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CONSPECTUS

Aromatic heterocycles are a prominent feature within natural products F' wodk raversibic
and pharmaceuticals and considerable efforts are directed toward their 3

@,y interaction

synthesis and functionalization. These molecules also appear as unwanted | 8
impurities in carbon-based fuels, and processes that fragment them are of " '-'-'f‘\ ocordiisetion spheré|
increasing interest. Early transition metal—carbon bonds show diverse reac- @‘N electronically flexible
tivity toward aromatic heterocydles: researchers have reported both function- R backbone
alization, relevant to synthetic efforts, and ring opening, relevant to their M =Sc/Y/Lu/La/U*

. . - R/ R'=alkyl / aryl / silyl
removal from fuels. In particular, chelating ferrocene—diamides possess
unique electronic characteristics as ancillary ligands that enable a wide range
of reactivity behaviors for the resulting metal complexes. In this Account, we describe our efforts to understand the reac-
tivity of group 3 metal and uranium alkyl complexes supported by these organometallic ligands toward aromatic N-het-
erocycles.

Two geometrically related ancillary ligands were investigated: 1,1’-ferrocenylene—diamides and pincer-type
pyridine—diamides. A substrate-dependent behavior was observed. For example, all the benzyl metal complexes cleaved
1-methylimidazole. In the case of pyridines, differences in reactivity were identified: C—H activation and C—C coupling
occurred with substituted pyridines, while alkyl transfer predominated with isoquinoline and chelating pyridines. The prod-
ucts of the C—C coupling or the alkyl-transfer reactions underwent subsequent hydrogen transfer: within the same ring for
the substituted pyridines and between two different heterocycles for isoquinoline and chelating pyridines.

The comparison between yttrium and lutetium benzyl complexes supported by ferrocene— or pyridine—diamide ligands
indicated that similar reactions occurred for specific substrates (1-methylimidazole, 2-picoline, and isoquinoline). A broader
range of reaction types and a larger substrate scope were identified, however, for the ferrocene than for the pyridine-type
complexes.

Based on the reactions discussed in this Account and on isolated examples drawn from the literature, we conclude that
the ferrocene—diamides represent a versatile ligand framework. We propose that iron’s ability to accommodate changes
in the electronic density at the metal center more readily than classical supporting ligands leads to the privileged status of
these organometallic ancillary ligands.

sition metal—carbon bonds show diverse reactiv-
ity toward these substrates: functionalization as
well as ring-opening have been reported. Herein

A. Introduction

The relevance of aromatic heterocycles to natu-

ral products and pharmaceuticals has prompted a
concerted research effort toward their synthesis
and functionalization." Aromatic heterocycles also
appear as unwanted impurities in carbon-based
fuels and, recently, processes that fragment them
have become prominent.? Interestingly, early tran-
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we describe our efforts to understand the reactiv-
ity of group 3 metal and uranium alkyl complexes
toward aromatic N-heterocycles. Most of the reac-
tions discussed start with the C—H activation of
the heterocycle, a complementary process to
metalation reactions with main-group organome-
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tallic reagents.! This Account begins by presenting the prop-
erties of a new class of d°f-metal alkyl complexes supported
by 1,1-ferrocene—diamide ligands; the discussion follows with
a description of the reactivity of these complexes toward aro-
matic N-heterocycles and ends with a comparison with the
reactivity of analogous pyridine—diamide metal complexes.

B. Alkyl Complexes of d°f" Metals Sup-

ported by Chelating Diamide Ligands

The long-standing endeavors of organometallic chemistry at

ligand design to modulate metal reactivity have been ampli-

fied in recent years by reports of direct ligand involvement in
reactions.* Our initial goal was to synthesize electrophilic
metal—alkyl complexes that would draw on such behavior
and display new reactivity. 1,1’-Ferrocenylene—diamides (NN,

Chart 1) appeared to be desirable frameworks because of a

number of characteristics:

(1) The 1,1’-disubstituted ferrocene enforces a cis-coordina-
tion of the two donors; thus, only one side of the d°"
metal center is blocked, leaving the other side open to
attack by various substrates.

(2) The ferrocene backbone has the ability to accommodate
changes in the electronic density at the metal center by
varying the geometry around iron.

(3) A weak interaction of donor—acceptor type may occur
between iron and the d°f" metal, possibly influencing the
reactivity of the complex.

(4) The ligand backbone is redox active (this characteristic has
yet to be fully investigated in relation to the reactivity of
the resulting d°f" alkyl complexes).

The first feature proved important in stabilizing mono-
nuclear complexes and allowing reactions with bulky sub-
strates. A combination of characteristics 1 and 3 gives these
ligands a close resemblance to pincer ligands; therefore, we
also prepared the analogous complexes of 2,6-bis(2,6-diiso-
propylanilidomethyl)pyridine (NNPY, Chart 1) for comparison.
The unique characteristics of the ferrocene-based ligands,
however, are likely responsible for the plethora of new com-
plexes and reaction outcomes observed.

SCHEME 1. Syntheses of Group 3 Metal Benzyl Complexes
Supported by Ferrocene— and Pyridine—Diamide Ligands

MX,(THF) 3 KCHoAr M(CH,Ar)s(THF) Ha(NN) (NN)M“\\\\\\\Ar
R r _
R0 - 60% T X 65 - 00% Noye

1uWV-(CH,Ar)(THF)|

M = Sc; X = Br; Ar = 3,5-Me,CgH3; x = 2; NN = NNf¢
M = Y; X = Br; Ar = Ph; x = 3; NN = NN, NNPY
M = Lu; X = Cl; Ar = 3,5-Me,C¢Hj; x =2; NN = NNfe, NNPY
M=La; X = Br; Ar = Ph; x = 3; NN = NN

Two series of alkyl complexes were targeted: group 3
metal (scandium, yttrium, lutetium, and lanthanum) and ura-
nium(lV) complexes. These two classes of compounds were of
interest because (i) they incorporate highly electrophilic metal
centers that would prove advantageous in reactions with unre-
active functionalities and (ii) they encompass monoalkyl
(group 3) and dialkyl (uranium) complexes. Uranium is espe-
cially interesting because the two alkyl groups can both
engage in reactions with the same substrate (by comparison,
group 4 metals require a transformation to alkyl cationic com-
pounds in order to display reactivity similar to that shown by
neutral group 3 metal or uranium complexes).

Ferrocene—diamide complexes were initially reported for
group 4 metals by Arnold et al.,> who also showed that a
highly reactive, cationic titanium(lV) species was stabilized by
an interaction with the iron center.® Such interactions had
been proposed earlier for late transition metals.” Recently, the
Stephan group has reported that ferrocenyl can stabilize cyclo-
pentadienyl group 4 metal alkyl cations through an iron—
metal interaction.®

1. Synthesis of Alkyl Complexes. Group 3 metal ben-
zyl complexes were synthesized by acid—base reactions from
the corresponding tris(benzyl) compounds and the proligands
H2(NN) (NNf¢ = fc(NSi'tBuMe,),, fc =1,1’-ferrocenylene) or
H>(NNP) to give 1;M-(CH,Ar)(THF) (Scheme 1; M = Sc, Lu, Ar
= 3,5-Me;CgHs; M =Y, La, Ar = Ph)® '3 or 1,,M-(CH,Ar)(THF)
(Scheme 1; M =Y, Ar = Ph; M = Lu, Ar = 3,5-Me,CgHs),'*
respectively. The syntheses of new scandium and yttrium tris-
(benzyl) complexes®'° were inspired by a report from Hes-
sen et al."> on the synthesis of La(CH,Ph)s;(THF);. These
starting materials are less expensive than the alkyls commonly
used'® and eliminate mesitylene or toluene during the acid—
base reactions, which is volatile and does not contaminate the
desired product.'”

The ferrocene—diamide uranium dialkyl complexes
(Scheme 2) were synthesized by salt-metathesis reactions
between the corresponding diiodide, 1+ I,(THF), and vari-
ous alkyl sources (benzyl potassium, neopentyl lithium)."® The
synthesis of 1p,Y-(CH,Ph), was accomplished in situ'® since
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SCHEME 2. Syntheses of Uranium Dibenzyl Complexes Supported
by Ferrocene— and Pyridine—Diamide Ligands

SCHEME 3. Ring Opening of 1-Methylimidazole Mediated by the
Group 3 Metal Benzyl Complexes 1¢"-(CH,Ar)(THF)

I
0.75 [K(OEt)1o(NN') 21 KCH.Ph .
Uly(THF)y ———————— (NN )U—THF —————2% —~ (NNjU_
3(THF)4 THE (NN'€) N Et,0 (NN Ph
25°C I -35°Cto25°C
60 - 80% 15c5-1o(THF) 70 - 80% 1;U<(CH,Ph),
THF / Et,0 pp
Ul(THF), * 3KCHPh T 172 ey
+ Hy(NNP) 78 9C to 25 °C “\—~Ph
62% 1,Y-(CH,Ph),

TABLE 1. Comparison of Iron—Metal Distances in d°f™-Metal Alkyl
Complexes

X-ray Fe—M  sum of covalent Ap_y

entry complex distance (A) radii (A) A ref
1 1:5(CH,Ar)(THF) 3.16 3.02 +0.14 9
2 1¢5(Me)(THF), 3.26 3.02 +0.24 9
3 15"-(CH,Ph)(THF) 324 322 +0.02 10
4 15-(CH,AY)(THF) 3.25 3.19 +0.06 11
5 1ad"“-(CH,Ar)(DME) 3.34 3.19 +0.15 13
6 Tmes"-(CH,AN)(THF) 312 319 —0.07  this work
7 1¢2-(CH,Ar)(THF) 3.38 3.39 —0.01 12
8 1:Y-(CH,Ph), 3.19 3.28 -0.09 18
9 1:Y-(CH,Ph)(OEt,) 3.07 3.28 -0.20 18

the salt-metathesis route did not lead to the desired
pyridine—diamide diiodide complex. The in situ method
proved general and allowed not only the isolation of
pyridine—diamide dialkyl uranium(lV) complexes but also the
isolation of other ferrocene—diamide complexes that had not
been accessible by the salt-metathesis method.'®

2. X-ray Characterization. The solid-state structures of all
1¢M-(CH,Ar)(THF) complexes were determined by single-crys-
tal X-ray diffraction. For uranium, both the dibenzyl 1¢Y-
(CH,Ph), and the benzyl cation [1¢"-(CH,Ph)(OEt,)][BPh,]
were structurally characterized as well as the pyridine—
diamide complex 1,,Y-(CH,Ph),. With all the solid-state data
in hand, a comparison of the iron—metal distances is possi-
ble (Table 1). For scandium, yttrium, and Iutetium, the
iron—metal distance is larger than the sum of the covalent
radii?° (entries 1—5), while for lanthanum and uranium, it is
smaller (entries 7—9). This distance is responsive to the elec-
tronic makeup of the ligands, as shown by the substitution of
the silyl by an adamantyl group in [fc(NAd),]JLu-
(CH»Ar)(DME) (1a4"“-(CH,Ar)(DME), Ad = 2-adamantyl),
causing this distance to increase (entry 5) or by a mesityl
group in [fc(NMes),]Lu(CH,Ar)(THF) (1mest¥-(CH>AF)(THF),
Mes =2,4,6-Me;CgH,), causing this distance to decrease
(entry 6). The presence of two instead of one ether donors
also causes the iron—metal distance to increase (entries 1,2
and 4,5).

~
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C. Reactions with Aromatic N-Heterocycles

The Hirshfeld charges calculated for M in 1¢M-(CH,Ar)(THF)
(see section D) are similar to those found for Cp*,M(CH,Ph) (M
=S¢, 0.49, and 0.45 for Cp*,Sc(CH,Ph)(THF); M =Y, 0.58). All
group 3 metal benzyl complexes coordinate THF. In order to
compare their reactivity to that of the analogous metallocenes,
reactions with aromatic N-heterocycles, which can displace the
coordinated THF, were studied. Since [Cp*,ZrMe(THF)|* did not
C—H activate 1-methylimidazole (only coordination was
observed),?! the reactions of this substrate toward the group
3 metal and uranium alkyl complexes were studied first.

1. Reactions with Imidazoles. The reaction mixture
obtained from 1¢5¢-(CH,Ar)(THF) and 3 equiv of 1-methylimi-
dazole (mi, Scheme 3) turned, surprisingly, from yellow or light
orange to a dark-purple color after it was heated for several
hours at 70 °C. The isolated product was characterized as
2¢>“mi and contained an imidazole—imine—amide moiety, in
which one imidazole fragment was ring opened. Other exam-
ples of homogeneous systems that mediate the ring opening
of aromatic N-heterocycles are also based on early transition
metals, such as tantalum,?? niobium,?324 and titanium,>>2°
with the exception of a rhenium system,?”-2® which employs
external bases and electrophilic reagents, and of a low-va-
lent tungsten complex that breaks the C—C bond of quinoxa-
line.?? Actinide complexes also effect the ring opening of
aromatic N-heterocycles, as reported by the Kiplinger group
for thorium and pyridine-N-oxides®° and by the Gambarotta
group, when redox processes contribute to pyrazole ring open-
ing by uranium centers.?"

The ring opening of 1-methylimidazole was found to be
mediated by all 1¢M-(CH,Ar)(THF) complexes.'®'! The fol-
lowing mechanism was proposed based on NMR spectroscopy
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SCHEME 4. Reactions of 1-Methylbenzimidazole with 1¢M-(CH,A¥r)(THF) (M =Y, Lu)
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and X-ray crystallography studies (Scheme 3):'" the first step
involves displacement of THF and coordination of two imida-
zole molecules. The C—H activation of one of the 1-methylimi-
dazole ligands to give 3¢M-(mi); is the slow step of the entire
process. This is consistent with the fact that [Cp,ZrMe(THF)]*
did not promote C—H activation of 1-methylimidazole.?' Fol-
lowing C—H activation, C—C coupling? between the 5*N,C-
imidazolyl and one of the coordinated imidazoles occurs and
is accompanied by the dearomatization of one of the rings to
give 4¢M-mi. That intermediate was not observed; it was pro-
posed that it transformed into the final product, 2¢M-mi,
likely stabilized by extended conjugation. The complex
1¢M-(CHAr)(mi), was characterized for all metal centers by 'H
NMR spectroscopy, and the C—H activated complex was crys-
tallographically characterized for 3¢Y-(mi),.'® The above
mechanistic scheme was supported by DFT calculations.'" In
addition to providing information about the ring-opening step,
the calculations revealed that the dearomatized 1-methylimi-
dazole fragment must undergo a rotation to allow the coor-
dination of the nitrogen bearing the methyl group. This
rotation showed the highest activation barrier of the intramo-
lecular process.""

The reactions between 1¢M-(CH,Ar)(THF) and 1-methyl-
benzimidazole (mbi) provided further support for the proposed
mechanism.?? Although the reaction with the scandium com-
plex 1¢°(CH,Ar)(THF) led only to the isolation of the #2-N,C-
imidazolyl complex 3¢5¢-mbi, the reaction with the larger
analogues, 1¢M-(CH,Ar)(THF) (M =Y, Lu), allowed the obser-
vation of the C—C coupled product 4¢M-mbi (Scheme 4). Inter-
estingly, the formation of the C—C bond in 4;M-mbi was
reversible, as shown by variable-temperature '"H NMR spec-

troscopy and DFT calculations. The reversible event was also
invoked to explain the formation of an unusual dinuclear
product (5), assumed to result from the reaction of 2¢M-mbi
and 4«M-mbi by a complicated protonation/deprotonation
reaction sequence.?3

The reactivity of the uranium complex 1¢"-(CH,Ph),
toward imidazoles was also studied. Based on the high elec-
trophilicity of the uranium center and the fact that 1¢Y-
(CH,Ph), has two alkyl ligands, two molecules of substrate
were expected to engage in C—H activation. Indeed, 1¢Y-
(CH2Ph), mediated the C—H activation of two heterocycles in
the case of 1-methylimidazole (to give 6™-mi) or 1-methyl-
benzimidazole (to give 6™"-mbi). That process was followed
by an unprecedented reaction cascade leading to the ring
opening and functionalization of imidazoles (Scheme 5).34
This double C—H activation and the sequence of transforma-
tions succeeding it are unique to uranium and have been
observed for other aromatic heterocycles as well.>®

For uranium, two isomeric products were isolated and chat-
acterized: 7A and 7B. Complexes 7A and 7B feature a new
ligand formed from the coordinated imidazole and the two
imidazolyl fragments initially present in 6™-mi: one C—N
bond in the coordinated imidazole ring was broken, while the
other two rings resemble the original imidazolyl entities. A
proposed mechanism, based on the isolation of the 1-meth-
ylbenzimidazole C—C coupled product, 8™ is reminiscent of
the 1-methylimidazole ring opening by group 3 metal com-
plexes. The novelty of the present process results from the
ability of uranium to mediate an additional reaction, the mi-
gratory insertion of an imidazolyl ligand. Interestingly, the
C—C coupling between the two imidazole rings in 8™ was
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SCHEME 5. Reactions of 1-Methylimidazole with 1¢"-(CH,Ph),
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also found to be reversible,® as was the case for lutetium. The
reversibility of the C—C coupling in 8™ was supported by sin-
gle-crystal and powder X-ray diffraction, 'H and 2H variable-
temperature NMR spectroscopy, and DFT calculations.®

2. Reactions with Pyridines. i. C—H Activation. Since
the largest part of nitrogen impurities in fuel is comprised of
pyridine or pyrrole derivatives,> we became interested in
extending the ring-opening reaction of imidazoles to pyridines.
Pyridines were initially screened for C—H activation processes
analogous to the first step in the ring opening of imidazoles.
All benzyl complexes gave complicated reaction mixtures with
the parent substrate,’! but the scandium methyl complex 1¢5%
(Me)(THF); led to the expected C—H activated product, 9¢M-
py.2” If the pyridine was ortho-substituted, then the C—H
activation reaction proceeded smoothly and gave the
expected ortho-metalated products 9¢M (Table 2).3 When 2,6-
lutidine was employed, a «3-N,C,C-coordination of lutidine
ensued for the resulting methylene complex, 9¢>¢-lut (Scheme
6). Interestingly, the C—H activation of 2-picoline by 1¢M-
(CH>Ph)(THF) (M =Y, La) gave exclusively 9:M-pic, featur-
ing an sp3-Ccy,—M bond instead of an sp-Cpyiay—M bond.
Similar results have been reported for some yttrium3° and tho-
rium alkyl complexes.*°

ii. Coupling. Next, the reactivity of the newly synthesized
pyridyl complexes 9¢M toward pyridines was investigated in
order to determine whether C—C coupling occurs. As men-
tioned, the reaction between 1¢M-(CH,Ar)(THF) and excess
pyridine gave a mixture of products; it was identified that the
mixture showed signals in the olefinic region of its '"H NMR
spectrum. If ortho-substituted pyridines were employed, how-
ever, the C—C coupling reaction was remarkably general
(10:M, Table 2).
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TABLE 2. Coupling of Aromatic N-Heterocycles?

Compound Substrate Product
STHF
fc:
(NN')M X N\ 104 M-pyPh_ignMe
o M=Sc/Y/Lu
THF
NNfe
( )Sc\/ N
T o n* o
L L
STHF
(NN )SCV/Q yPh-phan
o
STHF
— \
(NNf)Sc? -
VQ /_'} \N ) N\ /N o 10:,5-pyP-bipy,
al N, fc
gfcsc_pyPh PH Sc(NN'®)
\\\\THF
(NNT)Sc ~ .
~ \N/ N\ X 104.5¢-pyS-ign™
-fc -l = %,
Me;Si (NN'“)gc, SiMe3
<THE
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(NN C)Sc\/ N _10fcs°-bqn-phan
e 0| O C
D N SC(NN)
JTHF
(NN©)s¢ O
\ ~ Sc,
- fo -aGr-
N N | 10 3¢-acr-phan|
J N
o
O (NN'C)Sc/ =

< All reactions occurred in toluene or toluene/n-pentane at room
temperature.
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SCHEME 6. Coupling of Methylene— and Ethylene—Pyridine Complexes with 3-Methylisoquinoline
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Several factors were found to promote the coupling reac-
tions of the C—H activated complexes 9¢M with pyridine sub-
strates:®®
(1) Ortho-substituents accelerated it, although large substitu-
ents inhibited it.

(2) The use of chelating substrates was beneficial.

(3) Fused aromatic rings on the coupling partner had an accel-
erating effect.

It became apparent that the coupling reaction was not
restricted to #2-N,C-pyridyl complexes when an analogous
reaction was observed from the CH, group of 9¢>lut (Scheme
6). The reaction of 9¢>“lut with 3-methylisoquinoline led to
a coupled product, 10¢>lut-ign™¢, in which the two hetero-
cydlic rings were bridged by a methylene group. The forma-
tion of 10:>“lut-iqn™® was not an isolated example and the
yttrium and lanthanum compounds obtained by the C—H acti-
vation of 2-picoline, 9¢«M-pic (M =Y, La), also reacted with
3-methylisoquinoline to give 10¢M-pic-iqgn™e. Furthermore,
9 >S-pyEt-py, a compound that contains a Sc-CH,CH,-pyridine
motif,3” also reacted with 3-methylisoquinoline to give the
coupling product 10¢5¢-pyE-iqn™e, in which the two hetero-
cycles are bridged by a 1,2-ethylene group.?®

In an attempt to determine whether the nucleophilic attack
of an »*imidazolyl ligand would lead to the ring opening of
other N-heterocycles and generalize the ring-opening reac-
tion discussed earlier (Scheme 3), efforts were made to pre-
pare solvates and coupled products starting from an
(NN™)Sc(;7%-N,C-imidazolyl) fragment. Although 3¢5“mi was
isolated (Scheme 7), all attempts to produce a THF or a nonch-

elating pyridine solvate of (NN)Sc(;?-N,C-imidazolyl) resulted
in the formation of [(NN")Sc(x? «?-N,C-2-(1-methylimidazolyl)],,
[3+5,, in which the two scandium centers were bridged by
two imidazolyl ligands (Scheme 7). Neither 3¢5“mi nor [3¢59,
reacted with pyridines; however, both complexes reacted with
2,2"-bipyridine at 50 °C and yielded a bright red-orange cou-
pled product, 10¢-mi-bipy (Scheme 7). Attempts to iden-
tify a further transformation of 10¢>“-mi-bipy by prolonged
heating were not successful.

iii. Isomerization. In order to test the reactivity of the
newly obtained pyridine-coupled products, CgDg solutions of
10:M-pyP-ign (M = Sc, Y, Lu) were heated at 70 or 85 °C for
several days, during which time their color changed from red
to green (Scheme 8). All 10;M-py®"-ign compounds trans-
formed with at least 60% conversion into 11¢M-pyP-ign, in
which a different carbon of the dearomatized ring became
sp3.!! The isomerization by 1,4-hydrogen transfer was also
observed for the coupled product of 2-phenylpyridine with
2-picoline (10¢5-pyPM-pic) or of 8-methylquinoline with 3-me-
thylisoquinoline (10¢5¢-qnMe-ign™®), which transformed to
11¢5-pyPi-pic and 11¢5-qnMe-ign™e, respectively, upon heat-
ing. In the case of 11¢5-pyP-pic, the coupling product 105
pyP"-pic could not be isolated because its formation was
competitive with its isomerization. Those additional reactions
were limited to scandium complexes because mixtures of
products that proved intractable were obtained for yttrium and
lutetium. Other biheterocyclic complexes 10;M could be
obtained, but the heating of their solutions also gave unsolv-
able mixtures of products. In some of those mixtures, com-
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SCHEME 7. Coupling of 7?-N,C-Imidazolyl Complexes with 2,2’-Bipyridine

toluene, 24 h
50 °C, 74%
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SCHEME 9. Isomerization of the Biheterocyclic Ligand in 10¢5¢

py""-bqn
i@
|
THF
(NN) c""m Ph

25°C
Ph

1 1fc5l: _anE_iq nME

N
i
(NN )S:H‘-N

Ph

10¢>%-py""-ban

not isolated
—_

gfcsc'py

12,,5-py™"-barl

plexes of the type 11¢«M could be identified by 'H NMR
spectroscopy, but their separation and isolation were not
successful.

During the study of the coupling reaction between 9>
py"" and 7,8-benzoquinoline, it was found that the coupled
product 10:5-py""-bgn formed very slowly (Scheme 9).
Before the formation of 10¢5¢-pyP'-bgn was complete, how-
ever, the formation of a second, C;-symmetric product was
observed. The final product was identified as 12¢5“-py-bqn,
in which the sp3-hydrogen atom migrated to the benzyl car-

bon of the dearomatized pyridine ring (Scheme 9).3® This
isomerization reaction is a 1,3- as opposed to a 1,4-hydro-
gen migration, and it can be explained by the fact that the
aromaticity of the naphthalene moiety is preserved in
12¢5¢-pyPi-bqn.

Mechanistic information was obtained from a crossover
experiment between 10¢5¢-qnMe-iqgn™e-d, and 10¢5¢-pyP"-
igqn™e (eq 1). The experiment showed that there was no deu-
terium incorporation into 10¢5-pyP-ign™¢, indicating that the
isomerization reaction was an intramolecular process. The
intramolecular nature of the transformation was also sup-
ported by two other observations: (1) reactions in the pres-
ence of excess 3-methylisoquinoline did not proceed at a
different rate than reactions run in its absence, and (2) the
addition of EtsN to 10¢>-gn™e-ign™e did not influence the rate
of the isomerization process.

104.5%-py™"-ign i chscqn-lqn44|

‘H;%
N
(NN‘C]Sc"W f

e

Ph

114 -py™-ign| 114, °°-qn-ign-dy

The mechanism for the isomerization of 105“-py®™iqn to
11¢5-pyP-iqn was also explored using DFT calculations. It
was found that a direct transfer from C2 to C4 was the most
energetically favored pathway. The proposed avenue involved
a transition structure in which the heterocycle adopted a boat-

+ (NN"}Sc’fi ]
N
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like conformation that facilitated the direct proton transfer."
DFT calculations were also employed to understand why ring
opening was not observed with pyridines, as was the case for
other transition metals*?~2° and thorium.2° Our explanation
is based on the stability of the products obtained: we calcu-
lated that although the energy of the transition state is in the
accessible range, the corresponding product was less stable
than the starting material,'' whereas when the other ring
openings occurred the situation was reversed.

3. Reactions with 2,2’-Bipyridine and Isoquinoline.
i. Alkyl Transfer. In an effort to extend the scope of the aro-
matic N-heterocycle ortho-metalation reaction'®''3” to bihet-
erocyclic substrates, the reactions of 1¢«M-(CHAr)(THF) with
2,2’-bipyridine and isoquinoline were investigated. Instead of
the C—H activation reaction encountered with pyridines and
imidazoles, products of alkyl transfer to the heterocycle were
observed.'? Such a behavior was reported before for the reac-
tion of Lu(CH,SiMes)3(THF), with 2,27:6”,2"-terpyridine.*'

7\
N N N=
(NNF)m ———— (NN)M —/“CHyAr 2

. toluene
THE
M=Sc:RT,1h,81% THF

11c"-(CHANNTHF) M = Lu: 85°C, 48 h, 81% [13rc"

In the case of 2,2"-bipyridine (eq 2), X-ray crystallography
indicated that the alkyl transfer occurred to the 4-position of
a pyridine ring to give 13¢™ (M = Sc).'? It was proposed that
an initial 1,3-alkyl transfer to the 6-position took place, simi-
larly to the 1,3-alkyl transfer from Lu(CH,SiMes)s(THF), to 2,2
6’,2”-terpyridine,*' and then an isomerization led to 13¢M,
likely the thermodynamically stable product.

The reaction of 1¢M-(CHAr)(THF) with isoquinoline
revealed that a 1,3-alkyl migration of the benzyl group onto
the o-carbon of isoquinoline took place at room temperature
(M =Y, Lu, La) or 50 °C (M = Sq) resulting in the formation of
14:M-THF (Scheme 10). DFT calculations showed that a late
transition state was operating for the alkyl-transfer reaction,
with the benzyl carbon migrating as a carbanion and almost
completely detached from the metal, while the receiving pyri-
dine was partially dearomatized at the potential energy sad-
dle point.

ii. Hydrogen Transfer. During the course of the reaction
of 1¢«M-(CH,Ar)(THF) with isoquinoline, it was observed that
employing an excess of substrate led to the formation of a
new product, 15¢M-(iqn),, along with 1-benzylisoquinoline,
164", through a process of hydrogen transfer (Scheme 10). The
hydrogen migration from 14;M-THF occurred also to unsat-
urated substrates with polar double bonds, such as ketones

Reactions of Aromatic N-Heterocycles Diaconescu

SCHEME 10. Reactions of Isoquinoline with 1¢™-(CH,Ar)(THF)

1 “\CHzAr m “\\\CHQAF
(NNe)M_ ————— = (NN)M’
NrHE - THF >y l
W 25 °C
Tsc -(CHAT(THFY M=sc/Y/Lu/La
+ THF
4 ] toluene, 50 °C toluene
N - THF, - 16%7 25°C
ign r" [ 3
{NN':]IEL : 3N I (NN“)M'\\\\THF AF
[ toluene, 50 °C \'N '
ign . ]
N
15;M-(ign), 14, THF
M=Y /Ly Ar

and azobenzene, but it did not take place when 2-butyne,
diphenylacetylene, and ethylene were employed. During the
study of the latter reactions, it was found that the self trans-
formation of 14¢M-THF to 15¢M-(THF), and 17;M occurred
(eq 3)."2

e THF_Ar CeDs
2 (NN'6)M
M - ArCH,
M=Y:70°C, 72 h
14;:M-THF M=La:50°C,9 h

JHE IHF o
{NN’“)ﬁx% + (NN)M 3
\ >

THF
15, M{(THF),

The reaction in eq 3 is somewhat similar to that reported
by Cronin et al. for phenanthridinium salts:*? in the presence
of amines, the phenanthridinium salt was dearomatized and
a product corresponding to 14¢M-THF was formed. In the
presence of a base, the dearomatized phenanthridinium trans-
ferred one proton to a molecule of the initial phenanthri-
dinium salt, leading to the formation of a product
corresponding to 15¢M-(THF),, and underwent rearomatiza-
tion, giving a product corresponding to 17¢M.

A mechanism for the transformation of 14¢M-THF to 15¢M-
(ign), was proposed.'? DFT calculations suggested that a direct
transfer of a hydrogen atom between two isoquinoline ligands
was the most plausible pathway (eq 4) and that the hydro-
gen atom migrated as a proton and not as a hydride. The
results indicated that the activation barriers in the dearoma-
tization of heterocycles are likely correlated with the lost ver-
sus gained aromatic stabilization energy.'? This pathway was
favored over B-hydride elimination.'? Both types of mecha-
nisms have been proposed to explain the Meerwein—Pon-
ndorf—Verley reduction of ketones by various metal
alkoxides,*® a reaction similar to the transformation of 14M-
THF to 15¢M-(iqn),.
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(NN'C)Y\\,® — (NNfC)Y\\ (NN“’)Y\ [
ign X | \ \/

iqn I iqn
14" -{iqn),) transition state
AG 0.0 20.6 —4.2 kcal/moll

D. Reactions of Alkyl Complexes Supported
by a Pyridine—Diamide Ligand

1. DFT Calculations. DFT calculations were employed to
probe the iron—metal interaction. Calculations were carried
out previously for the scandium and uranium complexes on
models in which the SiBu,Me group was replaced by SiH;.% '8
Geometry optimizations on all full structures were performed,
and these results are reported here. The validity of the calcu-
lations was established by comparing calculated metrical
parameters with those from the corresponding X-ray crystal
structures. Although the optimized iron—metal distance com-
pares well to the experimental parameter for most complexes
in the series (Table 3), this is not the case for yttrium (entry 3)
and two lutetium (entries 4 and 6) complexes. The following
parameters are discussed: (1) the Mayer bond orders and (2)
the Hirshfeld charge of the central metal and of the carbon
bound to it (Table 3, see the Supporting Information for other
parameters).

Mayer bond orders for the metal—iron interaction are small
for group 3 metals (entries 1—7) and become significant only
for uranium (entries 8, 9). It is important to point out that these
values are similar to those calculated for the bond between
the group 3 metal and the ether-oxygen donor (ca. 0.2). With
the exception of the uranium complexes (entries 8—9), the cal-
culated bond order for the metal—iron interaction varies only
slightly with the nature of the metal center in benzyl com-
plexes (entries 1, 3, 4, and 7). For the same metal center, the
bond order is dependent on the nature of the ligands present:
the more electron donating the ligands, the weaker the
metal—iron interaction. This effect is seen when the nonfer-
rocene ligands are modified (entries 1 and 2) or when the
electronic properties of the nitrogen donor are changed
(entries 4, 5).

Although the trend observed with metal Hirshfeld charges
needs to be verified by experimental data, it is interesting to
note that these values increase in the order Sc<La <Y < Lu,
which is not the order expected based on their Lewis acidi-
ties (Bader charges vary in the order Sc < Lu <Y < La, see the
Supporting Information).** These differences are small and
because geometry optimizations of key structures did not

yield a good agreement with the experimental metal—iron dis-
tances, a rigorous interpretation of the variation in calculated
charges is not attempted here. For the same series of benzyl
complexes, the charge on the benzyl carbon atom is almost
unchanged.

From a geometrical point of view, 1,1-ferrocenenylene—di-
amides resemble pincer diamides. DFT calculations carried out
on full structures for pyridine—diamide yttrium and lutetium
benzyl complexes show that both the Mayer bond orders for
the N,y—metal interaction (0.19 for Y, 0.26 for Lu) and the Hir-
shfeld charges vary surprisingly little (0.58 for Y, 0.58 for Lu)
compared with the analogous values in the ferrocene—di-
amide complexes (Table 3). Based on these results, we
expected to see the reactions of the pyridine—diamide com-
plexes toward aromatic N-heterocycles manifest similarly to
those of the ferrocene—diamide complexes and set out to
determine their scope.

2. Reactions with 1-Methylimidazole. The reaction
between 1pyY-(CH,Ph)(THF) or 1py""-(CH,Ar)(THF) and 3
equiv of 1-methylimidazole (eq 5) resulted in the formation
2,yM-mi, analogously to what was observed for the ferrocene-
based complexes.'* We proposed that a similar mechanism
operated in those transformations as well. The reactions with
1-methylbenzimidazole, however, did not proceed cleanly for
the pyridine—diamide complexes.

THF 3 N\/N\

/\
(NN, ————
\ toluene, 70 °C

(NN”V)
e - PhCHg, - mi \

M=Y, 48 h, 74% ;“
M = Lu, 15 h, 74%

1;, M_(CH,Ar)(THF) 2, M-mi

3. Reactions with Pyridines. The reaction between
1py™-(CH2Ar)(THF) and 4 equiv of pyridine at 50 °C gave a
mixture of products, similarly to what was observed when
the corresponding ferrocene—diamide complexes were
employed. Unlike the case for 1¢M-(CH,Ar)(THF) though,
the reactions between 1,,M-(CH,Ar)(THF) and 2-phenylpy-
ridine or 8-methylquinoline also resulted in intractable mix-
tures of products.'*

A reaction sequence analogous to that observed for the
ferrocene—diamide complexes was found only when 2-pi-
coline was employed to give 9,,M-pic, followed by the cou-
pling with 3-methylisoquinoline to form the expected
biheterocyclic product 10pM-pic-ign¥¢, in which the het-
erocyclic ring of 3-methylisoquinoline was dearomatized
(Scheme 11)."* Other C—C coupling reactions were not
successful.
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TABLE 3. DFT Calculated Parameters for d°f" Alkyl Complexes

calcd (X-ray) Fe—M

entry complex distance (A) Fe—M bond order? Hirshfeld charge of M Hirshfeld charge of Cg,
1 1;5%(CH,Ar)(THF) 3.18(3.16) 0.22 0.49 —0.24
2 1¢>“Me(THF), 3.38(3.26) 0.13 0.46 —-0.31
3 1¢'-(CH,Ph)(THF) 333(3.24) 0.22 0.56 -0.23
4 1¢lY-(CH,Ar) (THF) 3.32(3.25) 0.19 0.59 -0.24
5 1ad"-(CH,Ar)(DME) 3.36(3.34) 0.17 0.59 -0.24
6 Tyes'"-(CH,Ar) (THF) 3.36(3.12) 0.17 0.60 —0.24
7 1¢!2-(CH,Ar)(THF) 3.41(3.38) 0.21 0.53 -0.23
8 1¢-(CH,Ph), 3.20(3.19) 039 0.64 —0.22,-0.21
9 1¢-(CH,Ph)(OEt,) 3.12(3.07) 0.49 0.71 -0.21

9 Mayer bond orders.

SCHEME 11. Reactions of 1,,-(CH,Ar)(THF) with 2-Picoline and
Subsequent C—C Coupling Reactions with 3-Methylisoquinoline

a A L
oo’ AT e S .
\THF toluene ~ toluene, - THF \_HEN
N M=Y:25°C N,

|15 " cHaANTHF) (9"-pic] psg et

",

M =Y:25°C, 18 h, 92%

M = Lu, 50 °C, 12 hiBB%

SCHEME 12. Reactions of Isoquinoline with 1p,"-(CH,Ar)(THF)

SCHaAr m “\\\CHZAr
NNPY)M_ —————————= (NNP)M.
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THF o . N i
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) A
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15w"{lqnjz 164 14, M-('Cll'lh

4. Reactions with Isoquinoline. The complexes 1,,-
(CH-AY)(THF) reacted with 3 equiv of isoquinoline in toluene
at room temperature to give 14p,M-(iqn), (Scheme 12). When
toluene solutions of 1,,M-(CHAr)(THF) and 4 equiv of iso-
quinoline were heated at 70 °C, the products 15,y™-(iqn)>
were isolated. Both reactions are analogous to those described
for the ferrocene—diamide complexes.

E. Conclusions

1,1’-Ferrocene—diamide complexes of group 3 metals and
uranium showed a diverse array of reactivity with aromatic
N-heterocycles. The reactions of benzyl complexes were inves-
tigated, and a substrate-dependent behavior was observed. For
example, 1-methylimidazole was cleaved by all the metal
complexes studied. With pyridines, subtle differences were
identified: C—H activation and C—C coupling were operative

for ortho-substituted pyridines, while alkyl transfer was man-
ifested for isoquinoline and chelating pyridines. The products
of the C—C coupling or the alkyl-transfer reactions were found
to undergo hydrogen transfer subsequently: within the same
ring for the former and between two different heterocycles for
the latter.

The comparison between the ferrocene— and pyridine—
diamide benzyl complexes showed that similar reactions were
observed with 1-methylimidazole, 2-picoline, and isoquino-
line. It is important to note, however, that other types of reac-
tions and a larger substrate scope were identified for the
ferrocene- than for the pyridine-based complexes.

Although some of the reactions observed with the
ferrocene—diamide group 3 metal benzyl complexes have
been previously reported for other classes of compounds,
those examples were isolated and, in some cases, the reac-
tions were not straightforward. In this light, the ferrocene dia-
mides represent a versatile ligand framework. This finding is
significant because the analysis of different reactivity behav-
jors with one class of complexes allowed comparisons to be
made and factors leading to individual reactions to be ratio-
nalized. It is possible that the privileged status of these orga-
nometallic ancillary ligands is a consequence of iron’s ability
to accommodate changes in the electronic density at the
metal center more readily than classical supporting ligands
can.

The efforts of present and former members of the Diaconescu
laboratory were crucial in making this project possible. Their
names, together with those of valuable collaborators, appear in
the references from which this Account draws. Ohyun Kwon,
UCLA, and Parisa Mehrkhodavandi, University of British Colum-
bia, Vancouver, are acknowledged for helpful discussions. The
research summarized herein has been funded by the UCLA, UC
Energy Institute, DOE (Grant ER15984), Sloan Foundation, and
NSF (Grant CHE-0847735).
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Supporting Information Available. X-ray crystal structure of
1mes™-(CH,Ar)(THF), including CIF, DFT details and parame-
ters, and calculated coordinates for all compounds. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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