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Summary: Using base-free Ln[N(SiHMe,):]3; complexes as
highly effective protodeamination reagents, the binuclear lan-
thanide — complexes — p-bis{1°-(2,3,4,5-tetramethylcyclo-
pentadienyl)Ln[N(SiHMe;),]>}phenylene [p-Ln;] (Ln =Y, La,
Lu) and m-bis{n’-(2,3,4,5-tetramethylcyclopentadienyl)La-
[N(SiHMe3)>]»}phenylene [m-La,] were synthesized from the
corresponding phenylene-linked tetramethylcyclopentadienes.
The resulting products serve as new types of multicenter
homogeneous 4f catalysts. Reactivity studies reveal that these
binuclear organolanthanide complexes efficiently catalyze the
intramolecular hydroamination/cyclization of aminoalkenes,
aminoalkynes, and aminodienes, with turnover frequencies as
high as 10 h™" at 60 °C.

Introduction

The catalytic addition of an N—H bond across C—C unsat-
uration is a highly desirable, atom-economical transformation
for the synthesis of nitrogen-containing molecules,' and orga-
nolanthanide complexes are known to be efficient catalysts for
such inter- and intramolecular hydroamination processes.'s A
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large number of heterocyclic structures, including diastereo-
merically pure natural products, have been synthesized via
regioselective organolanthanide-catalyzed hydroamination and
tandem C—N/C—C bond formation processes.>> The success
achieved thus far in the structural tailoring of organolanthanide
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Chart 1. Bis(tetramethylcyclopentadienyl)phenylene Ligands and Their Respective Binuclear Ln Complexes
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catalysts for activity/selectivity optimization prompts a continu-
ing effort to develop new strategies for manipulating reactivity
and exploring new hydroamination pathways.

Enzymes achieve unique catalytic activity and selectivity
characteristics as a consequence of achieving high local reagent
concentrations and conformationally advantaged spatial relation-
ships.* Similarly, multinuclear metal complexes offer the
possibility of unique and more selective catalytic transformations
by facilitating cooperative effects between active sites.” This
approach suggests the interesting and attractive possibility of
joining catalytically-active lanthanide centers via a multinuclear
ligand scaffold. Herein we report preliminary results on the
synthesis and catalytic hydroamination characteristics of a new
class of phenylene-bridged binuclear tetramethylcyclopentadi-
enyl organolanthanide catalysts.

In this study, a planar phenylene unit is envisioned as a
bridging element to modulate the distance between lanthanide
active centers via substitution at ortho, meta, or para positions
(Chart 1). The p-phenylene-bridged ligand 1, developed by
Manriquez,® was synthesized as described in the literature.” An
analogous procedure is used to prepare m-bis(2,3,4,5-tetra-
methylcyclopentadienyl)phenylene, 2. Stepwise addition of
2,3,4,5-tetramethylcyclopent-2-en-1-one to an ether solution of
the corresponding meta-substituted aryllithium reagent, followed
by reaction with aqueous p-toluenesulfonic acid, affords the
m-phenylene-bridged ligand precursor, which was characterized
by standard analytical techniques (see Supporting Information
for details). Protodeaminative reaction of 1 with 2 equiv of
Y[N(SiHMe,),]5(THF),® in refluxing toluene for 4 weeks affords
binuclear complex 4 in 19% yield (Scheme 1, eq i). The sluggish
reaction rate and low yield are attributable to steric saturation
incurred by the basic THF ligands.’
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To overcome the limitations of THF-coordinated/deactivated
lanthanide reagents, the solvent-free tris(disilylamido) reagent
La[N(SiHMe,),]3 (5) was prepared. As anticipated from pK,
differences between the parent disilylamines (25.8,
HN(TMS)2;'%* 22.6, HN(SiHMe;),'"), the desired transamina-
tion proceeds readily in hydrocarbon media to form complex 5
and HN(TMS), (eq 1).

pentane

LalN(TMS),]3 + 3 HN(SiHMe;,), LalN(SiHMe,),l3 + 3 HN(TMS),
5

D

X-ray diffraction analysis reveals that complex § crystallizes
as a Cj-symmetric dimer (Figure 1).!" The molecular structure
features average La—N bond distances of 2.377(9) A (terminal)
and 2.654(35) A (bridging), which lie in the expected range.
For comparison, the terminal La—N bond lengths in
La[N(SiHMe,),]3(THF), are somewhat larger, ranging from
2.395(5) to 2.416(5) A.® As in the Y>" analogue,'! complex 5
exhibits pronounced Si—H f-agostic interactions with the La**
center. Each of the terminal silylamide ligands is tilted to allow
one close La<++H—Si contact with minimum La-+*Si and
La---H distances of 3.191(2) and 2.56(6) A, respectively. Each
bridging ligand exhibits -diagostic interactions and is aligned
in such a way that the two Si—H units of one ligand form close
contacts with both La*>" centers. The IR spectrum of 5 supports
the presence of both noninteracting (vsi.y = 2092, 2060 cm™ b
and interacting (vsiy = 2023, 1920 cm™ ') ?°Si—H units."?
Furthermore, the smaller Si—H coupling in 5 ('Jsiy = 154 Hz)
versus HN(SiHMe,): (Jsim = 170 Hz)® in the 'H NMR
spectrum also supports the presence of Si—H S-agostic interac-
tions."?

Solvent-free Ln[N(SiHMe,),]3 complexes are excellent
organolanthanide precursors, and binuclear complex 7 is
readily obtained in 66% yield after 2 days from the room-
temperature reaction of 1 with 2 equiv of La[N(SiHMe,)2]3
(Scheme 1, eq ii). "H NMR in situ experiments indicate that
the reaction proceeds in quantitative yield and in >95%
purity, with the yield-limiting step being crystallization of
the extremely lipophilic product. The Si—H f-agostic interac-
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Anwander, R. J. Am. Chem. Soc. 2000, 122, 3080-3096.

(10) (a) Fraser, R. R.; Monsour, T. S.; Savard, S. J. Org. Chem. 1985,
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Scheme 1. Syntheses of Phenylene-Bridged Binuclear Lanthanide Complexes
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Table 1. Summary of Hydroamination/Cyclization Processes with Binuclear Organolanthanide Catalysts

Entry Substrate Product® Precatalyst N, hr'' °C)°
1. 7Y, (4) 03 (25)
2. H p-La; (7) 0.4 (25)
3. p-La, (7) 2 (60)
4 N X \(_Z\ m-Las (9) 0.7 25)
5. La[N(SiHMe,),]; (3) 3(25)
6. Cp’,LaCH(TMS), 95 (25)°
7. th Ph ll\l p-Laz (7) No rxn (25)
N
8. - A \<—\7\p p-La, (7) 1 (60)
Ph
Ph
9. H Nr p-La, (7) No rxn (60)
Ph vN\X/\
10. p-La> (7) 1 (120)
1. _ N p-La (7) 0.4 (25)
AN —— 7
12. HoN /\Q Cp’>,SmCH(TMS), 96 (25)*
13. H y (E:Z = 44:56) p-La, (7) 0.8(25)
14 HoN N W (E:Z = 42:58) m-La; (9) 0.3 (25)
1s. (\/\\v \(_7 NN (724555 CpaLaCHITMS), 5y
16. H (E:Z=33:67)  Cp’,SmCH(TMS), >630 (25)°
17. (E:Z=41:59) p-La, (7) 0.07 (25)
8. H (E:Z = 43:57) p-Las (7) ~10 (60)
19, HaN o~ @/\&J (E:Z = 38:62) m-La, (9) 0.02 (25)
20. (E:Z=27:73) m-La, (9) 0.9 (60)
o1 (E:Z=84:16)  Cp’,LaCH(TMS), 40 25y
22. H (E:Z = 60:40) p-Las (7) 0.03 (25)
23. HaN Y s N Rz = 57:43) p-La, (7) 10 (60)
24, (E:Z=93:7)  Cp’,LaCH(TMS), 21 (25)

“Yields >95% determined by "H NMR spectroscopy. "Turnover frequencies measured in CsDg with 3-5 mol % precatalyst (normalized to number of

Ln centers). “Ref 2m. “Ref 2j. “Ref 2g. 'Ref 2d.

tions with the La®>" center remain intact in 7, as evidenced
by the low vsig IR frequencies (1995, 1874 cm™ ') and the
diminished *°Si—H coupling ('Jsiz = 144 Hz) in the
'"H NMR spectrum. Unlike the mononuclear analogue
Cp'La[N(SiHMe>)]»,'* complex 7 does not show signs of
disproportionation in solution, even when heated to 90 °C
in C(,D(,.

Similarly to the La** analogue, Lu[N(SiHMe,),]; (6) can be
generated from Lu[N(TMS),]; transamination with HN(Si-
HMe,),. Although reagent 6 was not scrupulously purified,
reaction of the crude compound with ligand reagent 1 in

(12) Weidlein, J.; Muller, U.; Dehnicke, K. Vibration Frequencies;
Thieme: Stuttgart, New York, 1986;Bd. 1.
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Figure 1. Crystal structure of complex 5. All hydrogen atoms except
those directly attached to Si are omitted for clarity. Thermal
ellipsoids are shown at 50% probability. Selected bond distances
(A) and angles (deg): Lal—NI1, 2.381(5); Lal—N2, 2.386(4);
Lal—NS5, 2.695(4); Lal—NG6, 2.670(4); La2—N3, 2.375(5); La2—N4,
2.366(5); La2—NS5, 2.629(5); La2—N6, 2.622(5); Lal---Si2,
3.234(2); Lal -+ Si3, 3.191(2); Lal -++ Si10, 3.306(2); Lal +++ Sil 1,
3.430(2); La2---Si5, 3.335(2); La2---Si8, 3.295(2); La2++-Si9,
3.295(2); La2---Sil2, 3.336(2); Lal +-+H2, 2.56(6); Lal +++H3,
2.61(6); Lal---H10, 2.62(6); Lal---H11, 2.94(8); La2---HS5,
2.85(8); La2---HS8, 2.76(8); La2--+H9, 2.61(6); La2-:--HI12,
2.62(6);Lal —N5—La2,95.4(1); Lal —N6—La2,96.1(1); N1—Lal—N2,
97.2(2);N1—Lal—N5,114.4(2); N1—Lal —N6,138.5(2); N2—Lal —N5,
126.2(2); N2—Lal—NG6, 105.9(2); N5—Lal—N6, 78.6(1).

refluxing toluene for 3 days affords binuclear Lu complex 8
(eq ii). Heating is necessary in this reaction, presumably owing
to the combination of decreased access to the smaller Lu** ion
and competing impurities in the crude Lu[N(SiHMe,),]; mixture.
As with the La analogue 7, Si—H [-agostic interactions are
evident in complex 8 from the diminished *Si—H coupling
("Jsiy = 149 Hz) in the 'H NMR. Reaction of 2 equiv of
La[N(SiHMe»)>]3 (5) with the m-phenylene-bridged ligand
reagent 2 yields binuclear complex 9 (eq iii), which similarly
displays evidence for such Si—H B-agostic interactions ('Jsi
= 144 Hz).

In regard to catalytic properties, binuclear complexes 4, 7,
and 9, as well as homoleptic complex 5, exhibit significant
activity for aminoalkene, aminoalkyne, and aminodiene in-
tramolecular hydroamination/cyclization (Table 1). All conver-
sions proceed with zero-order dependence on substrate concen-
tration, and in situ "H NMR spectroscopy reveals that the Ln**
centers remain bound to their respective cyclopentadienyl
ligands throughout catalytic turnover. Conversions of 4-alken-
ylamines proceed as with mononuclear lanthanocene catalysts®™

(13) (a) Hieringer, W.; Eppinger, J.; Anwander, R.; Herrmann, W. A.
J. Am. Chem. Soc. 2000, 122, 11983-11994. (b) McGrady, G. S.; Downs,
A. J.; Haaland, A.; Sherer, W.; McKean, D. C. J. Chem. Soc., Chem.
Commun. 1997, 1547-1548. (c) Barnhart, D. M.; Clark, D. L.; Gordon,
J. C.; Huffman, J. C.; Watkin, J. G.; Zwick, B. D J. Am. Chem. Soc. 1993,
115, 8461-8462. (d) Brookhart, M.; Green, M. L. H.; Wong, L.-L. Prog.
Inorg. Chem. 1988, 36, 1-124. (e) McKean, D. C.; McQuillan, G. P.; Torto,
I; Morrison, A. R. J. Mol. Struct. 1986, 141, 457-464. (f) Brookhart, M.;
Green, M. L. H. J. Organomet. Chem. 1983, 250, 395-408.

to yield exocyclic products (Table 1, entries 1-10). Binuclear
La** complexes 7 and 9 mediate these processes with slightly
increased turnover frequencies (0.4, 0.7 h™ ', respectively; Table
1, entries 2 and 4) versus binuclear Y>* complex 4 (0.3 h™';
Table 1, entry 1), presumably reflecting the increased steric
openness of the larger La** ion. Homoleptic complex 5, which
lacks phenylenecyclopentadienyl ligand steric crowding, effects
the most rapid conversion (3 h™'; Table 1, entry 5), although
with lower efficiency than the corresponding lanthanocene™™
(95 h™'; Table 1, entry 6). As expected, increased reaction
temperatures result in increased turnover frequencies (Table 1,
entry 3). Owing to the increased steric hindrance, heating is
required for efficient turnover of secondary amine substrates
(Table 1, entries 7-10). The reaction of 4-pentynylamine also
produces the same exocyclic product as mononuclear catalysts,”
albeit with somewhat decreased efficiency (Table 1, entries 11
and 12).

Reactions of a 4,5-dienylamine (Table 1, entries 13 and 14)
parallel trends observed with Cp',Ln catalysts®® (Table 1 entries
15 and 16), exclusively generating the trans-pyrrolidine product
with a slight Z isomer preference. However, the approximately
equal £ and Z isomer yields produced by the binuclear catalysts
in conjugated aminodiene conversions (Table 1, entries 17-20,
22, and 23) stand in marked contrast to the strong E preference
exhibited by Cp’gLaCH(TMS)z2d (Table 1, entries 21 and 24).
Interestingly, binuclear complex 9 shows a stronger Z isomer
preference than complex 7. Unlike the reactions with terminal
aminoalkenes (Table 1, entries 2 and 4), para-substituted
binuclear complex 7 exhibits more rapid aminoallene hydroami-
nation/cyclization (0.8 h™'; Table 1, entry 13) than the meta-
substituted complex 9 (0.3 h™'; Table 1, entry 14). Similarly,
the reactions with aminodiene substrates also proceed more
rapidly with 7 (0.07 h™!; Table 1, entry 17) than with 9 (0.02
h™'; Table 1, entry 19). These lesser rates for 9 are likely a
result of hindered approaches for infernal alkene units caused
by the closer substituents at the meta position.

In summary, the binuclear single-ring organolanthanide
complexes described here efficiently mediate aminoalkene,
aminoalkyne, and aminodiene intramolecular hydroamination/
cyclization. Reactivity and/or selectivity enhancements indica-
tive of unambiguous cooperativity effects are not pronounced
in this system. Studies further exploring the reactivity and
selectivity of such multinuclear catalysts are in progress.
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