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Abstract: The successful application of [Ir(COD)CI], as a precatalyst for the intramolecular addition of
primary as well as secondary alkyl- or arylamines to unactivated olefins at relatively low catalyst loading is
reported (25 examples), along with a comprehensive experimental and computational investigation of the
reaction mechanism. Catalyst optimization studies examining the cyclization of N-benzyl-2,2-diphenylpent-
4-en-1-amine (1a) to the corresponding pyrrolidine (2a) revealed that for reactions conducted at 110 °C
neither the addition of salts (N"Bu,Cl, LIOTf, AgBF,, or LiB(CeFs)4+2.50Et,) nor phosphine coligands served
to enhance the catalytic performance of [Ir(COD)CI],. In this regard, the rate of intramolecular hydroamination
of la employing [Irf(COD)CI],/L2 (L2 = 2-(di-t-butylphosphino)biphenyl) catalyst mixtures exhibited an
inverse-order dependence on L2 at 65 °C, and a zero-order rate dependence on L2 at 110 °C. However,
the use of 5 mol % HNEt;Cl as a cocatalyst was required to promote the cyclization of primary aminoalkene
substrates. Kinetic analysis of the hydroamination of 1a revealed that the reaction rate displays first order
dependence on the concentration of Ir and inverse order dependence with respect to both substrate (1a)
and product (2a) concentrations; a primary kinetic isotope effect (ky/kp = 3.4(3)) was also observed. Eyring
and Arrhenius analyses for the cyclization of 1a to 2a afforded AH* = 20.9(3) kcal mol~, AS* = —23.1(8)
cal/K-mol, and E, = 21.6(3) kcal mol™?%, while a Hammett study of related arylaminoalkene substrates
revealed that increased electron density at nitrogen encourages hydroamination (p = —2.4). Plausible
mechanisms involving either activation of the olefin or the amine functionality have been scrutinized
computationally. An energetically demanding oxidative addition of the amine N—H bond to the Ir' center
precludes the latter mechanism and instead activation of the olefin C=C bond prevails, with [Ir(COD)-
Cl(substrate)] M1 representing the catalytically competent compound. Notably, such an olefin activation
mechanism had not previously been documented for Ir-catalyzed alkene hydroamination. The operative
mechanistic scenario involves: (1) smooth and reversible nucleophilic attack of the amine unit on the metal-
coordinated C=C double bond to afford a zwitterionic intermediate; (2) Ir—C bond protonolysis via stepwise
proton transfer from the ammonium unit to the metal and ensuing reductive elimination; and (3) final
irreversible regeneration of M1 through associative cycloamine expulsion by new substrate. DFT unveils
that reductive elimination involving a highly reactive and thus difficult to observe Ir'-hydrido intermediate,
and passing through a highly organized transition state structure, is turnover limiting. The assessed effective
barrier for cyclohydroamination of a prototypical secondary alkylamine agrees well with empirically
determined Eyring parameters.

Introduction

The hydroamination of akenes, alkynes, and related unsatur-
ated substrates represents an attractive strategy for the construc-
tion of nitrogen-containing compounds that circumvents the
formation of byproduct in the creation of a C—N linkage.* In
particular, intramolecular variants of these reactions are appeal -
ing as atom-economical routes to nitrogen-containing hetero-
cycles that are prevalent in naturally occurring and/or biologi-
cally active molecules.? Although the synthetic potential of
cyclohydroamination is significant, general methods for promot-
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ing the intramolecular hydroamination of unactivated aminoalk-
enes under mild conditions and with broad substrate scope are
till lacking. A diverse number of catalyst systems are known
to effect such cyclizations,*® including (but not restricted to)
those based on rare earth elements and actinides,® alkali and
akaline earth metals,* Group 4 metals,® and Bransted acids;®
nonetheless, the pursuit of increased substrate scope and
functional group tolerance has prompted the development of
alternative catalysts based on metals from Groups 8—11. While
progress has been made in the use of Fe,’ Pd,? and Au®™
catalysts for the intramolecular addition of secondary amides,
carbamates, or ureas to unactivated olefins, the identification
of late metal catalysts for analogous transformations involving
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secondary alkyl- or arylamines, as well as primary amines, has
proven more elusive. The first catalyst system of this type was
described in 2005 by Widenhoefer and co-workers** who
reported the use of [PtCl,(H,C=CHy)]./PPhs™*? and later PtCl/
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biarylphosphine!® for the cyclization of secondary alkylami-
noal kenes, including one example involving a 1,1-disubstituted
olefin. In 2008, Liu and Hartwig'® disclosed the use of
[Rh(COD),]BF,/Cy-DavePhos (COD = n*-cyclooctadiene; Cy-
DavePhos = 2-dicyclohexylphosphino-2’-N,N-dimethylamino-
biphenyl) for the hydroamination of aminoalkenes that feature
primary or secondary akylamines and terminal or internal
alkenes. In the same year, the use of Rh and Ir complexes
supported by pincer-type N-heterocyclic carbene ligands for the
cyclization of terminal alkenes by pendant secondary akyl- and
phenylamines was described by Hollis and co-workers.*®
Following the appearance of our preliminary report in this area,™
Sawamura and co-workers™ disclosed the use of Cu(O'Bu)/
Xantphos (Xantphos = 4,5-bis(diphenylphosphino)-9,9-dim-
ethylxanthene) for the hydroamination of alkenes by tethered
primary or secondary alkylamines, including an example of a
1,1-disubstituted secondary aminoalkene substrate. Notwith-
standing this recent progress, the identification of late metal
catalysts for use in promoting the intramolecular addition of
primary as well as secondary alkyl- and arylamines to both
terminal and internal olefins remains an important and significant
challenge. Furthermore, with the exception of the NMR
spectroscopic characterization of catalytic intermediates in the
breakthrough Pt catalyst system disclosed by Bender and
Widenhoefer,*® no kinetic or mechanistic data pertaining to
the cyclohydroamination of alkylamino-alkenes are provided in
the ensuing reports.*>~*°

Encouraged by advances in the Ir-mediated intermolecular
hydroamination of activated alkenes,** *® as well as recent
progressin the Ir-catalyzed cyclohydroamination of alkynes,*®°
we sought to expand further the synthetic repertoire of late
metal-mediated hydroamination through the identification of
simple Ir precatalysts that exhibit useful substrate scope in the
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Table 1. Screening of Group 9 Catalyst Precursors for the
Intramolecular Hydroamination of 1a to Give 2a®

entry catalyst precursor conversion to 2a®
1-1 [Ir(COD)Cl], >95
1-2 [Ir(COE),Cl], 10
1-3 [Ir(COD)OMe], 7
1-4 [(15-CsMes)IrCly), <5
1-5 [Rh(COD)Cl], <5
1-6 [Ir(COD),|BF, <5
1-7 [Ir(MeCN),(COD)]BF4 28°
1-8 [Ir(COD)PCys(py)]PFs 10°
1-9 none <5

2 Reaction Conditions: 0.25 mmol 1a and 1.0 mol % Ir or Rh in 0.5
mL 1,4-dioxane at 110 °C for 3 h. ®On the basis of 'H NMR data
(average of two runs); unless otherwise noted, 2a was observed as the
only reaction product. ©Formation of 2a was accompanied by other
byproducts. COD = 5*1,4-cyclooctadiene; COE = cyclooctene; Cy =
cyclohexyl; py = pyridine.

intramolecular hydroamination of unactivated olefins. We
provide herein a complete account of our studies using [Ir-
(COD)Cl]; as a precatalyst for the intramolecular addition of
primary aswell as secondary alkyl- or arylamines to unactivated
olefins.** Mechanistic investigations of these intramolecular
hydroamination reactions employing a combination of experi-
mental and computational techniques reveal that such transfor-
mations proceed via an olefin activation mechanism that had
previously not been documented for Ir-catalyzed akene
hydroamination.*®~*8

Results and Discussion

Catalyst Identification and Optimization. The ability of
simple group 9 complexes to mediate the intramolecular
hydroamination of unactivated alkenes at relatively low catalyst
loadings (1.0 mol % Rh or Ir) was surveyed by using the
cyclization of the secondary akylamine la (eq 1) to the
corresponding pyrrolidine 2a in 1,4-dioxane (110 °C, 3 h) asa
test reaction (Table 1). Under these conditions, the use of
[Ir(COD)CI], as a precatalyst provided clean conversion to 2a
(*H NMR), and monitoring of the reaction revealed the
transformation to be complete after 1 h. By comparison, other
commercially available neutral Group 9 precatalysts performed
poorly under these test conditions, including [lr(n?
cyclooctene),Cl],, [Ir(COD)(OMe)]s,  [(17°-CsMes)IrCly,,
and [Rh(COD)CI], (entries 1—2 to 1-—5, respectively);
inferior performance was also observed for the cationic Ir
precatalysts [Ir(COD);]BF4, [Ir(MeCN),(COD)|BF,;, and
[Ir(COD)PCys(pyridine)] PFg (Crabtree’s catalyst) (entries 1—6
to 1—8, respectively). Further investigations reveaed that the
guantitative conversion of la into 2a can aso be achieved by
use of only 0.125 mol % [Ir(COD)CI], in 1,4-dioxane (3 h, 110
°C), or by employing higher Ir loadings at lower temperatures
(2.5 mol % Ir; 7 h, 80 °C). While this reaction was also shown
to proceed in 1,2-dichloroethane, 1,2-dimethoxyethane, or
toluene, 1,4-dioxane proved to be the optimal solvent among
those surveyed and was used for al subsequent catalytic studies
(Table S1, Supporting Information). In keeping with the
observation that the hydroamination of la catalyzed by [Ir-
(COD)Cl], exhibits an inverse-order rate dependence on the
concentrations of each of 1a and 2a (vide infra), the conversion
of la to 2a was found to be completely inhibited when
employing 0.5 mol % [Ir(COD)CI], at 110 °C in 1,4-dioxane
in the presence of an equivalent of K,COs (relative to 1a) or
1.0 mol % 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU). While
efforts to definitively characterize intermediates formed during

the [Ir(COD)Cl],-mediated transformation of 1a into 2a (Ir:1a
= 1:1) were thwarted by the relative complexity of the 'H NMR
spectra obtained under catalytically relevant conditions, it is
worth noting that neither Ir-H nor Ir-D (when using la-d; - the
N-D isotopomer of 1a) resonances were observed over arange
of temperatures (25—80 °C) and throughout no free COD was
detected (*H and °H NMR).

Pn
NHBN 1 mol% Rh or Ir N ™)
Phﬁ/\ 1,4-dioxane Ph7(\7/
PR 1a 110°C, 3 h PH

In an effort to further enhance the catalytic performance of
[Ir(COD)Cl],, the effect of added sdts, as well as added
phosphine coligands, was evaluated. In monitoring the trans-
formation of la to 2a, the use of 0.25 mol % [Ir(COD)CI], as
aprecatalyst alone (110 °C) provided higher rates of conversion
to 2a than were achieved under analogous conditions when using
0.25 mol % [Ir(COD)Cl]; in the presence of 0.5 mol % N"Bu,Cl,
LiOTf, AgBF,, or LiB(CgFs)4+2.50Et, (Figure S1, Supporting
Information); these results are surprising, given that increased
catalytic activity is often observed for cationic late metal
hydroamination catalysts when large, less-coordinating anions
are employed.’ While for the hydroamination of 1a the use of
[Ir(COD)CI]./2 AgBF, as a precatalyst mixture afforded com-
plete conversion (*H NMR) to 2a after 3 h, the use of
LiB(CgFs)4* 2.50Et, as a cocatalyst under similar conditions also
generated a substantial amount of a byproduct arising from
alkene isomerization within 1a. In keeping with these observa-
tions, conductivity measurements of 1,4-dioxane solutions of
[Ir(COD)CI], carried out under various conditions, including
in the presence or absence of 1a, as well as at room temperature
or following preconditioning under catalytic conditions, provided
no evidence for heterolytic Ir—Cl bond cleavage.

Given that the use of added phosphines has proven effective
in promoting the intramolecular addition of secondary aky-
lamines to unactivated alkenes in reactions mediated by Rh,*?
Pt,'* and Cu®® precatalysts, the influence of such coligands on
the catalytic performance of [Ir(COD)CI], in the cyclization of
lawas surveyed. While no reactivity benefits were derived from
the addition of phosphines in reactions conducted at 110 °C,
the use of bulky RP'Bu, phosphines (R = hiaryl or ferrocenyl;
Table S2, Supporting Information) did prove useful in promoting
the formation of 2a under more mild conditions than could be
achieved by use of [Ir(COD)CI], alone. For example, while the
use of 25 mol % [Ir(COD)Cl], a 65 °C afforded 60%
conversion to 2a in the absence of byproduct over the course
of 24 h, the incorporation of 5 mol % 2-(di-t-butylphosphino)-
biphenyl (L2, Table S2, Supporting Information) as a coligand
in this reaction afforded 2a quantitatively (*H NMR) under
similar reaction conditions. However, we were surprised to find
that the rate of intramolecular hydroamination of 1a employing
[Ir(COD)CI],/L2 catalyst mixtures exhibits an inverse-order
dependence on L2 at 65 °C and a zero-order rate dependence
on L2 at 110 °C (Figure S2, Supporting Information). On the
basis of these data, it is unlikely that species featuring an Ir—P
linkage represent important catalytic intermediates in the
observed hydroamination of la. Rather, the reactivity benefits
of employing L2 and related bulky phosphines at 65 °C may
be attributable to the ability of such coligands to discourage
the decomposition of catalytically inactive Ir intermediates,
which in turn can serve as a source of catalytically active and
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Table 2. Intramolecular Hydroamination of Unactivated Alkenes by
Secondary Alkylamines Employing [Ir(COD)CI], as a Precatalyst®

entry aminoalkene product mol % Ir (time, h) yield"
ﬂvR Ph
.
e~ Qe
2-1 R = Ph (1a) 0.25 (3) 88
2-2 R = 4-C¢H4Cl (1b) 1.0 (3) 85
2-3 R = 4-C¢HsCO:Me (1¢) 1.0(3) 87
24 R = 4-CsHsOMe (1d) 2.5(3) 89
25 R=Cy (1e) 1.0(7) 88
NHBn Bn
26 N X 2.5(7) 86
NHBn Me Bn
27wl e 5.0 (24) 84
Ph_ NHBn o N" 92
28 Xow Py 2.5 (16) (131
NHBn N’B" 810
29 < I SO sy
NHBn Ph Bn .
210 o Phﬂ 5.0 (24) 72
NHBn Ph Bn
2141 eI ph@ 2.5 (16) 88
PH
NHBn N,Bn
2-12 Ol/g Ok 5.0 (48) 74

Bn
N
213 e *’;;% 10 (48) 88

214w e 10 (48) 52°

@ Conditions: 0.25 mmol aminoakene in 0.5 mL 1,4-dioxane at
110 °C; conversion to product >95% (*H NMR) unless stated. ® Isolated
percent yield unless stated (average of two runs). °*H NMR percent
yield. 9 Diastereomeric ratio (dr, '"H NMR). ®Reaction run at 80 °C;
conversion to the piperidine was 75% (*H NMR) with the balance
corresponding to an alkene isomerization product.

phosphine-free Ir species. As such, [Ir(COD)Cl], was employed
for al subsequent catalytic studies without added coligands.
Intramolecular Hydroamination of Secondary Alkylamines.
Encouraged by the ability of [Ir(COD)CI], to mediate the
cyclization of 1a, the hydroamination of aternative secondary
alkylaminoalkene substrates, including those featuring polar
groups, was examined (Table 2). The presence of halide (entry
2—2), ester (entry 2—3), or akoxy (entry 2—4) substituents
within the benzylamines 1b—d did not significantly influence
the progress of the reaction, and the bulky N-methylcyclohexyl
aminoalkene 1le was a'so cyclized (entry 2—5); in al cases, high
isolated yields were obtained (85—89%) despite the use of
relatively low catalyst loading (1—2.5 mol % Ir). Alternative
gem-disubstituted relatives of la aso proved to be suitable
hydroamination substrates (entries 2—6 to 2—8), as did the
monosubstituted isopropyl-containing species featured in entry
2—9. The hexenylamine substrate featured in entry 2—10 was
also efficiently cyclized in the presence of [Ir(COD)Cl], to afford
the corresponding piperidine derivative. In the pursuit of more
difficult substrates, we turned our attention to the cyclohy-
droamination of unactivated disubstituted alkenes. While the
use of [Ir(COD)CI], proved effective in promoting the cycliza-
tion of gem-disubstituted olefins (entries 2—11 and 2—12),
hydroamination of the interna olefinic substrates featured in
entries 2—13 and 2—14 presented a more significant challenge.
Notably, throughout the course of these and the other [Ir-
(COD)Cl],-mediated cyclohydroamination reactions reported
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Table 3. Intramolecular Hydroamination of Unactivated Alkenes by
Secondary Arylamines Employing [Ir(COD)CI], as a Precatalyst®

entry  aminoalkene product mol % Ir (time, h) __ yield®
NHR Ph
Ph NR
Pr?i/\ Phﬁ
3-1 R = Ph (3a) 25(7) 95
3-2 R = 4-CgHsMe (3b) 1.0(7) 96
3-3 R = 4-CgHsOMe (3¢) 0.5(7) 94
34 R = 4-CgH4F (3d) 2.5(7) 95
35 R = 4-CsH,CF31(3e) 5.0 (24) 67°
H Ph
36 0&3 O@\ 5.0 (16) 95
S
H
N—@ P _Ph c.d
3-7 Ph N 5.0 (16 20%
e G & (o)
O
3-8 5.0 (24) nré
A X

@ Conditions: 0.25 mmol aminoakene in 0.5 mL 1,4-dioxane at
110 °C; conversion to product >95% (*H NMR) unless stated. ® Isolated
percent yield unless stated (average of two runs). °*H NMR percent
yield. 9 Conversion to the piperidine was 20% (*H NMR) with the
balance corresponding to an akene isomerization product. € No reaction
of the aminoalkene was observed.

herein, no unsaturated hydroamination products arising from
p-hydride elimination were detected.

In keeping with the Cu(O'Bu)/Xantphos catalyst system,®
butin contrast tothe PtCl/biaryl phosphine™** and [Rh(COD),] BF/
biarylphosphine® catalyst systems, the use of [Irf(COD)CI],
under our typical conditions (e.g., Table 2) proved ineffective
in promoting the hydroamination of aminoalkene substrates
lacking backbone substituents that promote cyclization. Fur-
thermore, the N-Boc relative of 1a (i.e., 1f) proved unreactive
(*H NMR) in the presence of [Ir(COD)CI], (Boc = t-butoxy-
carbonyl; 1.0 mol % Ir; 3 h, 110 °C). However, the observation
that the cyclization of 1a proceeds unhampered (*H NMR) when
using a 1:1 mixture of 1la and 1f confirms that the latter does
not poison the active catalyst derived from [Ir(COD)Cl],. In
this regard, [Ir(COD)CI], appears to be well-suited as a
precatalyst for conducting chemoselective hydroaminations
involving more complex organic molecules.

Intramolecular Hydroamination of Secondary Arylamines.
The late metal-mediated cyclohydroamination of unactivated
alkenes by secondary arylamines is limited to a single report
featuring the cyclization of two simple N-Ph substrates.® The
use of [Ir(COD)CI], as a precatalyst established expanded scope
for this class of transformations (Table 3) in enabling the
cyclization the parent N-Ph substrate 3a (entry 3—1), as well
as for the first time arylaminoalkene substrates featuring para
electron-donating (3b and 3c; entries 3—2 and 3—3) and para
electron-withdrawing (3d and 3e; entries 3—4 and 3-5)
substituents. While high isolated yields of 4a—d were obtained
for reactions conducted over the course of 7 h at 110 °C, the
amount of catalyst needed to achieve quantitative conversion
to 4 under these conditions varied significantly. Whereas only
0.25 mol % [Ir(COD)CI], was required to effect the clean
hydroamination of the anisole derivative 3c (entry 3—3), the
use of 2.5 mol % [Ir(COD)CI], afforded only partial conversion
of the trifluoromethyl species 3e to 4e, even after 24 h (entry
3—5); amore detailed kinetic analysis of these reactivity trends
is provided (vide infra). Our observation that the intramolecular
hydroamination of 3 is significantly enhanced by para electron-
donating substituents (X in eq 2) is divergent from trends
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Table 4. Intramolecular Hydroamination of Unactivated Alkenes by
Primary Alkylamines Employing [Ir(COD)CI], and HNEt;Cl (1:2) as
a Precatalyst Mixture®

entry aminoalkene  product mol % Ir (time, h)  yield®
NH, Ph

4-1 Py N 5.0 (24 89
i GO O (24)
NH, N,H
42 OQA\ W 5.0 (24) 75°
NHz Ph H
a3 mlo Y 5.0 (24) 84

NH»

H
a4 e O 10 (48) 87

PH

@ Conditions: 0.25 mmol aminoakene in 0.5 mL 1,4-dioxane at 110
°C; conversion to product >95% (*H NMR) unless stated. °lsolated
percent yield unless stated (average of two runs). °*H NMR percent
yield; the remainder is attributed to an alkene isomerization product.

documented by Zhou and Hartwig,*® who reported that both
electron-rich and electron-poor anilines were less reactive than
electron-neutral anilines toward the intermolecular hydroami-
nation of activated bicyclic alkenes catalyzed by (bisphosphi-
ne)lr species, which was shown to proceed by way of N—H
bond activation/alkene insertion reaction pathway.'® While an
alternative backbone substitution pattern was tolerated (entry
3—6), the hydroamination of a 5-hexenyl substrate proceeded
inlow yield (entry 3—7), and efforts to promote the cyclization
of the disubstituted olefinic substrate featured in entry 3—8 by
use of [Ir(COD)CI], were unsuccessful. One might predict
arylamine substrates to be inherently more susceptible to late
metal-mediated hydroamination than akylamines; the lower
basicity of the former should reduce catalyst inhibition arising
from unproductive substrate and/or product binding, and should
also serve to promote N—H bond cleavage in hydroamination
reactions involving net proton transfer from nitrogen. However,
a comparative reactivity survey revealed that some of the most
effective late metal catalysts known for the intramolecular
hydroamination of unactivated akenes fail to promote the
cyclization of arylamines such as 3a.*

X X

NH [I(COD)CI]; (cat.) N 2
Ph7£/\ 1,4-dioxane PhV
PH A o
Ja-e 110 °C Ph 4a-e
X =H (a), Me (b), OMe (c), F (d), CF3 (e)

Intramolecular Hydroamination of Primary Amines. The
cyclohydroamination of unactivated akenes with primary
amines provides an atom-economical synthetic route to N—H
containing cyclic secondary amines which, unlike alternative
protocols, circumvents the installation and removal of nitrogen
protecting groups. Although transformations of this type are well
established for several classes of hydroamination catalysts,*®
the late metal-mediated cyclization of such substrates has been
achieved only recently by use of [Rh(COD),]BF4/biarylphos-
phine'? or Cu(O'Bu)/Xantphos.® Our initial efforts to effect the
cyclization of the primary aminoakenes featured in Table 4 by
using [Ir(COD)ClI], as a precatalyst under a variety of experi-
mental conditions were unsuccessful. However, the knowledge

that Brensted acids can act as catalysts® or cocatalysts®™ in
promoting the intramolecular hydroamination of unactivated
alkenes and akynes provided the motivation to examine the
use of [Ir(COD)Cl]./Bransted acid catalyst mixtures. To the best
of our knowledge, the Bransted acid-mediated intramolecular
hydroamination of unactivated alkenes with primary aminesis
limited to a single example by Ackermann and co-workers,%
in which the cyclization of the substrate featured in entry 4—1
(Table 4) was achieved in 83% vyield by use of 20 mol %
[PhMeNH]B(CgFs)4 (18 h, 120 °C). In the pursuit of a more
convenient and cost-effective cocatalyst, HNEt;Cl and
CF3SO;H® were each evaluated. While none of 2.5 mol %
[Ir(COD)Cl],, 10 mol % HNEt;Cl, and 10 mol % CF;SOzH
individually proved capable of promating the hydroamination
of the primary aminoalkene substrates featured in Table 4 (24
h, 110 °C), the use of 2.5 mol % [Ir(COD)CI]./5 mol % HNEt;Cl
as a precatalyst mixture provided excellent conversions to the
targeted N—H containing cyclic secondary amines. Inferior
results were obtained, including the formation of byproducts,
when 5 mol % CF;SO;zH was used as a cocatalyst under similar
conditions. Control experiments confirmed that neither 10 mol
% N"Bu,Cl nor mixtures comprised of 2.5 mol % [1r(COD)Cl]./
5 mol % N"Bu,Cl are capable of promoting the cyclization of
these substrates under our experimental conditions. The catalytic
performance of [Ir(COD)CI]./HNEtsCl in the cyclization of these
primary aminoalkene substrates is competitive with that of the
previously reported “two-component” late metal catalysts
[Rh(COD),]BF4/biarylphosphine'? and Cu(O'Bu)/Xantphos.*®

Kinetic Studies. A number of distinct mechanistic pathways
have been uncovered for the hydroamination of alkenes.* In
the case of late metal-mediated transformations these include
(but are not restricted to) processes involving: nucleophilic attack
of an amine on a metal-coordinated alkene,®**2* an #3-allyl or
related complex,?? or an 5°®-vinylarene complex;*> N—H bond
activation followed by akene insertion into an M-NR;
linkage;**~*® amine coordination followed by proton-transfer
to an activated alkene;®* and nucleophilic attack of a metal
amido species on an activated alkene.®® While experimental
evidence for Ir-mediated N—H bond activation/alkene insertion
reaction seguences has been obtained for the intermolecular
hydroamination of activated alkenes such as norbornene,*6~18
mechanistic experiments indicate that the Ir-catalyzed intramo-
lecular hydroamination (and hydroalkoxylation) of alkynes can
proceed via alternative reaction pathways involving alkyne
activation/nucleophilic attack.'*>?® However, athorough kinetic
analysis of the late metal-mediated cyclohydroamination of

(20) (a) Bender, C. F.; Widenhoefer, R. A. Chem. Commun. 2008, 2741.
(b) Penzien, J; Su, R. Q.; Mlller, T. E. J. Mol. Catal., A 2002, 182—
183, 489. (c) Milller, T. E.; Berger, M.; Grosche, M.; Herdtweck, E.;
Schmidtchen, F. P. Organometallics 2001, 20, 4384.

(21) Kovacs, G.; Ujaque, G.; Lledos, A. J. Am. Chem. Soc. 2008, 130,
853.

(22) (a) Sakai, N.; Ridder, A.; Hartwig, J. F. J. Am. Chem. Soc. 2006, 128,
8134. (b) Johns, A. M.; Utsunomiya, M.; Incarvito, C. D.; Hartwig,
J. F. J. Am. Chem. Soc. 2006, 128, 1828. (c) Pawlas, J.; Nakao, Y .;
Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 36609.
(d) Vo, L. K.; Singleton, D. A. Org. Lett. 2004, 6, 2469. (e)
Nettekoven, U.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 1166.

(23) Takaya, J.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 5756.

(24) McBeg, J. L.; Bell, A. T.; Tilley, T. D. J. Am. Chem. Soc. 2008, 130,
16562.

(25) (a) Leighton-Munro, C.; Delp, S. A.; Alsop, N. M.; Blue, E. D,;
Gunnoe, T. B. Chem. Commun. 2008, 111. (b) Leighton-Munro, C;
Delp, S. A.; Blue, E. D.; Gunnoe, T. B. Organometallics 2007, 26,
1483.

(26) Genin, E.; Antoniotti, S.; Michelet, V.; Genét, J.-P. Angew. Chem,,
Int. Ed. 2005, 44, 4949.

J. AM. CHEM. SOC. = VOL. 132, NO. 1, 2010 417



ARTICLES

Hesp et al.

0.0
y =-0.6166x - 0.6748
R?=10.9988

0.5

-1.0 1

In [1a],

-1.5 1

<2.0

-2.5 T T T T T
0.0 0.5 1.0 1.5 2.0 25

time (h)
Figure 1. Representative plot for the conversion of 1a to 2a catalyzed by
[Ir(COD)CI],. The reactions were conducted in 1,4-dioxane at 110 °C at

the following concentrations: [Ir] = 5.0 x 10°® M and [1a] = 5.0 x 10
M.
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Figure 2. Relationship between kq,s and [Ir]. The reactions were conducted

in 1,4-dioxane at 110 °C at the following concentrations: [1a] = 5.0 x
1074 M and [If] = 1.0 x 107 M to 4.75 x 1075 M.

unactivated akenes with secondary akyl- or arylamines has yet
to appear in the literature. In an effort to gain insight into the
mechanism of such transformations, so as to guide the develop-
ment of increasingly effective catalysts, a kinetic examination
of the[Ir(COD)CI],-mediated hydroamination reactions featured
herein was conducted.

Kinetic Order of the Reaction. Kinetic parameters were
obtained for the hydroamination of la catalyzed by [Ir-
(COD)Cl],; pseudofirst order rate constants were determined
by monitoring the disappearance and appearance of 1la and 2a,
respectively, relative to an internal standard over the course of
2—3 half-lives (*H NMR; Figure 1). We first examined the order
of reaction in [Ir(COD)CI], by combining 1a (0.5 mM) with
varied concentrations of [Ir] (0.001 to 0.00475 mM) in 1,4-
dioxane at 110 °C. As shown in Figure 2, a plot of reaction
rate (kops) Versus [Ir] was linear, indicating a first-order kinetic
dependence on catalyst. This observation is consistent with a
mechanism involving a monomeric Ir catalyst species, and
would appear to preclude slow dissociation of a dimeric
precatalyst to an active monomer. Further confirmation of afirst-
order dependence was provided by a nonlinear |east-squares fit
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Figure 3. Relationship between kq,s and 1a. The reactions were conducted
in 1,4-dioxane at 110 °C at the following concentrations: [Ir] = 2.5 x 10°¢
M and [1la] =20 x 107 M to 1.5 x 1073 M.
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Figure 4. Hammett plot for the [Ir(COD)CI], catalyzed hydroamination
of arylamines 3a—e. The reactions were conducted in 1,4-dioxane at 110
°C at the following concentrations: [3a—e€] = 5.0 x 107 M and [Ir1] = 5.0
x 1076 M.

to f(x) = a[lr]", which provided an order (n) of 1.15(9) (Figure
S4b, Supporting Information).

The kinetic order in la was investigated subsequently by
using a constant [Ir] (0.0025 mM) along with a [1a] ranging
from 0.25to 1.5 mM in 1,4-dioxane at 110 °C. In keeping with
the findings of Cochran and Michael 2 we observed decreasing
reaction rates with increased initial concentrations of 1a, which
is consistent with an inverse order dependence of the rate of
reaction on substrate concentration (Figure 3). Furthermore, the
rate of cyclization of la was observed to decrease by ap-
proximately 50% when measured in the presence of an
equivalent of added 2a. These results demonstrate both competi-
tive substrate and product inhibition. While on the basis of these
kinetic data alone we are unable to comment definitively
regarding the mode of catalyst inhibition by 1a and 2a, possible
scenarios that can be envisioned include (but are not restricted
to) unproductive binding of la or 2a to Ir, as well as
deprotonation of an amine/ammonium intermediate® by 1a or
2a. However, computational studies support catalyst inhibition
by 1la and 2a arising from the latter deprotonation pathway (vide
infra).
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Figure 5. (a) Eyring plot for the hydroamination of 1a catalyzed by [Ir(COD)CI],. The reactions were conducted in 1,4-dioxane over a temperature range
of 90—130 °C at the following concentrations: [1a] = 5.0 x 107* M and [Ir1] = 2.5 x 107® M (AH* = 20.9(3) kcal mol~%, AS = —23.1(8) cal/K -moal). (b)
Arrhenius plot for the hydroamination of 1a catalyzed by [Ir(COD)CI],. The reactions were conducted in 1,4-dioxane over a temperature range of 90—130
°C at the following concentrations: [1a] = 5.0 x 104 M and [Ir] = 2.5 x 10°® M (E, = 21.6(3) kcal mol™%).

Hammett Study. The rate of the [Ir(COD)CI],-catalyzed
hydroamination of 3a—e was examined as a function of the
para-substituent (X) on the arylamine (eq 2). The cyclization
of 3a—e (Table 3, entries 3—1 to 3—5) in the presence of 0.5
mol % [Ir(COD)CI], was monitored by use of *H NMR methods
to obtain reaction rates. A Hammett plot of the resulting data
provided alarge, negative p value of —2.4(2) (Figure 4), which
indicates that more electron-rich arylamines undergo hydroami-
nation more rapidly.

Kinetic Isotope Effect. To provide some insight into the
turnover-limiting step of the mechanism, the H/D kinetic isotope
effect (KIE) for the [Ir(COD)Cl],-catalyzed hydroamination 1a
was measured under catalytic conditions. The pseudofirst order
plots (Figure S7, Supporting Information) of the cyclization of
la and la-d; in 1,4-dioxane at 110 °C (eq 3) provided Kq,s =
0.30(1) h™* and kos = 0.089(2) h™%, respectively, which
translated to a primary KIE of 3.4(3). While these observations
implicate the hydrogen derived from the N—H of lain the rate-
determining step, several competing reaction pathways (e.g.,
rate-limiting N—H oxidative addition or proton transfer follow-
ing nucleophilic attack on a coordinated alkene) that account
for these observations can be envisioned.

N(H/D)Bn .Bn

7(/\ 0.25 mol% [Ir(COD)Cl] Ph>©N\ @)

Ph - >

pH N 1,4-dioxane, 110 °C Ph CH3/CH,D
1al1a-dy 2a/2a-dy

Activation Parameters. To obtain activation parameters for
the [1r(COD)Cl],-catalyzed hydroamination of la, a series of
reactions were executed over a range of temperatures (90 —
130 °C); pseudofirst order rate constants were obtained from
linear plots of [1a]; versus time over this temperature range.
Eyring and Arrhenius analyses for the cyclization of 1a to 2a
afforded AH* = 20.9(3) kcal mol %, AS = —23.1(8) cal/K -mol,
and E, = 21.6(3) kcal mol~* (Figure 5). The observation of a

large negative AS' value in the cyclization 1a mediated by
[Ir(COD)CI], is consistent with a highly ordered transition
state.?’

Summary of Kinetic Experiments. Kinetic analyses of the
[Ir(COD)Cl],-catalyzed hydroamination of 1a have revesled that
the reaction rate shows first order dependence on the concentra-
tion of Ir and inverse order dependence with respect to both
substrate (1a) and product (2a) concentrations. While the
observed primary kinetic isotope effect (kq/kp = 3.4(3)) and
the observation that increased electron density at nitrogen in 3
promotes the cyclization of these arylaminoalkene substrates
(p = —2.4) arein keeping with an alkene activation mechanism
involving nucleophilic attack of a tethered amine on a metal-
coordinated alkene followed by arate-limiting protonolysis step,
alternative mechanisms including those involving N—H oxida-
tive addition cannot be ruled out on the basis of these empirical
data alone. Given the lack of spectroscopic evidence that would
enable the definitive identification of catalytic intermediates in
the present study (vide supra), and in an effort to gain further
insight into the elusive details of the mechanism of the
[Ir(COD)Cl],-catalyzed cyclohydroamination of unactivated
aminoakenes, this process was subjected to computational
examination.

Computational Study. The DFT method has been employed
as an established and predictive means to aid mechanistic
understanding; the particular value of such methods for unravel-
ing intricacies of hydroamination catalysis has been demon-
strated previously by several groups.2®~3! Plausible mechanistic
scenarios employing [Ir(COD)CI], as a precatalyst involving
either activation of the alkene linkage (C=C bond activation

(27) Anglyn, E. V.; Dougherty, D. A. Modern Physical Organic Chemistry,
1st ed.; University Science Books: Sausdlito, 2006; p 372.

(28) For a computational study of group 8 metal-assisted intermolecular
hydroamination, see: () Senn, H. M.; Blochl, P. E.; Togni, A. J. Am.
Chem. Soc. 2000, 122, 4098. (b) Tsipis, C. A.; Kefadis, C. E.
Organometallics 2006, 25, 1696. (c) Tsipis, C. A.; Kefaldis, C. E. J.
Organomet. Chem. 2007, 692, 5245.

(29) For a computational study of group 4 metal-assisted intermolecular
hydroamination, see: Straub, B. F.; Bergman, R. G. Angew. Chem.,,
Int. Ed. 2001, 40, 4632.
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Scheme 1. Plausible Mechanistic Pathways for Late Transition Metal-Catalyzed Cyclohydroamination, Exemplified for [Ir(COD)CI], MO as

Catalyst Precursor and 5a as Substrate

cycloamine )
NHBn displacement
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Ir-C bond nucleophilic
cleavage attack
:Bn
) H-N
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route, Scheme 1, left)* or of the amine functionaity (N—H
bond activation route, Scheme 1, right)®® have been examined
for the cyclohydroamination of N-benzyl-2,2-dimethyl-4-en-1-
amine 5a (representing a prototypical secondary akylamine)
into the pyrrolidine 6a (entry 2—7 in Table 2). Notably, this
represents the first attempt to comprehensively address the
mechanism of intramolecular hydroamination mediated by late
transition metal compounds by means of computational methods.
No structural simplification of any of the key species has been
imposed. While the presentation herein is focused exclusively

(30) For computational studies of group 4 transition metal-assisted in-
tramolecular hydroamination of various substrate classes, see: ami-
noalkene substrates: (a) Muller, C.; Koch, R.; Doye, S. Chem.—Eur.
J. 2008, 14, 10430. aminoallene substrates: (b) Tobisch, S. Dalton
Trans. 2006, 4277. (c) Tobisch, S. Chem—Eur. J. 2007, 13, 4884.
(d) Tobisch, S. Chem.—Eur. J. 2008, 14, 8590.

(31) For computationa studies of organolanthanide-assisted intramolecular
hydroamination of various substrate classes, see: aminoalkene sub-
strates: (a) Motta, A.; Lanza, G.; Fragala, |. L. Organometallics 2004,
23, 4097. aminoalkyne substrates: (b) Motta, A.; Lanza, G.; Fragala,
I. L. Organometallics 2006, 25, 5533. aminoalene substrate: (c)
Tobisch, S. Chem.—Eur. J. 2006, 12, 2520. aminodiene substrates: (d)
Tobisch, S. J. Am. Chem. Soc. 2005, 127, 11979. (e) Tobisch, S.
Chem.—Eur. J. 2007, 13, 9127.

(32) For aselection of lead references for the olefin activation route, see:
(& Kiji, J; Nishimura, S.; Yoshikawa, S.; Sasakawa, E.; Furukawa,
J. Bull. Chem. Soc. Jpn. 1974, 47, 2523. (b) Armbiichl, J.; Pregosin,
P. S.; Venanzi, L. M.; Consiglio, G.; Bachechi, F.; Zambonelli, L. J.
Organomet. Chem. 1979, 181, 255. (c) Seligson, A. L.; Trogler, W. C.
Organometallics 1993, 12, 744. (d) Kwatsura, M.; Hartwig, J. F. J. Am.
Chem. Soc. 2000, 122, 9646. (e) Mdller, T. E.; Grosche, M.;
Herdtweck, E.; Pleier, A.-K.; Walter, E.; Yan, Y .-K. Organometallics
2000, 1, 170. (f) Seul, J. M.; Park, S. J. Chem. Soc., Dalton Trans.
2002, 1153. (g) Karshtedt, D.; Bell, A. T.; Tilley, T. D. J. Am. Chem.
Soc. 2005, 127, 12640. (h) References 19e and 20c herein.

(33) For aselection of lead references for the amine activation route, see:
(a) Casalnuovo, A. L.; Caabrese, J. C.; Milstein, D. Inorg. Chem.
1987, 26, 971. (b) Cowan, R. L.; Trogler, W. C. Organometallics 1987,
6, 2451. (c) Park, S.; Johnson, M. P.; Roundhill, D. M. Organome-
tallics 1989, 8, 1700. (d) Ladipo, F. T.; Meralg, J. S. Inorg. Chem.
1990, 29, 4127. (e) Koelliker, R.; Milstein, D. Angew. Chem.,, Int.
Ed. Engl. 1991, 30, 707. (f) Glueck, D. S.; Newman Winslow, L. J;
Bergman, R. G. Organometallics 1991, 10, 1461. (g) Seligson, A. L.;
Cowan, R. L.; Trogler, W. C. Inorg. Chem. 1991, 30, 3371. (h)
References 16—18 herein.
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Figure 6. Variousforms of the catalytically competent compound M1 (free
energy in kcal mol ! relative to M 1a).

on the most accessible pathways, a complete account of all
scrutinized species is given in the Supporting Information.*
Nature of the Catalytically Competent Species. We start by
examining the fragmentation of precatalyst MO in the presence
of substrate 5a and 1,4-dioxane solvent,®® which leads to the
catalytically competent species. DFT predicts that [Ir(COD)-
Cl(substrate)] complex M1 is predominantly generated in a
transformation that is slightly downhill (AG = —3.1 kcal mol*
for 1/2M0 + 5a — M1a), while [Ir(COD)Cl(dioxane)] M 1*
and dioxane or substrate adducts of M1 or M 1* (respectively)
are distinctly disfavored thermodynamically.> Compound M 1
is present in several forms featuring a chelating aminoakene
(M1a), or a monohapto association to the Ir' center through its
amine (M 1b) or olefin (M 1c) functionalities, all of which are
in rapid equilibrium (Figure 6).® Although M 1ais most stable,
it does not represent the direct precursor for cyclohydroamina-
tion proceeding through rival routes for olefin or N—H bond

(34) See the Supporting Information for more detail.

(35) The activation energy for fragmentation of M0 has not been assessed,
but it is rather unlikely to invoke any significant barrier, as the
examination by a linear-transit approach gave no indication for the
existence of such a barrier.

(36) Examination by a linear-transit approach gave no indication that this
process is associated with a substantial enthalpy barrier.
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activation (vide infra). Notably, the energetic cost of associating
a second equivalent of substrate as in M 1b-S suggests that
substrate inhibition via formation of [Ir(COD)(substrate),]Cl
species is unlikely.

The observed similarities in hydroamination of 1a mediated
by [Ir(COD)CI], and [Ir(COD)CI,]/2 AgBF, (vide supra) may
argue in favor of a formally cationic complex as representing
the active catalyst species. We have therefore probed the aptitude
of the dioxane solvent to support the displacement of the
chloride from the immediate proximity of the Ir center.3” Given
the low acceptor number of dioxane, it comes as no surprise
that a[Ir(COD)(substrate)(dioxane)]Cl solvent-separated ion pair
is found to be distinctly less stable than M1, being uphill by
more than 28 kcal mol~1,3* which corroborates the conductivity
measurements (vide supra). Thus, our combined experimental
and computational approach provides compelling evidence for
M1 as being the catalytically competent compound.

Hydroamination via C=C Bond Activation. Principal steps
of the C=C bond activation route include: (1) nucleophilic attack
of the amine on the olefin functionality, which is activated by
coordination to the Ir center, to form a zwitterionic Ir'-
cycloammonio-alkyl intermediate; (2) net protonolysis of the
Ir—C bond; and (3) displacement of cycloamine by a new
substrate molecule to regenerate M 1. Figure 7 shows the Gibbs
free-energy profile, which considers only the most accessible
reaction pathways.>*

The C—N bond forming step can proceed through distinct
trajectories constituting frontside (i.e., amine approach cis(syn)
to the metal) and backside (i.e., amine approach trans(anti) to
the metal) attacks, thereby giving rise to various conformers of
the zwitterionic Ir'-cycloammonio-alkyl intermediate M 2 (see
Figure 7). The cis(syn) amine attack on the olefin unit initially

(37) This was done by employing a discrete ensemble of three molecules
of 1,4-dioxane closely interacting with the Cl center, thereby simulating
specific solvation effects adequately.

TS[M3a-M4b]

y Bn B TS[M4b+5a-M1c+6a]
1N i
% r‘\\’/\\7L BnHN
cl

. x 6.4
h'u ys -
| /’"\\/m NHBn M1ic

Figure 7. Free energy profile for the intramolecular hydroamination of 5a by [Ir(COD)CI], (M0) proceeding via C=C bond activation. Only the most
accessible pathway for all principal steps is shown, while alternative, but less favorable pathways are omitted for the sake of clarity.

gives rise to M 2a, which has the hydrogen of the quarternized
ammonium center placed closely to the Ir' center, while the
approach from backside leads first to M2b. Both transient
intermediates M 2a and M 2b relax ailmost instantaneously into
the minimum-energy conformer M 2c,3® featuring a positively
charged ammonium unit that points toward the negatively
polarized chlorine. Intramolecular C—N bond formation does
preferably proceed via external attack of the amine unit on the
coordinated double bond and commences from M 1c as the direct
precursor species, such that the amine group must first discon-
nect from the Ir center in the prevalent isomer M1a prior to
cyclization. Both trajectories are found to be viable, with
backside attack emerging as the dominant pathway in a process
that is uphill and features a moderate activation barrier (AG* =
16.9 kcal mol 1), thereby indicating that ring closure is smooth
and reversible.

Several scenarios for cleavage of the Ir—C bond in M2 have
been probed, including: (&) direct protonolysis by the proton
available from the ammonium unit; and (b) proton transfer to
the Ir center, affording the Ir""'-hydrido-cycloamido intermediate
M3, with subsequent C—H reductive elimination of the cy-
cloamine.® The stepwise mechanism viatransient M 3 represents
the kinetically advantageous scenario. The most accessible
pathway commences from M 2a, which has the ammonium
unit already suitably oriented toward the Ir center, such that its
deprotonation does not cause major structural reorganization.
Moreover, the nucleophilicity of the Ir' center supports this
transformation electronically. Indeed, the M2a — M 3a proton
transfer has a low barrier of only 10.8 kcal mol~* (relative to
the most stable M2c) to overcome and leads directly to the
sguare-pyramidal M 3a bearing the hydride in the apical position.

(38) The various conformers of the zwitterionic intermediate M2 are in
rapid equilibrium, as mutual interconversion does not impose any
substantial barrier due to almost free rotation of the azacycle unit
around Ir—C and C—C bonds in M 2.
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Scheme 2. f-Hydride Elimination as a Rival Event for the C=C

Bond Activation Route
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M 3a represents a very shallow minimum on the free-energy
surface (with AG* = 0.4 kcal mol~ for reverse M 3a— M 2a),

thereby implicating an almost negligible stationary population,

which would make M 3a rather difficult to observe by use of
NMR spectroscopic techniques (vide supra). Transient M 3a can
undergo skeletal rearrangement to afford six-coordinate M 3b
as the most stable form of the Ir'"'-hydrido complex, having Cl
and H in trans positions and the azacycle's N donor center
directly attached to the metal (Figure 7). Notably, the transition
state (TS) structure traversed along the most accessible pathway
for reductive elimination adopts the same ligand arrangement.
Given the small energy gap between the initially formed M 3a
and the lowest-energy TS for reductive elimination, it can
reasonably be assumed that skeletal rearrangement in M 3a and
ensuing reductive elimination do occur concomitantly. Accord-
ingly, C—H bond reductive elimination to commence from five-
coordinate M3a proceeds through a highly ordered six-
coordinate TS structure and affords the I r'-pyrrolidine compound
M4b. The associated low barrier (AG* = 4.7 kcal mol ™)
together with the substantial thermodynamic force (AG = 17.0
kcal mol™Y) is in keeping with M3a as being a high-energy
reactive intermediate. The reductive elimination has the higher
total barrier (i.e., relative to M 1a) of the two consecutive steps
and thus discriminates the overall kinetics of the stepwise
cleavage of the Ir—C bond in M 2. Thereafter, incoming substrate
displaces the pyrrolidine 6a from M 4b and regenerates the M 1c
active species, which re-enters the catalytic cycle. The exchange
of cycloamine by substrate is thermodynamically favorable (AG
= —9.3 kecal mol™) and kinetically viable (AG* = 19.7 kcal
mol 1) when following an associative mechanism.

Having characterized all principa steps thus far, the precise
knowledge of other steps that may lead to unwanted products
is also of interest for the future development of improved
catalysts. To this end, we have examined a diverging route that
starts from M2 involving S-hydride elimination. The most
ble pathway traverses a four-membered square-pyramidal
TS structure, featuring cis disposed olefin and hydride units,
which decays via smooth skeletal rearrangements into trigonal -
bipyramidal Ir-cycloenammonium-hydrido compound M 5a
(Scheme 2).3* Compared to the rival pathway, namely stepwise
M2a — M3a — M4b Ir—C bond cleavage, the M2c — M5a
p-hydride elimination is predicted to be distinctly more demand-
ing kinetically and is therefore not accessible.*® These findings

(39) We have not determined the barrier for skeletal (polytopal) rearrange-
ment between different forms of M3, but such processes are known
to be facile.

(40) DFT predicts a kinetic gap of 11.9 kcal mol=* (AAG¥) between
stepwise protonolysis of the Ir—C bond and S-hydride elimination
commencing from M2, in favor of the former, which leads us to
confidently conclude that 5-hydride elimination is not traversable.
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may serve in rationalizing why the formation of pyrrolidines
other than 6a is not observed when using [Ir(COD)CI], as a
precatalyst.

Hydroamination via N—H Bond Activation. An alternative
hydroamination pathway involving N—H bond activation (Scheme
1, right) features the following elementary steps: (1) oxidative
addition of the amine N—H linkage to the Ir' center; (2) insertion
of the olefin unit into either Ir—N or Ir—H bonds of the resulting
Ir'"'-amido-hydrido complex; (3) generation of the cycloamine
by either C—H or C—N reductive elimination; and (4) liberation
of the cycloamine by new substrate to regenerate M1. The
condensed Gibbs free-energy profile, considering only the most
accessible pathways for relevant steps, is displayed in Figure
8.

Commencing from the active compound M1b, oxidative
addition of the amine N—H bond at the low-valent, coordina
tively unsaturated Ir' center initialy gives rise to the five-
coordinate 1r'""'-3*-amidoalkene-hydrido compound M6a. The
positional isomer participating along the most accessible
pathway is depicted in Figure 8.3 The square-planar structure
of precursor M1b remains virtually undisturbed in the TS
structure, which in turn decays into sguare-pyramidal M6a,
featuring hydride in an axial position. Given the rather electron-
deficient nature of the Ir' center in M 1b, it comes as no surprise
that this oxidative addition step imposes an amost insurmount-
able barrier of 38.2 kcal mol~! and is furthermore seen to be
strongly endergonic (AG = 25.7 kcal mol %), thereby rendering
oxidative addition challenging on both kinetic and thermody-
namic grounds in the present system. The uncoordinated C=C
bond of the #*(N)-amidoalkene-Ir unit in M6a can approach
the metal center at its remaining coordination site, thereby giving
rise to the six-coordinate Ir'"'-;?-amidoal kene-hydrido intermedi-
ate M 6. However, this supposedly facile conversion®* comes
at some thermodynamic cost, as M6’ is less stable than M6.
The several possible isomers of M&’, two of which are shown
in Figure 8, are likely to interconvert readily.**

Two distinct paths for Ir-amidoalkene (M6") — Ir-cycloamine
(M4b) transformation are conceivable, involving: (1) olefin
insertion into the Ir'"'—N bond of M6’ to afford Ir'"-azacycle-
hydrido intermediate M7 with subsequent C—H reductive
elimination; or (2) insertion of the double bond into the Ir'"'—H
linkage of M6 and ensuing C—N reductive elimination under
ring closure. The latter path is found to be more demanding
energetically and well separated from the former and remains
therefore virtually closed throughout the process.®* DFT unveils
that the dominant path toward pyrrolidine formation within this
mechanistic manifold entails ring closure by insertion of the
double bond into the Ir—N bond of M&’, followed by reductive
C—H elimination from M 7. Notably, this pathway is consistent
with reports from Milstein,*"@ Togni*” and Hartwig® involving
catalysts featuring a more electron-rich (bisphosphine)lr frag-
ment, which are known to proceed via activation of the N—H
amine bond, and for which the barrier to N—H bond activation
is presumably lower than in M 1b.

Ring closure in M6’ through double bond insertion into the

I'—N bond has a modest barrier of 10.7 kcal mol~* and is
strongly exergonic. The pathway that involves the thermody-
namically favorable M6'c, where H and Cl occupy trans
positions, is seen to be most accessible on both thermodynamic
and kinetic grounds. Notably, the directly formed Ir'"'-azacycle-

(41) Note that the barriers for mutua interconversion via Berry rotation
are generally considered to be low.
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Figure 8. Free energy profile for the N—H bond activation route of intramolecular hydroamination of 5a by [Ir(COD)CI], (M0). Only the most accessible
pathway for al principa steps is shown, while aternative, but less favorable pathways are omitted for the sake of clarity.

hydrido species M 7c must not undergo skeletal rearrangements
prior to C—H reductive elimination. The lowest-energy pathway
commencing from M 7c has abarrier of 18.5 kcal mol—* to afford
the Ir'-pyrrolidine compound M 4b, which is downhill by another
9.5 kcal mol 2. Regeneration of M 1b via associative displace-
ment of pyrrolidine by substrate from M4b is amost identical
energetically to the trgjectory analyzed above that leadsto M 1c.
Hence, if the amine N—H bond were successfully to add to
the Ir' center (as in (bisphosphine)ir species*® %), subsequent
conversion of the amidoalkene unit into pyrrolidine viaM6'c
— M7c — M4b would be kineticaly viable and strongly
downhill. Asrevealed from Figure 8 the first oxidative addition
has the highest barrier and thus discriminates whether the N—H
bond activation route can be traversed. The assessed unfavorable
profile, featuring an almost insurmountable barrier of 38.3 kcal
mol~! and being strongly uphill, is not compatible with the
smooth hydroamination reported herein, and mitigates against
N—H bond activation as being operative. This leads us to
conclude that the route via initial amine activation (Scheme 1,
right) is not accessible for the catalytically competent compound
M1 that features a rather electron-poor Ir' center, and instead
the route via olefin activation (Scheme 1, left) prevails.
Mechanistic Conclusions. Our collective experimental and
computational results lead us to the following mechanistic
conclusions (Scheme 3). (1) Electrophilic activation of the C=C
linkage by a relatively electron-poor Ir' center toward nucleo-
philic attack from the amine unit emerges as the operative
mechanism for the [Ir(COD)Cl],-catalyzed cyclohydroamination
of unactivated aminoalkenes. (2) The [Ir(COD)Cl(substrate)]
complex M1 isthe catalytically competent compound. (3) The
most stable form of [Ir(COD)Cl(substrate)] is M1a, which
features a chelating aminoalkene; M 1a is the most abundant
intermediate and therefore likely represents the catalyst resting
state. Although M 1a is a dormant species, it is easily converted
into M 1c, featuring n*-olefin-Ir ligation, to start the productive

Scheme 3. Proposed Mechanism for the [Ir(COD)Cl],-Mediated
Intramolecular Hydroamination of Aminoalkenes

1 [
Cl
12 ”lr< >]r“ g

catalyst
X resting state
5a HB
7 NHBn N .
N,Bn | I /
- 7N, | [N
oami 2 M1ic M1a
cycloamine nucleophilic
displacement attack
5a
Bn
) N~
il ©
M2b
!
I I']I' wCl
\Bn 2Bn
! H-N
Mdb T “sepfenCl

turnover-limiting
reductive elimination

%oton transfer

onto Ir!

catalytic cycle. (4) Ring closure via nucleophilic attack of the
amine unit at the olefin functionality that is activated by
coordination to the Ir center has a moderate barrier and is
reversible. (5) Stepwise transfer of the proton from the am-
monium unit in M 2a onto the Ir center with subsequent C—H
reductive elimination is the dominant pathway for cleavage of
the Ir—C bond in the zwitterionic intermediate. The proton
transfer step is kinetically viable and leads to the weakly
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stabilized, transient five-coordinate 1r'"'-hydrido intermediate
M3a, which thereafter undergoes reductive elimination by
traversing a highly ordered six-coordinate TS structure. (6) The
total activation energy for reductive elimination*® is highest
among all relevant steps and as such this step must thus be
considered as being turnover limiting. (7) Ensuing liberation
of the cycloamine by incoming substrate is viable when
following an associative pathway and regenerates the catalyti-
caly active M1c in an exergonic, hence irreversible step. In
the context of this mechanistic scenario, the catalyst inhibition
observed empirically for 1a, 2a, and DBU may be attributable
in part to the action of these species as Brgnsted bases toward
the ammonium unit in M 2. Alternatively, coordination of DBU
to Ir could prevent substrate association in a manner that cannot
be achieved by the weaker pyrrolidine base 2a,%% thereby giving
rise to a negligible population of the active compound M 1.
While the proposed olefin activation mechanism outlined in
Scheme 3 is unprecedented for Ir-catalyzed alkene hydro-
amination,*®~*® comprehensive synthetic and mechanistic studies
by Cochran and Michael® support the operation of a related
olefin activation pathway in the cyclohydroamination of unac-
tivated akenes bearing tethered amide/carbamate fragments
mediated by cationic (PNP)Pd complexes. In keeping with our
observations detailed herein, these workers noted a strong
inverse dependence of the reaction rate on substrate concentra-
tion arising due to the reversible deprotonation of a
[(PNP)Pd(a kylammonium)]?" intermediate by substrate, as well
as rate-limiting Pd—C bond cleavage (protonolysis) involving
this intermediate.®?

The assessed energy profile (Figure 7) is consonant with our
observed empirical data. Turnover-limiting reductive elimination
is consistent with the located highly organized TS structure and
rationalizes the negative activation entropy measured. The lack
of spectroscopic evidence for the putative Ir'"'-hydrido species
M3a is understandable on the basis of its identification as a
metastable intermediate, and rate-limiting reductive elimination
from thisintermediate isin keeping with the measured primary
H/D KIE. Productive -hydrogen elimination, as a potentially
competitive event to productive hydroamination, proved not to
be viable on the basis of computational data, thereby supporting
the clean and efficient catalysis observed for several substrates.
Finally, the assessed total barrier®® of 24.6 kcal mol~! for
turnover-limiting reductive elimination agrees remarkably well
with Eyring data for the cyclization of 1a to 2a (vide supra).**©

Summary and Conclusions

We have identified [Ir(COD)CI], as a highly effective
precatalyst for the intramolecular addition of primary as well
as secondary alkyl- or arylamines to tethered unactivated olefins
at relatively low catalyst loading. With the exception of the
hydroamination of primary aminoakenes, for which HNEt;Cl
was required as a cocatalyst, no coligands or additives were
required in order to promote the hydroamination of these
challenging substrates. In the quest to develop mechanistic
insight into these intramolecular hydroamination reactions
catalyzed by [Ir(COD)CI],, a comprehensive experimental and

(42) () The absolute TOF-determining barrier is given relative to the
catalyst resting state M1a. (b) DFT predicts that DBU binds more
strongly in [Ir(COD)Cl(amine)] compounds than 1a doesin M1a by
12.0 kcal mol~. On the other hand, the aminoalkene la displaces
pyrrolidine 2a from M4b in a kinetically viable, downhill step (see
Figure 7). (c) Cyclohydroamination of la to 2a has an observed
turnover-limiting barrier of 27.7 kcal mol~* (AG*, 298 K).
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computational investigation was conducted; notably, this rep-
resents the first such combined mechanistic study of the late
metal-mediated cyclohydroamination of unactivated alkenes with
secondary alkyl- and arylamines to appear in the literature.
Collectively, the results of these studies revea that these
intramolecular hydroamination reactions commence from [Ir'-
(COD)Cl(substrate)] as the catalytically competent compound
and proceed viainitial electrophilic activation of the olefin unit
by arelatively electron-poor metal center, in a manner that has
previously not been documented for Ir-catalyzed akene hy-
droamination. An alternative mechanism involving activation
of the amine functionality, which is firmly established for
electron-rich Ir complexes, has proven inaccessible for the
catalyst system under investigation herein. The operative
mechanistic scenario involves. (1) smooth, reversible ring
closure via nucleophilic attack of the amine on the metal
coordinated, thus activated C=C bond; (2) stepwise cleavage
of the Ir—C bond in the zwitterionic intermediate via proton
transfer from the ammonium unit to Ir, with subsequent
turnover-limiting C—H reductive elimination; and (3) associative
displacement of the cycloamine by new substrate, thereby
regenerating the active catalyst species. Turnover-limiting
reductive elimination to involve a metastable, highly reactive
Ir'-hydride intermediate and traversing a highly ordered TS
structure is consistent with the measured primary H/D KIE and
the observed negative activation entropy. DFT predicts an
effective barrier for intramolecular hydroamination of a proto-
typica secondary alkylaminoalkene that is in remarkable
agreement with observed activation parameters. Given the small
number of late metal catalysts that have proven capable of
promoting the intramolecular addition of primary and/or second-
ary akyl- and arylamines to unactivated olefins, as well as the
paucity of mechanistic data pertaining to these transformations,
the catalytic and mechanistic findings reported herein represent
an important contribution toward the development of increas-
ingly effective late metal catalysts for use in mediating cyclo-
hydroamination reactions.

Experimental Section

General Considerations. All manipulations were conducted in
the absence of oxygen and water under an atmosphere of dinitrogen,
either by use of standard Schlenk methods or within an mBraun
glovebox apparatus, utilizing glassware that was oven-dried (130
°C) and evacuated while hot prior to use. 1,4-Dioxane (Aldrich)
was dried over Na/benzophenone followed by distillation under an
atmosphere of dinitrogen. Toluene was deoxygenated by sparging
with dinitrogen followed by passage through a double column
solvent purification system purchased from mBraun Inc. 1,2-
Dimethoxyethane and 1,2-dichloroethane were deoxygenated by
sparging with dinitrogen gas followed by storage over activated 4
A molecular sieves for 48 h prior to use. Chloroform-d; (Cambridge
Isotopes) was used as received. All solvents used within the
glovebox were stored over activated 4 A molecular sieves. With
the exception of [Ir(COD),] *BF,~ and [Ir(MeCN),(COD)] "BF,~,**
as well as 2-(di-tert-butylphosphino)-N,N-dimethylaniline** and
[Pd(cinnamyl)Cl],,*® al of which were prepared using literature
procedures, al other Rh and Ir complexes were purchased from
Strem Chemicals and were evacuated under reduced pressure for
24 h prior to use. LiB(CgFs)4* 2.50Et, (Boulder Scientific), LiOTf
(Strem), and AgBF, (Strem) were evacuated under reduced pressure

(43) Green, M.; Kuc, T. A,; Taylor, S. H. Chem. Commun. 1970, 1553.

(44) Lundgren, R. J;; Stradiotto, M. Chem.—Eur. J. 2008, 14, 10388.

(45) Auburn, P. R.; Mackenzie, P. B.; Bosnich, B. J. Am. Chem. Soc. 1985,
107, 2033.
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for 24 h prior to use. 2,2-Diphenylpent-4-en-1-amine,**® (1-
allylcyclohexyl)methanamine, ™2 2,2-diphenylhex-5-en-1-amine,*?
4-methyl-2,2-diphenylpent-4-en-1-amine,"*® N-benzyl-2,2-diphe-
nylpent-4-en-1-amine,**# N-(4-chlorobenzyl)-2,2-diphenylpent-4-
en-1-amine,®? methyl 4-[(2,2-diphenylpent-4-
enylamino)methyl]benzoate, #N-(4-methoxybenzyl)-2,2-dipheny| pent-
4-en-1-amine,®® N-(cyclohexylmethyl)-2,2-diphenyl pent-4-en-1-
amine,*? (1-allylcyclohexyl)-N-benzylmethanamine, ™ N-benzyl-
2,2-dimethylpent-4-en-1-amine, ™ 2-phenyl-2-(2-propenyl)-1-amino-
4-pentene,*® N-benzyl-2-isopropyl pent-4-en-1-amine, ™2 N-benzy! -
2,2-diphenylhex-5-en-1-amine,** N-benzyl-4-methyl-2,2-dipheny!-
pent-4-en-1-amine,*”  benzyl[1-(2-methylallyl)-
cyclohexylmethyl]amine,**2 (E)-N-benzyl-2,2-diphenyl hex-4-en-1-
amine and (Z)-N-benzyl-2,2-diphenylhex-4-en-1-amine,** tert-butyl-
2,2-diphenyl pent-4-enyl carbamate, 2 N-phenyl-2,2-diphenyl pent-4-
en-1-amine,** N-(4-methyl phenyl)-2,2-diphenylpent-4-en-1-amine,**
N-(4-methoxypheny!)-2,2-dipheny| pent-4-en-1-amine,** N-(4-fluo-
rophenyl)-2,2-diphenylpent-4-en-1-amine,** (1-allylcyclohexyl)-N-
phenylmethanamine,*® N-phenyl-2,2-diphenylhex-5-en-1-amine,*®
and N-phenyl-4-methyl-2,2-diphenyl pent-4-en-1-amine,*® were syn-
thesized according to literature procedures. All other reagents were
used as received. *H and **C NMR characterization data were
collected at 300 K on a Bruker AV-500 spectrometer operating at
500.1 and 125.8 MHz (respectively) with chemical shifts reported
in parts per million downfield of SiMe,. Conductivity measurements
were carried out on a VWR SympHony pH/Conductivity meter
employing a VWR SympHony 4 carbon probe conductivity cell
with 0.55 cm™ cell constant; calibrations were made with 1.12
microSeimens and 100,039 microSeimens Traceable conductivity
solutions. The curve fittings were carried out using the program
SigmaPlot for Windows v. 10.0 (Systat Software, San Jose, CA).

Representative Procedure for the Intramolecular Hydroami-
nation of Unactivated Alkenes by Secondary Alkylamines
(Table 2). To a screw-capped via containing la (82 mg, 0.25
mmol) and a stir-bar was added 0.125 mL of a stock solution of
[Ir(COD)CI]; (2.6 mg, 0.0039 mmol) in 1.548 mL of 1,4-dioxane
([1r] = 0.005 mM) and 0.375 mL of dioxane (total reaction volume
= 0.5mL). The vial was sealed under N, with a cap containing a
PTFE septum and, once all the material had dissolved, was removed
from the glovebox and was placed in a temperature-controlled
aluminum heating block set at 110 °C. After 3 h of magnetic stirring
the vial was removed from the temperature-controlled aluminum
heating block, cooled to ambient temperature, diluted with CH,Cl,
(2 mL), and was washed with brine (2 x 5 mL). The organic
extracts were combined, dried over Na,SO,, and concentrated. The
resulting residue was purified by flash column chromatography on
silicagel (hexanes’/EtOAc = 20:1) to yield 2a as a white solid (72
mg, 0.22 mmol, 88%) that afforded analytical data in agreement
with data reported in the literature.*'®

Representative Procedure for the Intramolecular Hydr oami-
nation of Unactivated Alkenes by Arylamines (Table 3). To a
screw-capped via containing N-phenyl-2,2-diphenylpent-4-en-1-
amine (78 mg, 0.25 mmol) and a stir-bar was added 0.5 mL of a
stock solution of [Ir(COD)CI], (5.7 mg, 0.0085 mmol) in 1.357
mL of 1,4-dioxane ([Ir] = 0.0125 mM). The vial was sealed under
N, with a cap containing a PTFE septum and, once all the material
had dissolved, was removed from the glovebox and was placed in
a temperature-controlled aluminum heating block set at 110 °C.
After 7 h of magnetic stirring the vial was removed from the
temperature-controlled aluminum heating block, cooled to ambient
temperature, diluted with CH,Cl, (2 mL), and was washed with
brine (2 x 5mL). The organic extracts were combined, dried over
N&S0,, and concentrated. The resulting residue was purified by

(46) Majumder, S.; Odom, A. L. Organometallics 2008, 27, 1174.

(47) Dochnahl, M.; Pissarek, J.-W.; Blechert, S.; Lohnwitz, K.; Roesky,
P. W. Chem. Commun. 2006, 3405.

(48) Lundgren, R. J; Sappong-Kumankumah, A.; Stradiotto, M.
Chem.—Eur. J.

flash column chromatography on silica gel (hexanes/EtOAc = 10:
1) to afford 1-phenyl-2-methyl-4,4-diphenylpyrrolidine as a color-
less ail that solidified to a white solid upon standing (74 mg, 0.22
mmol, 95%), and for which obtained characterization data agreed
with data reported in the literature.**

Representative Procedure for the Intramolecular Hydroami-
nation of Unactivated Alkenes by Primary Amines (Table 4).
To ascrew-capped vial containing 2,2-diphenylpent-4-en-1-amine
(59 mg, 0.25 mmol), triethylammonium chloride (1.7 mg, 0.0125
mmol) and a stir-bar was added 0.5 mL of a stock solution of
[Ir(COD)CI], (21 mg, 0.031 mmol) in 2.548 mL of 1,4-dioxane
([Ir] = 0.025 mM). The vial was sedled under N, with a cap
containing a PTFE septum and, once al the material had dissolved,
was removed from the glovebox and was placed in a temperature-
controlled aluminum heating block set at 110 °C. After 24 h of
magnetic stirring the vial was removed from the temperature-
controlled aluminum heating block, cooled to ambient temperature,
diluted with CH,CI, (2 mL), and was washed with brine (2 x 5
mL). The organic extracts were combined, dried over Na,SO,, and
concentrated. The resulting residue was purified by flash column
chromatography on silica gel (CH,Cl,/MeOH = 10:1) to yield
2-methyl-4,4-diphenylpyrrolidine as a pale-yellow oil (53 mg, 0.22
mmol, 89%) that afforded analytical data in agreement with data
reported in the literature.*

Computational Section. All calculations based on Kohn—Sham
density functional theory (DFT)*° were performed by means of the
program package TURBOMOLE®® using the almost nonempirical
meta-GGA Tao-Perdue-Staroverov-Scuseria (TPSS) functional®*
within the RI-Jintegral approximation®? in conjunction with flexible
basis sets of triple-& quality. For iridium we used the Stuttgart-
Dresden scalar-relativistic effective core potential (SDD, 60 core
electrons)®® in combination with the (8s7p6d1f)/[6s5p3dif] (def2-
TZVP) valence basis set.>* All remaining elements were represented
by Ahlrich’s valence triple- TZVP basis set® with polarization
functions on all atoms. The good to excellent performance of the
TPSS functiona for a wide range of applications, with transition-
metal complexes in particular, has been demonstrated previously.>®
The energy landscape of the entire cyclohydroamination course was
assessed for the secondary akylamine 5a together with [Ir-
(COD)CI], MO as precatalyst (entry 2—7 in Table 2). No structural
simplification of any of the involved key species wasimposed. The
DFT calculations have simulated the authentic reaction conditions
by treating bulk effects of the 1,4-dioxane solvent by a consistent
polarizable continuum model.>” All the stationary points were fully
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Phys. 1995, 102, 346. (c) Ahlirichs, R.; Furche, F.; Hattig, C.; Klopper,
W.; Sierka, M.; Weigend, F. TURBOMOLE, version 6.0; University
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located with inclusion of solvation. Analytical frequency calcula
tions were performed to confirm the nature of all optimized key
structures and to determine thermodynamic parameters (298 K, 1
atm) under the rigid-rotor and harmonic approximations. The
mechanistic conclusions drawn in this study were based on the
Gibbs free-energy profile of the entire catalytic cycle assessed at
the TPSS(COSMO)/SDD+TZVP level of approximation for ex-
perimental condensed phase conditions. Further details together with
adescription of the employed computational methodology are given
in the Supporting Information. Calculated structures were visualized
by employing the StrukEd program,®® which was also used for the
preparation of 3D molecule drawings.

Acknowledgment. We thank the Natural Sciences and Engi-
neering Research Council of Canada (including a Discovery Grant

(58) For further details, see http://www.struked.de.

426 J. AM. CHEM. SOC. = VOL. 132, NO. 1, 2010

for M. S. and a Canada Graduate Scholarship for K.D.H.) and
Dahousie University (M.S. and K.D.H.) for their generous support
of this work. We also thank Dr. Michael Lumsden (NMR3,
Dalhousi€) for assistance in the acquisition of NMR data, and Prof.
Heather Andreas (Dalhousie) for assistance in conducting solution
conductivity measurements.

Supporting Information Available: Complete experimental
procedures and characterization data, including tabulated ex-
perimental results and supporting NMR data, computational
details, detailed computational characterization of relevant
elementary steps, and Cartesian coordinates of all calculated
species. Thismaterial is available free of charge viathe Internet
at http://pubs.acs.org.

JA908316N



