitrobenzene (2g). The title compound was
prepared according to general procedure A using (1-chloroethyl)-trimethyl-silane (0.76 g,
5.5 mmol) and 1-acetoxy-4-nitrobenzene (0.91 g, 5.0 mmol) with stirring for 2 h at -78 °C
to yield 3-(trimethylsilyl-1-ethyl)-1-acetoxy-4-nitrobenzene (0.57 g, 2.0 mmol, 40 %) as a
yellow oil following flash column chromatography with 10 % EtOAc:hexanes. Analytical
data for the title compound: '"H NMR (400 MHz, CDCl3) 7.87 — 7.84 (m, 1H), 6.97 — 6.92
(m, 2H), 3.19 (q, 1H), 2.31 (s, 3H), 1.36 (d, 3H), -0.05 (s, 9H); Anal. Calcd for
C14H19NO,Si: C, 55.49; H, 6.81; N, 4.98. Found: C, 55.35; H, 6.84; N, 5.06; HRMS

(ESI+) Calcd for C13H1gNO4Si+Na: 304.098; Found: 304.097.
NO, 1-MesSICH(CHy)MgCI, THF, 0°C, 1h

NO,
(¢
2.DDQ, THF, 0°C, 1h @)\SM%

OTMS OH

3-(Trimethylsilyl-1-ethyl)-4-nitrophenol (2h). The title compound was prepared
according to general procedure A using (1-chloroethyl)-trimethyl-silane (0.76 g, 5.5
mmol) and 4-nitrophenoxytrimethylsilane (1.06 g, 5.0 mmol) with stirring for 2 h at -78 °C
to yield 3-(trimethylsilyl-1-ethyl)-4-nitrophenol (0.47 g, 2.0 mmol, 40 %) as a yellow oil
following flash column chromatography with 20 % EtOAc:hexanes. Analytical data for
the title compound: "H NMR (400 MHz, CDCls) 7.90 — 7.88 (m, 1H), 6.67 — 6.59 (m, 2H),
6.0 (brs, 1H), 3.36 (q, 1H), 1.34 (d, 3H), -0.05 (s, 9H); Anal. Calcd for C41H4;NO;Si: C,
55.20; H, 7.16; N, 5.85. Found: C, 54.82; H, 7.22; N, 5.75; HRMS (ESI+) Calcd for
C41H17NO3Si+Na: 262.088; Found: 262.088.

General Procedure (B) for the preparation of vinyl silanes 6a and 6b. A 100-mL,
one-necked, round-bottomed flask equipped with a Teflon-coated magnetic stirbar is
charged with the vinyl silane (15 mmol), 5% activated platinum on carbon (1.0 g), and
methanol (50 mL). The suspension is vigorously stirred at ambient temperature under a
hydrogen gas atmosphere (25 bar) in a Paar bomb for 24 hours. Alternatively, the
reaction can be performed under ambient hydrogen gas pressure (1 atm). The reaction
mixture is filtered through a pad of Celite with concomitant washing of the filter cake with

three 25-mL portions of diethyl ether. The filtrate is collected and concentrated by rotary
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evaporation. The resulting crude product mixture is purified by flash column
chromatography, eluting with the indicated solvent system, to afford desired product of >

95 % purity as judged by 'H NMR spectroscopy.

Hy (25 bar)

NO, SiEt, NH, SiEt,
PYC, MeOH, rt, 24h
AN S

(E)-Triethyl-(1-(2-aminophenyl)-oct-1-enyl)-silane (6a). The title compound was

prepared according to general procedure B using (E)-triethyl-(1-(2-nitrophenyl)-oct-1-
enyl)-silane (5.6 g, 16.3 mmol) with stirring for 24 h to yield (E)-triethyl-(1-(2-
aminophenyl)-oct-1-enyl)-silane (4.01 g, 12.6 mmol, 77%) as a clear, colorless oil after
flash chromatography with 5% Et,0:hexanes. Analytical data for the title compound: 'H
NMR (400 MHz, CDCl;) 6.99 — 6.97 (m, 1H), 6.69 — 6.68 (m, 3H), 6.06 (t, 7.0 J, 1H),
3.72 (brs, 2H), 1.91 (q, 7.0 J, 2H), 1.32 — 1.16 (m, 8H), 0.91 — 0.81 (m, 12H), 0.59 —
0.53 (m, 6H).

NO, SiEt; H2 (25 bar) NH, SiEts
PY/C, MeOH, rt, 24h
N N

Ph Ph

(E)-Triethyl-(1-(2-aminophenyl)-2-phenylvinyl)-silane (6b). The title compound was
prepared according to general procedure B using (E)-triethyl-(1-(2-nitrophenyl)-2-
phenylvinyl)-silane (5.3 g, 15.4 mmol) with stirring for 24 h to yield (E)-triethyl-(1-(2-
aminophenyl)-2-phenylvinyl)-silane (3.38 g, 10.9 mmol, 71%) as a yellow oil after flash
chromatography with 5% Et,O:hexanes. Analytical data for the title compound: "H NMR
(400 MHz, CDCl3) 7.14 — 7.01 (m, 6H), 6.87 — 6.65 (m, 4H), 3.45 (br s, 2H), 0.97 — 0.92
(m, 9H), 0.71 — 0.62 (m, 6H); Anal. Calcd for CyH,7NSi: C, 77.61; H, 8.79; N, 4.53.
Found: C, 77.56; H, 8.95; N, 4.57; HRMS (ESI+) Calcd for CyoH37NSi+H: 310.199;
Found: 310.196.

General Procedure (C) for the preparation of o-aminobenzyl silanes 7a and 7b. An
oven-dried 100-mL, one-necked, round-bottomed flask equipped with a Teflon-coated
magnetic stirbar is charged with the vinyl silane (15 mmol), Crabtree’s catalyst
([Ir(PCys)(py)(cod)]PFs, 51 mg, 6.3 x 10* mmol), and dichloromethane (25 mL). The
reaction mixture is stirred at ambient temperature under a hydrogen gas atmosphere (25
bar) in a Paar bomb for 24 hours. Alternatively, the reaction can be performed under

ambient hydrogen gas pressure (1 atm). The reaction mixture is concentrated by rotary
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evaporation. The resulting crude product mixture is purified by flash column
chromatography, eluting with the indicated solvent system, to afford desired product of >

95 % purity as judged by 'H NMR spectroscopy.

) H, (25 bar)
NH, SiEt; [Ir(PCys)(py)(cod)]PFg cat.
AN CH20|2, rt, 24h

Triethyl-(1-(2-aminophenyl)-1-octyl)-silane (7a). The title compound was prepared

NH, SiEts

according to general procedure C using (E)-triethyl-(1-(2-aminophenyl)-oct-1-enyl)-silane
(4.01 g, 12.6 mmol) with stirring for 24 h to yield triethyl-(1-(2-aminophenyl)-1-octyl)-
silane (2.88 g, 9.0 mmol, 72%) as a golden brown oil after flash chromatography with
10% Et,O:hexanes. Analytical data for the title compound: "H NMR (400 MHz, CDCl3) &
6.99 — 6.88 (m, 2H), 6.75 — 6.64 (m, 2H), 2.10 — 2.06 (m, 1H), 3.48 (br s, 2H), 1.74 —
1.72 (m, 2H), 1.25 - 1.17 (m, 12H), 0.94 — 0.81 (m, 12H), 0.58 — 0.50 (m, 6H).

H, (25 bar) _
NH, SiEt, 2
2 758 lI(PCys)(py)(cod)IPF cat. NHz SiEty
Xy CHoCly, tt, 24h Ph

Ph

Triethyl-(1-(2-aminophenyl)-2-phenethyl)-silane (7b). The title compound was
prepared according to general procedure C using (E)-triethyl-(1-(2-aminophenyl)-2-
phenylvinyl)-silane (4.77 g, 15.4 mmol) with stirring for 24 h to yield triethyl-(1-(2-
aminophenyl)-2-phenethyl)-silane (1.26 g, 4.0 mmol, 26%) as a golden brown oil after
flash chromatography with 10% Et,0:hexanes. Analytical data for the title compound: 'H
NMR (400 MHz, CDCl3) 8 7.14 — 7.06 (m, 4H), 6.99 — 6.97 (m, 2H), 6.89 — 6.85 (m, 1H),
6.75-6.70 (m, 1H), 6.55 - 6.50 (m ,1H), 3.13 — 2.94 (m, 2H), 2.48 — 2.46 (m, 1H), 0.94
—0.90 (m, 9H), 0.65 — 0.59 (m, 6H); Anal. Calcd for CyH»9NSi: C, 77.11; H, 9.38; N,
4.50. Found: C, 76.81; H, 9.33; N, 4.50; HRMS (ESI+) Calcd for CyoH29NSi+H: 312.215;
Found: 312.211.

General Procedure (D) for the preparation of o-nitrobenzyl silanes 2j and 2k. An
oven-dried 50-mL, one-necked, round-bottomed flask equipped with a reflux condenser
and a Teflon-coated magnetic stirbar is charged with the benzyl silane (1.0 mmol), m-
chloroperbenzoic acid (mCPBA, 0.90 g, 5.2 mmol), and 1,2-dichloroethane (10 mL). The
reaction mixture is stirred at 83 °C for the specified time. The reaction mixture is cooled

to ambient temperature, filtered through a pad of Celite with concomitant washing of the
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filter cake with three 10-mL portions of 1,2-dichloroethane. The filtrate is transferred to a
125-mL separatory funnel and washed with two 25 mL portions of saturated ag. NaHCO;
solution, one 25 mL portion of saturated aq. NaCl solution, dried over Na,SO,, and
concentrated by rotary evaporation. The resulting crude product mixture is purified by
flash column chromatography, eluting with the indicated solvent system, to afford

desired product of > 95 % purity as judged by '"H NMR spectroscopy.

. mCPBA, CICH,CH,Cl

NH, SiEts 22 NO, SiEts
83°C, 2h

N

=

Triethyl-(1-(2-nitrophenyl)-1-octyl)-silane (2j). The title compound was prepared
according to general procedure D using triethyl-(1-(2-aminophenyl)-1-octyl)-silane (0.32
g, 1.0 mmol) with stirring for 2 h to yield triethyl-(1-(2-nitrophenyl)-1-octyl)-silane (0.26 g,
0.74 mmol, 74%) as a yellow oil after flash chromatography with 5% Et,O:hexanes.
Analytical data for the title compound: "H NMR (400 MHz, CDCl3) 6 7.70 — 7.67 (m, 1H),
7.47 —7.41 (m, 1H), 7.31 -7.28 (m, 1H), 7.19 - 7.13 (m, 1H), 2.99 — 2.94 (m, 1H), 1.75
-1.73 (m, 2H), 1.23 - 1.17 (m, 8H), 0.86 — 0.80 (m, 12H), 0.59 — 0.47 (m, 6H); Anal.
Calcd for C,oH3sNO,Si: C, 68.71; H, 10.09; N, 4.01. Found: C, 68.53; H, 10.18; N, 4.10;
HRMS (ESI+) Calcd for C,oH3sNO,Si+Na: 372.233; Found: 372.234.

NH2 SIEt3 mCPBA, ClCHzCH2C| N02 S|Et3
Ph 83°C, 2h Ph

Triethyl-(1-(2-nitrophenyl)-2-phenethyl)-silane (2k). The title compound was prepared
according to general procedure D using triethyl-(1-(2-aminophenyl)-2-phenethyl)-silane
(0.31 g, 1.0 mmol) with stirring for 2 h to yield triethyl-(1-(2-nitrophenyl)-2-phenethyl)-
silane (0.18 g, 0.53 mmol, 53%) as a yellow powder after flash chromatography with 5%
Et,O:hexanes. Analytical data for the title compound: '"H NMR (400 MHz, CDCl3) & 7.61
—7.59 (m, 1H), 7.42 - 7.41 (m, 2H), 7.12 - 6.95 (m, 6H), 3.56 — 3.52 (m, 1H), 3.19 —
2.98 (m, 2H), 0.91 — 0.87 (m, 9H), 0.67 — 0.55 (m, 6H); Anal. Calcd for C,H,7;NO,Si: C,
70.34; H, 7.97; N, 4.10. Found: C, 70.06; H, 7.97; N, 4.07; HRMS (ESI+) Calcd for
CoH>7NO,Si+Na: 364.171; Found: 364.172.

lll. Electrophilic Amination of o-Nitrobenzyl Silanes: Preparation of o-
Nitrobenzylhydrazides.
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General Procedure (E) for the hydrazination of o-nitrobenzyl silanes. An oven-dried
10-mL, one-necked, round-bottomed flask equipped with a Teflon-coated magnetic
stirbar is charged with the benzylsilane (0.50 mmol), di-tert-butyl azodicarboxylate
(0.1266 g, 0.55 mmol), and tetrahydrofuran (2.0 mL). The solution is stirred at ambient
temperature and an ethereal solution of tetrabutylammonium fluoride (TBAF, 50 pL,
0.050 mmol, 1.0 M in tetrahydrofuran) is added via syringe in one portion. The resulting
solution is stirred for the indicated time at ambient temperature. The reaction mixture is
concentrated by rotary evaporation. The resulting crude product mixture is purified by
flash column chromatography, eluting with the indicated solvent system, to afford

desired product of > 95 % purity as judged by "H NMR spectroscopy.

NO
2 Boc TBAFcat NO2 Egc
SiMes . //"\l THF, rt, 15min N’
N BOC
BOC \
OMe OMe

N-[(2-nitro-5-methoxyphenyl)methyl]-N,N"-di(tert-
butoxycarbonyl)hydrazinecarboxylic acid tert-butyl ester (3a). The title compound
was prepared according to general procedure E using 3-(trimethylsilylmethyl)-4-
nitroanisole (0.1185 g, 0.50 mmol) with stirring for 15 min to yield N-[(2-nitro-5-
methoxyphenyl)methyl]-N, N-di(tert-butoxycarbonyl)hydrazinecarboxylic acid tert-butyl
ester (0.1544 g, 0.39 mmol, 78%) as a white powder after flash chromatography with
20% EtOAc:hexanes. Analytical data for the title compound: '"H NMR (400 MHz, CDCls)
58.11-8.09 (m, 1H), 6.85 - 6.83 (m, 1H), 6.45 - 6.39 (m, 1H), 5.04 (br s, 2H), 3.88 (s,
3H), 1.43 (br s, 18H); Anal. Calcd for C4sH2;N307: C, 54.40; H, 6.85; N, 10.57; Found: C,
54.70; H, 7.02; N, 10.41. HRMS (ESI+) Calcd for C1gH27N307+Na: 420.175; Found:
420.176.

NO> BOC  TBAF cat. NO, BOGC
_NH
SiMe; . ;l‘\l THF, rt, 1h N
N BOC
BOC
cl cl

N-[(2-nitro-5-chlorophenyl)methyl]-N,N"-di(tert-
butoxycarbonyl)hydrazinecarboxylic acid tert-butyl ester (3d). The title compound
was prepared according to general procedure E using 2-(trimethylsilylmethyl)-4-chloro-
nitrobenzene (0.1219 g, 0.50 mmol) with stirring for 1 h to yield N-[(2-nitro-5-
chlorophenyl)methyl]-N, N'-di(tert-butoxycarbonyl)hydrazinecarboxylic acid tert-butyl

ester (0.1671 g, 0.42 mmol, 84%) as a white powder after flash chromatography with
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20% EtOAc:hexanes. Analytical data for the title compound: '"H NMR (400 MHz, CDCls)
87.97 —=7.95 (m, 1H), 7.59 — 7.37 (m, 2H), 6.39 (bs, 1H), 4.99 (br s, 2H), 1.44 (br s,
18H); Anal. Calcd for C47H»4CIN3Og: C, 50.81; H, 6.02; N, 10.46. Found: C, 51.26; H,
6.15; N, 10.31. HRMS (ESI+) Calcd for C17H,4CIN3;OgNa: 424.125; Found: 424.124.

NO
2 TBAF cat. NO2 BOC
BOC , NH
SiMes r‘\l THF, rt, 30min N~
+ ~ _— |
N BOC
BOC

OMe OMe

N-[(2-nitro-5-methoxyphenyl)-1-ethyl]-N,N"-di(tert-
butoxycarbonyl)hydrazinecarboxylic acid tert-butyl ester (3b). The title compound
was prepared according to general procedure E using 3-(trimethylsilyl-1-ethyl)-4-
nitroanisole (0.1267 g, 0.50 mmol) with stirring for 30 min to yield N-[(2-nitro-5-
methoxyphenyl)-1-ethyl]-N, N"-di(tert-butoxycarbonyl)hydrazinecarboxylic acid tert-butyl
ester (0.1963 g, 0.48 mmol, 96%) as a white powder after flash chromatography with
30% EtOAc:hexanes. Analytical data for the title compound: "H NMR (400 MHz, CDCl5)
87.92-7.90 (m, 1H), 6.83 — 6.80 (m, 1H), 6.21 (br s, 1H), 5.79 (br s, 1H), 3.88 (s, 3H),
1.54 — 1.19 (br s, 22H); Anal. Calcd for C19H29N307: C, 55.46; H, 7.10; N, 10.21. Found:
C, 55.65; H, 7.03; N, 10.04. HRMS (ESI+) Calcd for C4gH29N307+Na: 434.190; Found:

434.188.
NO, NO, BOC
BOC TBAF cat. "\IH
Sives N TR N’
N BOC
BOC

Cl Cl

N-[(2-nitro-5-chlorophenyl)-1-ethyl]-N, N -di(tert-
butoxycarbonyl)hydrazinecarboxylic acid tert-butyl ester (3e). The title compound
was prepared according to general procedure E using 2-(trimethylsilyl-1-ethyl)-4-chloro-
nitrobenzene (0.1289 g, 0.50 mmol) with stirring for 1 h to yield N-[(2-nitro-5-
chloroyphenyl)-1-ethyl]-N, N-di(tert-butoxycarbonyl)hydrazinecarboxylic acid tert-butyl
ester (0.1976 g, 0.48 mmol, 96%) as a white powder after flash chromatography with
20% EtOAc:hexanes. Analytical data for the title compound: '"H NMR (400 MHz, CDCl,)
d37.74-7.72 (m, 1H), 7.26 — 7.24 (m, 1H), 6.22 (br s, 1H), 5.69 (br s, 1H), 1.60 — 1.32
(m, 21H); Anal. Calcd for C1gH26CIN3;Og: C, 51.99; H, 6.30; N, 10.10. Found: C, 52.27; H,
6.37; N, 10.00; HRMS (ESI+) Calcd for C1gH26CIN3;OgNa: 438.141; Found: 438.144.
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NO
2 BOC  TBAF cat. NOz BOC
_NH
Se, |\ TR y
) BOC
BOC

| |
N-[(2-nitro-5-iodophenyl)-1-ethyl]-N, N "-di(tert-butoxycarbonyl)hydrazinecarboxylic
acid tert-butyl ester (3f). The title compound was prepared according to general
procedure E using 2-(trimethylsilyl-1-ethyl)-4-iodo-nitrobenzene (0.1746 g, 0.50 mmol)
with stirring for 1 h to yield N-[(2-nitro-5-iodophenyl)-1-ethyl]-N, N'-di(tert-
butoxycarbonyl)hydrazinecarboxylic acid tert-butyl ester (0.1959 g, 0.39 mmol, 78%) as
a white powder after flash chromatography with 10% EtOAc:hexanes. Analytical data for
the title compound: Anal. Calcd for C1gH26IN3Og: C, 42.61; H, 5.17; N, 8.28. Found: C,
43.12; H, 5.30; N, 8.27; HRMS (ESI+) Calcd for C1gH25IN;Os+Na: 530.076; Found:
530.079.

NO2 BOC  TBAF cat. NO, BOC
_NH
SiMeg . ¢N THF, rt, 1h '\\l
N BOC
BOC
CO,Et CO,Et

N-[(2-nitro-5-ethoxycarbonylphenyl-carboxylic acid ethyl ester)-1-ethyl]-N,N’-
di(tert-butoxycarbonyl)hydrazinecarboxylic acid tert-butyl ester (3g). The title
compound was prepared according to general procedure E using ethyl 3-(trimethylsilyl-
1-ethyl)-4-nitrobenzoate (0.1477 g, 0.50 mmol) with stirring for 1 h to yield title
compound (0.2297 g, 0.50 mmol, 100%) as a white powder after flash chromatography
with 20% EtOAc:hexanes. Analytical data for the title compound: '"H NMR (400 MHz,
CDCl3) 6 8.30 (bs, 1H), 8.03 — 8.00 (m, 1H), 7.76 — 7.31 (m, 1H), 6.20 (bs, 1H), 5.68 (bs,
1H), 4.40 (q, 2H), 1.60 — 0.83 (m, 24H); Anal. Calcd for C,1H31N3;Os: C, 55.62; H, 6.89;
N, 9.27. Found: C, 55.85; H, 7.02; N, 9.19; HRMS (ESI+) Calcd for C;1H31N3;Og+Na:
476.201; Found: 476.203.

NO, Bn o TBAF Gat NO, Bn  BOC
SiEt N THF, rt, 30min N
+ N —— !
BOC

BOC

N-[(2-nitrophenyl)-1-benzyl]-N,N'-di(tert-butoxycarbonyl)hydrazinecarboxylic acid
tert-butyl ester (3i). The title compound was prepared according to general procedure E
using triethyl-(1-(2-nitrophenyl)-2-phenethyl)-silane (0.0854 g, 0.25 mmol), di-tert-butyl
azodicarboxylate (0.0633 g, 0.28 mmol), tetrahydrofuran (1.0 mL), and
tetrabutylammonium fluoride (TBAF, 25 uL, 0.025 mmol, 1.0 M in tetrahydrofuran) with
stirring for 30 min to yield title compound (0.1001 g, 0.22 mmol, 88%) as a white powder
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after flash chromatography with 20% EtOAc:hexanes. Analytical data for the title
compound: Anal. Calcd for C,4H31N3O4: C, 63.00; H, 6.83; N, 9.18. Found: C, 63.01; H,
6.93; N, 8.90. HRMS (ESI+) Calcd for Co4H31N3;Os+Na: 480.211; Found: 480.212.

R . I
_ N BOC
BOC

N-[(2-nitrophenyl)-1-heptyl]-N,N-di(tert-butoxycarbonyl)hydrazinecarboxylic acid
tert-butyl ester (3h). The title compound was prepared according to general procedure
E using triethyl-(1-(2-nitrophenyl)-1-octyl)-silane (0.0874 g, 0.25 mmol), di-tert-butyl
azodicarboxylate (0.0633 g, 0.28 mmol), tetrahydrofuran (1.0 mL), and
tetrabutylammonium fluoride (TBAF, 25 pL, 0.025 mmol, 1.0 M in tetrahydrofuran) with
stirring for 30 min to yield title compound (0.0966 g, 0.21 mmol, 84%) as a clear,
colorless oil after flash chromatography with 20% EtOAc:hexanes. Analytical data for the
titte compound: "H NMR (400 MHz, CDCl3) § 7.70 — 7.38 (m, 4H), 5.89 — 5.67 (m, 2H),
2.03 - 0.81 (m, 32H); Anal. Calcd for C,4H39N30s: C, 61.91; H, 8.44; N, 9.03. Found: C,
62.03; H, 8.50; N, 8.81; HRMS (ESI+) Calcd for C,4H39N306+Na: 488.274; Found:
488.273.

86



IV. Additional Experimental Data

Table 3-4. Conditions Screened for the Electrophilic Amination of 2-(Trimethylsilyl-

alkyl)benzamides®

iPr,N__O -
R ok mBar  PNO m oLt
) 2 (1.0 equiv.)
SiMe; /N4 T N)\COZEt
PMP CO2Et conditions, 24 h PMP

entry R conditions % yield®
1 H DMSO, r.t. 21
2 DMF, r.t. trace
3 2-MeTHF, r.t. 0
4 Et,0, r.t 0
5 MeCN, r.t. 39
6 CH,Cly, r.t. 28
7 THF, r.t. 51
8 THF, reflux 44
9 Me THF, r.t. 0
10 THF, reflux 0

2 1.1 equiv of iminomalonate were employed. ° Isolated yield of product of purity > 95 %
based on 'H NMR spectroscopy. Yield is based on the starting (trimethylsilyl-
alkyl)benzamide.
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Table 3-5. Conditions Screened for the Hydrogenation of Vinyl Silane 5a

NO, SiEt; NO, SiEt,
conditions
\
@AE-hexyl 5 E ©/Hn-hexyl
5a 2j

entry conditions results
1 o @SOZNHNHZ recovered starting

EtO/R\o material

o-xylene, reflux, 40 min

2 i-Pr
i—Pr—QSOZNHNHZ

i-Pr

MeOH, r.t., 24 h

3 i-Pr
i—Pr—QSOZNHNHZ

i-Pr

NaOAc, THF/H,O, reflux, 4 h

4 Me@SOQNHNHg

NaOAc, THF/H,0, reflux, 4 h
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entry conditions results

5 N:N’COZK recovered starting

KO,C material

AcOH, MeOH, r.t. 5 h

6 COK
N=N
KO,C

AcOH, MeOH, reflux, 24 h

7 H, (50 bar)

Rh(PPhs);Cl, THF/t-BuOH, r.t.
24 h

8 H, (50 bar)
[Ir(PCys)(py)(cod)]PFs, CH2Cl>
rt., 24 h
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