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Abstract: A mechanistic study of intramolecular hydroamination/cyclization catalyzed by tetravalent
organoactinide and organozirconium complexes is presented. A series of selectively substituted constrained
geometry complexes, (CGC)M(NR,)CI (CGC = [Me;Si(1°-MesCs)(BuN)]>"; M = Th, 1-Cl; U, 2-Cl; R =
SiMes; M = Zr, R = Me, 3-Cl) and (CGC)An(NMez)OAr (An = Th, 1-OAr; An = U, 2-OAr), has been
prepared via in situ protodeamination (complexes 1—2) or salt metathesis (3-Cl) in high purity and excellent
yield and is found to be active precatalysts for intramolecular primary and secondary aminoalkyne and
aminoalkene hydroamination/cyclization. Substrate reactivity trends, rate laws, and activation parameters
for cyclizations mediated by these complexes are virtually identical to those of more conventional (CGC)-
MR; (M = Th, R = NMe;, 1; M = U, R = NMe,, 2; M = Zr, R = Me, 3), (Me,SiCp"2)UBn, (Cp" = 55-Me4Cs;
Bn = CH.Ph, 4), Cp'2AnR; (Cp' = 7n°>-MesCs; R = CH,SiMe;; An = Th, 5, U, 6), and analogous
organolanthanide complexes. Deuterium KIEs measured at 25 °C in C¢Dg for aminoalkene D,NCH,C(CHg).-
CH,CHCH, (11-d,) with precatalysts 2 and 2-Cl indicate that ku/kp = 3.3(5) and 2.6(4), respectively.
Together, the data provide strong evidence in these systems for turnover-limiting C—C insertion into an
M—N(H)R o-bond in the transition state. Related complexes (Me,SiCp''2)U(Bn)(Cl) (4-Cl) and Cp'2An(R)-
(Cl) (R = CHx(SiMe3); An = Th, 5-Cl; An = U, 6-Cl) are also found to be effective precatalysts for this
transformation. Additional arguments supporting M—N(H)R intermediates vs M=NR intermediates are
presented.

Introduction diastereoselectivities=(95%)d and with enantioselectivities as

Hydroamination (HA), the atom-economical addition of an high as 95%4° Mechanistic experiments with rigorously trivalent
N—H bond across a €C unsaturatios, is an important lanthanide (Ln) catalysts on intramolecular aminoalk&ne,
synthetic methodology for regiospecific€l bond formation,

a topic of considerable academic and industrial interest.
Research on this transformation pervades the Periodic Fable,
with extensively studied organolanthanide-catalyzed intramo-
lecular HA/cyclization playing a prominent rofé, typically

displaying near-quantitative yields in addition to high regio- and
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(1) For general hydroamination reviews, see: (a) Odom, Aalton Trans.
2005 225-233. (b) Hultzsch, K. CAdv. Synth. Catal2005 347, 367—
391. (c) Hultzsch, K. C.; Gribkov, D. V.; Hampel, ¥. Organomet. Chem.
2005 690, 4441-4452. (d) Hong, S.; Marks, T. Acc. Chem. Re2004
37, 673-686. (e) Doye, SSynlett2004 1653-1672. (f) Beller, M.; Tillack,
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Pohlki, F.; Doye, SChem. Soc. Re 2003 32, 104-114. (i) Bytschkov,
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Scheme 1. Proposed o-Bond Insertive Mechanism for Intramolecular Aminoalkene and Aminoalkyne HA/Cyclization Mediated by Trivalent

Organolanthanide Complexes?

L2Ln—E(SiMe3)2 +

E=CH,N

(ii) alkene, AH ~ -13 kcal/mol R"
alkyne, AH ~ 0 kcal/mol R

" ~ R
>N n'/
H KR
-
(i)
A
7 (i) alkene, AH ~ 0 kcal/mol

alkyne, AH ~ -35 kcal/mol

v~ [L2Ln-]1[substrate]°

aThe pathway proposed for,Ln3"-catalyzedintermolecularHA is similar, also proceeding through anlin—N(H)R o-bonded species, leading to a

transition state analogous #o (see ref 1d).

aminoalkyneémo-at aminoallen&ii! internal olefin3eh and
aminodiené®9 HA/cyclization generally argue for turnover-
limiting C=C/C=C insertion into an kLn—N o-bond (Scheme
1). The observed rate law ¢ [Ln]{[substrate]), moderateAH*,
and large negativeS are consistent with a highly ordered,
polar A-like transition statdd as are DFT calculations implicat-
ing an LLN[N(H)R](H2NR) catalyst resting state arik-like
speciesax>

While growing interest in intramolecular aminoalkéread
aminoalkyné HA/cyclization mediated by charge-neutral group

4 precatalysts has led to innovative catalyst design, many

mechanistic details are not entirely understood. The pathway X L X
g for Cp2An< catalysts with rapid, irreversible [2+ 2]

most often invoked is closely related to that originally propose

(4) For additional examples of group 3 and lanthanide catalyzed intramolecular

HA, see: (a) Bambirra, S.; Tsurugi, H.; van Leusen, D.; HesseDalBon
Trans.2006 1157-1161. (b) Gribkov, D. V.; Hultzsch, K. C.; Hampel, F.
J. Am. Chem. So@006 128 3748-3759. (c) Panda, T. K.; Zulys, A.;
Gamer, M. T.; Roesky, P. WOrganometallic2005 24, 2197-2202. (d)
Collin, J.; Daran, J.-C.; Jacquet, O.; Schulz, E.; TrifonovChem—Eur.
J. 2005 11, 3455-3462. (e) Kim, J. Y.; Livinghouse, TOrg. Lett.2005
7, 4391-4393. (f) Kim, J. Y.; Livinghouse, TOrg. Lett.2005 7, 1737~
1739. (g) Molander, G. A.; Hasegawa, Heterocycle2004 64, 467—

in the pioneering work of Bergman and co-workers (Scheme
2) for intermolecular alkyne (and allene) HA with bulky,
primary ArNH, substrates, mediated by &R, (R = Me,
N(H)Ar) or CpZr=NAr(THF) complexes at elevated temper-
atures® This pathway involves a rapid pre-equilibrium (step (i),
Scheme 2) between @@r[N(H)Ar], and CpZr=NAr (B) +
HoNAr species, followed by turnover-limiting [2+ 2]
RC=CR cycloaddition (step (ii), Scheme 2), in agreement with
the observed rate law (~ [Zr]{alkyne]i[amine] ™). Similar
kinetic studies on CpAnMe,-catalyzed intermolecular addition
of bulky and unhindered primary aliphatic amines to terminal
alkynes led Eisen and co-workers to propose a similar pathway

RC=CR cycloaddition? Interestingly, neither GZr< nor

(5) A slightly modified pathway arguing in favor of turnover-limiting
heterocycle protonolysis in intramolecular aminoallene and aminodiene HA/
cyclization was proposed from DFT calculations. (a) TobisctClgem-—

Eur. J. 2006 12, 2520-2531. (b) Tobisch, SJ. Am. Chem. SoQ005
127,11979-11988.

(6) (a) Wood, M. C.; Leitch, D. C.; Yeung, C. S.; Kozak, J. A.; Schafer, L. L.
Angew. Chem., Int. EQ007, 46, 354—358. (b) Thomson, R. K.; Bexrud,

J. A.; Schafer, L. LOrganometallic2006 25, 4069-4071. (c) Mueller,

474. (h) Lauterwasser, F.; Hayes, P. G.; Brase, S.; Piers, W. E.; Schafer, C.; Loos, C.; Schulenberg, N.; Doye, Bur. J. Org. Chem2006 2499

L. L. Organometallic2004 23, 2234-2237. (i) Hultzsch, K. C.; Hampel,
F.; Wagner, TOrganometallic004 23, 2601-2612. (j) O’'Shaughnessy,
P. N.; Gillespie, K. M.; Knight, P. D.; Munslow, 1. J.; Scott, Palton
Trans. 2004 2251-2256. (k) O’'Shaughnessy, P. N.; Scott, Retrahe-
dron: Asymmetr003 14, 1979-1983. (I) O’'Shaughnessy, P. N.; Knight,
P. D.; Morton, C.; Gillespie, K. M.; Scott, Ehem. Commur2003 1770~
1771. (m) Kim, Y. K.; Livinghouse, T.; Horino, YJ. Am. Chem. Soc.
2003 125 9560-9561. (n) Molander, G. A.; Pack, S. Ketrahedror2003
59, 10581+-10591. (0) Molander, G. A.; Pack, S. K. Org. Chem2003
68, 9214-9220. (p) Kim, Y. K.; Livinghouse, TAngew. Chem., Int. Ed.
2002 41, 3645-3647. (q) Bugstein, M. R.; Berberich, H.; Roesky, P. W.
Chem—Eur. J. 2001 7, 3078-3085. (r) Kim, Y. K.; Livinghouse, T.;
Bercaw, J. ETetrahedron Lett2001, 42, 2933-2935. (s) Molander, G.
A.; Dowdy, E. D.J. Org. Chem1999 64, 6515-6517. (t) Molander, G.
A.; Dowdy, E. D.J. Org. Chem1998 63, 8983-8988.
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2503. (d) Kim, H.; Lee, P. H.; Livinghouse, TThem. Commun2005
5205-5207. (e) Bexrud, J. A.; Beard, J. D.; Leitch, D. C.; Schafer, L. L.
Org. Lett.2005 7, 1959-1962.

(7) (a) Heutling, A.; Pohlki, F.; Bytschkov, I.; Doye, &ngew. Chem., Int.
Ed. 2005 44, 2951-2954. (b) Ackermann, L.; Bergman, R. G.; Loy, R.
N. J. Am. Chem. So2003 125, 11956-11963. (c) Li, C.; Thompson, R.
K.; Gillon, B.; Patrick, B. O.; Schafer, L. LChem. Commur2003 2462—
2463. (d) Ackermann, L.; Bergman, R. Grg. Lett.2002 4, 1475-1478.
(e) Bytschkov, I.; Doye, STetrahedron Lett2002 43, 3715-3718. (f)
McGrane, P. L.; Livinghouse, T. Org. Chem1992 57, 1323-1324. (g)
McGrane, P. L.; Jensen, M.; Livinghouse,JT Am. Chem. S04992 114,
5459-5460.

(8) (a) Baranger, A. M.; Walsh, P. J.; Bergman, RJGAmM. Chem. S04993
115 2753-2763. (b) Walsh, P. J.; Baranger, A. M.; Bergman, R.JG.
Am. Chem. Sod 992 114 1708-1719.
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Scheme 2. Proposed [2 + 2] Cycloaddition Mechanistic Pathway Proceeding through a Cp,Zr=NAr Intermediate B in Intermolecular Alkyne
HA with Bulky (Aromatic) Amines?
HAr

CpoZr.
T>NAr
H

() +ArNH, || -ArNH,

[CpoZr=NAr] R-C=C-R'
B
/N
LoZr / R
RI
R ArNH,
AI"_N/S\/R-
c N
PzZ"\ H
HNAr

v ~ [Cp,Zr<]'[alkyne]'[ArNH,] !

a A closely related pathway is proposed for'&m<-catalyzed alkyne HA (see refs 8, 9 and eq 10).

CpAn< appear to be active catalysts for primary amine of substrate structurereactivity patterns, kinetic data paralleling

additions in less exothermiéntermolecular alkene HA. organo-4f-element catalysis, and the empirical rate law
In contrast to the above findings, more active cationic v ~ [(CGC)An<]YamineP, a “Ln-like” mechanistic scenario

U(NEt)stBPh~ displays kinetic behavior similar to Ggn<- proceeding via a tetravalent AmN(H)R o-bonded specie<))

and CpZr<-catalyzed intermolecular terminal alkyne HA but was tentatively suggested (Scheme 3). However, while this

effects secondaryHNEt, addition to M@SiC=CH %2 arguing pathway is plausible for secondary aminoalkenes, cyclizations

against an ArrNR intermediate (vide infra). Moreover, cationic ~ proceeding through ArNR species cannot a priori be excluded
organozirconium and organotitanium complexes effect related for primary aminoalkenes. These observations along with the
intramolecularaminoalkene HA/cyclizations, with the reported  paucity of mechanistic information omtramolecular HA/
scope limitedexclusiely to secondanaminoalkenes, offering  cyclization processes mediated by tetravalent group 4 metal
no obvious routes to AM=NR specied? centers and known group 4 vs AnM—N bond polarity

In a companion contribution, we report the rapid and differences prompted a mechanistic investigation. Herein we
regioselective intramolecular HA/cyclization of primary and report evidence for turnover-limiting €C/C=C insertion at
secondary amines having diverse tethered@unsaturations, ~An—N(H)R species, supported by results with a series of
mediated by a new series of constrained geometry organoac-monosubstituted (CGC)An(NX complexes (X= nonlabile
tinide complexes (CGC)An(NM& (An =Th, 1; An=U, 2) 11 ligand) that rapidly and regioselectively mediate intramolecular
The scope of €C unsaturations was explored in depth for Primary and secondary aminoalkene and aminoalkyne HA/
terminal and disubstituted alkene, alkyne, allene, and diene cyclization. Selective substitution of a protonolytically nonlabile
substrates, revealing aminoalkene and aminoalkyne turnoverX ligand for a protonolytically labile amide generates catalysts
frequencies comparable to those of organolanthanide catalystgVith only a single nondative-bonded substrate moiety, unlikely

and exceeding those of organo-group 4 catah}8®n the basis to support Ar=NR formation for a comparable energetic cost.
Extension to analogous (CGC)Zrcatalyzed HA/cyclization

H =—R" (9) (a) Wang, J.; Dash, A. K.; Kapon, M.; Berthet, J.-C.; Ephritikhine, M.;
3,N\>@\/ 3 ) Eisen, M. SChem—Eur. J.2002 8, 5384-5396. (b) Straub, T.; Haskel,
R R°—NH
R

R R
N

n A.; Neyroud, T. G.; Kapon, M.; Botoshansky, M.; Eisen, M.(&gano-
n metallics2001, 20, 50175035. (c) Haskel, A.; Straub, T.; Eisen, M. S.

Organometallics1996 15, 3773-3775.
H (10) (a) Gribkov, D. V.; Hultzsch, K. CAngew. Chem., Int. E@004 43, 5542~
)\ 5546. (b) Knight, P. D.; Munslow, I.; O’'Shaughnessy, P. N.; ScotGhiem.
. . R' HoN ne N R Commun2004 894-895.
HoN l/ R R (11) (a) Stubbert, B. D.; Stern, C. L.; Marks, T.Qrganometallic2003 22,
n 4836-4838. (b) Stubbert, B. D.; Marks, T. J. Am. Chem. SoQ007,
12914), 4253-4271.

I
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Scheme 3. Proposed o-Bond Insertive Mechanism for (CGC)M<-Catalyzed Intramolecular HAICyclization (M = Zr, Th, U) of Terminal and
Disubstituted Aminoalkenes, Aminoalkynes, Aminoallenes, and Aminodienes?

i \ weX R3\ VA R
/SI\ /M"\ + N n’
N NR2 HR" R'
M=Th, U, Zr
HNR,
X =NR,, Cl, OAr
R"
e sl A
/Si\ n’
R® R' R

v ~ [(CGC)M<]"[substrate]°

aWhen X = NR;y, two substrate molecules enter the catalytic cycle and two H&R evolved during precatalyst activation (see ref 11 for additional
details regarding the empirical rate law determination).

reactions yields similar results. In most cases, the (CGC)M- <1
(NR2)X complexes effect HA reactions more rapidly than the

4 i \ NMe
-:,,Si Zr\ 2

corresponding (CGC)MRcomplexes, further supporting the \»-NMez
Scheme 3 pathway. ’S'\N/ “NMe ’S'\N/ “NMe, - \N/ “NMe,
Results ~ -~ A

In this section we discuss the synthesis and structural (CGCITHNMey), (CGCIINMe,), (CacIZINMey ),

characterization of a series of selectively substituted, electro-

philic, tetravalent actinide and group 4 (CGC)M(WR com- (MesSi)oN /éf%( /%
plexes and mechanistic studies of representative primary and_. ““““ Cl, £/ N\ ] \+C! gl ) €l
secondary aminoalkene and aminoalkyne intramolecular HA/ ~Si '\CI/'Th\ Sl =3/ SN(siMey), ,s.\ / 'r~N,,,|92
cyclizations mediated by these complexes. Effects of catalyst N N(siMes); ‘JN\ i
substitution, metal ion, and ancillary ligation are presented along ; g
with relevant kinetic parameters and deuterium KIE data. It will [(CGC)Th(NMe,)Cll, (CGC)U(NMe,)Cl (CGC)Zr(NMey)Cl
be seen that these chloride- and aryloxide-substituted complexes 1-c 2Cl 3-Cl
are highly active HA/cyclization catalysts that display kinetic . .
and mechanistic signatures inconsistent withFNR species /%o? /%00?
in the catalytic cycle. A mechanistic pathway proceeding through osio TS A o U” .
an M—N o-bonded species is proposed based on results \N/ \NMeZA \N/ \NMez
presented herein. -~ ~

Synthesis and Characterization of Chloride- and Arylox- (CGC)Th(NMe,)OAr (COC)UNMeOAr
ide-Substituted (CGC)M(NRz)X Complexes. (CGC)An- 1-OAr 2-OAr

[N(SiMe3),]Cl complexes1-Cl and 2-Cl are accessible in

excellent yield and high purity from the corresponding AnCl ination with diprotic HCGC!2 evolving hexamethyldisilazane
reagents via in situ generation of the tris(hexamethyldisilazido)- over 16 h at 70C (Scheme 4; Chart 1). Owing to unfavorable
actinide chlorides, An[N(SiMg,]sCl,*? followed by protodeam-  steric interactions that preclude An[N(SihJg4 formation, the
desired complexes are obtained without (CGC)AN[N(S)Yle
contamination. The analogous group 4 complex (CGC)Zr-

(12) (a) Simpson, S. J.; Turner, H. W.; Andersen, Rinerg. Chem1981, 20,
2991-2995. (b) Turner, H. W.; Simpson, S. J.; Andersen, RJAAmM.
Chem. Soc1979 101, 2782. (c) Turner, H. W.; Andersen, R. A.; Zalkin,
A.; Templeton, D. Hlnorg. Chem1979 18, 1221-1224. (d) Bradley, D.
C.; Ghotra, J. S.; Hart, F. Anorg. Nucl. Chem1974 10, 209-211.

(13) Shapiro, P. J.; Schaefer, W. P.; Labinger, J. A.; Bercaw, J. E.; Cotter, W.
D. J. Am. Chem. S0d.994 116, 4623-40.
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Scheme 4. Syntheses of Constrained Geometry Organoactinide and Organozirconium Complexes 1-Cl, 2-Cl, 3-Cl, 1-OAr, and 2-OAr

-78 to 20 °C

AnCl;  + 3 NaN(SiMe,), An[N(SiMe;),15(Cl) + 3 NaCl
THF
Cl -Cl
[ H.CGC 70°C,24h s }\ =
Anu,,, + H; —_—> Si n SiMe;
R NR, N\ /
R:N NR, toluene N \N\
- 2 HN(SiMe;), ‘ }J\ SiMes
[1-Cl]o 5, colorless, 83%
2-Cl, dark brown, 85%

Ut \Z\“»CI /%
L ANy sto20°c,2h |, /T\
N = _Si Zr‘\
)J\ (1) Et,0 W NMe,
' (2) pentane, )J\
+ - LiCl e
LiNMe, 3-Cl colorless, 70%
Wy
0, | i \ .NMe, 20°C,<1h
//Si\ /A"\ + HO >
N \NMez pentane or toluene
N . - 2 HNMe,
1-OAr colorless, 86%
2-OAr, orange, 92%

(NMe)(CI) 3-Cl was obtained by traditional salt metathesis from exclusive formation o2-OAr, leaving 0.8 equiv of unreacted
(CGC)ZrCh and LiNMe, (Scheme 4; Chart 1). No evidence ArOH. Initial *H NMR screening experiments indicate complete

for amide-halide disproportion is observed biH NMR
spectroscopy at 28C over a period of days for any of the

consumption of2 within 30 min of dissolution in benzends
and negligible interaction between the paramagnefit idn

chloride-substituted complexes prepared in this study. Solid- and unreacted ArOH (as judged by negligible isotropic shifts
state structures were defined by single-crystal X-ray diffraction, of the resonances) up to temperatures of @l Similar

indicating thatl-Cl is a bisf-chloro) dimer in the solid state,

experiments carried out with Th compléxand 1.2 equiv of

while 2-Cl and 3-Cl are monomeric (Tables 1 and 2, Figure ArOH to generatd-OAr indicate further reaction and complete

la—c; vide infra).
Aryloxide complexes (CGC)An(NMgOAr, 1-OAr and

consumption of excess ArOH within 60 min at 2&. In
preparative scale syntheses, the (CGC)Th(@Ayproduct is

2-OAr, are cleanly obtained by protodeamination of (CGC)- gasily removed by filtration from concentrated pentane solu-

An(NMey), complexl or 2 with an excess of sterically hindered

tions of the otherwise pure monoaryloxide complex. When in

2,6-ditert-butylphenol, ArOH (Scheme 4; Chart 1). In the case situ generated-OAr containing 5-10% (CGC)Th(OAR) is

of An = U, treatment of2 with 1.8 equiv of ArOH leads to

Table 1. Selected Bond Distances (A) and Angles (deg) for
[(CGC)Th[N(SiMe3)2](u-Cl)]2 (1-Cl), (CGC)UIN(SiMe3)2]Cl (2-Cl),
(CGC)Zr(NMey)Cl (3-Cl), and (CGC)Th(NMe)OAr (1-OAr)?

1-Cl 2-Cl 3-Cl 1-OAr
Cp(centy:-M—N1 91.7 93.1 101.1 90.4
Cp(centy-M—X  94.8/157.8 108.1 131.9 136.6
Cp(centy-M—N2 108.8 122.1 104.4 106.9
N1-M—X 107.7(1) 100.52(7) 115.10(7) 115.9(2)
N1-M—N2 110.8(2) 123.8(1) 104.7(1) 102.0(2)
N2—M—X 133.6(1) 106.67(8) 104.06(8) 100.9(2)
Cp(centy-M 2.53 241 2.30 2.55
M—N1 2.335(5) 2.223(3) 2.077(2) 2.293(6)
M—N2 2.334(5) 2.257(3) 2.078(3) 2.252(6)
M—X 2.883(2)/2.964(2) 2.6124(9) 2.437(1) 2.258(5)

aSee Supporting Information for complete listings (Cp(centMesCs
ring centroid; X= Cl or OAr).

employed in catalytic HA experiments, results are identical

to those obtained with isolated-OAr. Complex 1-OAr

was also analyzed via single-crystal X-ray diffraction and shown

to be monomeric in the solid state (Tables 1 and 2, Figure 1d).
Catalytic Intramolecular Hydroamination/Cyclization Ex-

periments. In this section, results of catalytic intramolecular

HA/cyclization of representative aminoalkyne and aminoalkene

substrates, mediated by precatalysts (CGC)An(MEN =

Th, 1; An = U, 2),!! [([CGC)Th(NR)(u-Cl)]> (R = SiMes,

1-Cl),** (CGC)M(NR,)CI (M = U, R = SiMe3, 2-Cl; M = Zr,

R = Me, 3-ClI),’* (CGC)ZrMe: (3),'> (CGC)An(NMeg)OAr

(OAr = 2,6-ditert-Bu-phenoxide; Ar= Th, 1-OAr; An = U,

(14) See Supporting Information for full details.
(15) Carpenetti, D. W.; Kloppenburg, L.; Kupec, J. T.; Petersen, J. L.
Organometallics1996 15, 1572-1581.
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Table 2. Catalytic Data for the Intramolecular HA/Cyclization of Representative Aminoalkyne Substrates 7 and 9 Mediated by the Indicated
Actinide and Group 4 Complexes (See Supporting Information for Detailed Reaction Conditions)

Entry Substrate Product® Precatalyst® N, 1 ec)sf
1. 1, (CGC)Th(NMey),” 82 (25)
2, 1-Cl, [(CGC)Th(NR,)CI], 200 (25)
3 1-OAr, (CGC)Th(NMe,)OAr 37 (25)
4. 2, (CGC)U(NMey),® 3000 (25)
5, 2-Cl, (CGC)U(NRy)CI 280 (25)
6. HZN/\/%SiMes Q\/SiMes 2-OAr, (CGC)U(NMe,)OAr 52 (25)
7. 4, (Me,SiCp',)UBn,? 10 (60)
8. 7 8 4-Cl, (Me,SiCp")U(Bn)Cl 10 (60)
9. 5, Cp'yTh(CH,R),? 190 (60)
10. 5-Cl, Cp',Th(CH,R)CI® 1.2 (60)
1. 6, CpLU(CH,R),? 16 (60)
12. 6-Cl, Cp',U(CH,R)CI® 0.4 (60)
13. 3, (CGC)ZrMe, 0.2 (60)
14, 3-Cl, (CGC)Zr(NMe,)Cl 2.2 (25)

s 1, COOThNMe,? 2225
16. 1-Cl, [(CGC)Th(NR,)CI], 7.2 (25)
17. 1-OAr, (CGC)Th(NMe,)OAr 0.5 (25)
18. HzN/\/% Me Q\,Me 2, (CGC)U(NMey),? 170 (25)
19. 2-Cl, (CGC)U(NR,)CI 2.9 (25)

20. 9 10 2.0Ar, (CGC)U(NMeo)OAr 7.2 (25)
21, 3, (CGC)ZrMe, 0.2 (60)
22. 3-Cl, (CGC)Zr(NMe,)Cl 0.7 (60)

a|dentified by'H NMR spectroscopy and GC/MS!R = SiMe;. ¢ Determined in situ byH NMR spectroscopy. All yieldss 95%. 9 Reference 11b.
¢ |solated product from thermally induced 1,3-sigmatropic shftrimethylsilyl)-2-exomethylene-pyrrolidine (see ref 19).Typical reaction conditions:
2—11 mM [catalyst], 200 mM [aminoalkyne],-512 mM Si(p-tolyl), internal standard\; determined by least-squares analysis of linear plots of normalized
[substrate]/[catalyst] vs time over3t;. See Supporting Information for details.

2-OAr),1* Me,SiCp',U(CHzPh), (4),16 Me,SiCp',U(CHzPh)- bulkier aryloxide-substitutetl-OAr (N; = 37 h™%; Table 2, entry

Cl (4-Cl),16 Cp,An(CH,SiMes), (An = Th, 5; An = U, 6),17 3). Smaller ionic radius (CGC)¥ derivatives display a similar

and Cp,An(CH,SiMes3)Cl (An = Th, 5-Cl; An = U, 6-CI),1” trend, with2-Cl mediating7 — 8 more rapidly thar2-OAr (N

are presented. PrimaryN-unprotected substrates bearing =280 h!(2-Cl)and 52 h' (2-OAr) at 25°C; Table 2, entries

C=C!band G=C!b18ynsaturations are presented first, followed 5, 6). This conversion becomes less rapid as ancillary ligation

by results withN-methyl substituted secondary amine substrates. becomes less open, requiring mild heating to achieve moderate
Primary Aminoalkyne Hydroamination . Intramolecular N: values. Note that no difference in reactivity is observed

« : m._ — —1
aminoalkyne HA/cyclization is effectively mediated by bisamido E)gweebr; ugalteregl and 85Ub3tltuted 4'CII I(Nt 10 h dat 60
as well as “substituted” chloroamido and aryloxoamido com- -’ Table 2, entries 7, 8). More sterically congested,&p-

plexes1—6. In some cases, the substituted complexes promote(R)CI complexe$-Cl and6-Cl also mediate this transformation,
7 -~ 8and9 — 10 cycliz,ations with far greater catalytic although catalytic activities are considerably lower than those

. — 1 1
efficiency than the unsubstituted congeners. For exariipte, ggtbg'r 5C gzl'é‘nﬁzfofg?frsemt o:IL%O 4h_hl(523 aCnld lfzeg . é‘t
8 conversion mediated b¥-Cl proceeds at a rate more than (-Cl); N = (6) and 0. (6-Cl) a '

double that mediated byat 25°C (N, = 200 hr (1-Cl) vs 82 Table 2, entries 912)1° Isolation of volatiles following
= - ) :
h-1 (1): Table 2, entries 1, 2) and with ax5greater rate vs complete7 — 8 conversion with5-Cl or 6-Cl and subsequent

(19) Isolated as theexomethylene product from thermally-induced 1,3-
sigmatropic shift { SiMe; migration to N; see also ref 3p).

(16) Schnabel, R. C.; Scott, B. L.; Smith, W. H.; Burns, CJJOrganomet.

Chem.1999 591, 14-23. H.N

(17) Fagan, P. J.; Manriquez, J. M.; Maatta, E. A.; Seyam, A. M.; Marks, T. J. 2 Cp",An(R)CI 60 °C
J. Am. Chem. S0d.981, 103 6650-6667. - ~ —_—

(18) (a) Tamaru, Y.; Hojo, M.; Higashimura, H.; Yoshida, Z.Am. Chem. é N N
S0c.1988 110 3994-4002. (b) Smith, J. K.; Bergbreiter, D. E.; Newcomb, Me,Si SiMe, éiMes

M. J. Org. Chem1985 50, 4549-4553.
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(b)

Figure 1.

(d)

ORTEP depictions of solid-state structures of the following precatalystsla0 °C (a) dimeric [(CGC)Th[N(SiMeg)2](«-Cl)]2 (1-Cl), (b)

(CGC)UIN(SiMey),]Cl (2-Cl), (c) (CGC)Zr(NMe)ClI (3-Cl), and (d) (CGC)Th(NMgOAr (1-OAr; OAr = 2,64Bu,CgHs). Thermal ellipsoids are drawn at
the 50% probability level. See Table 1, Charts4l and Supporting Information for complete structural data.

GC/MS andH NMR spectroscopic analyses provide no
evidence for formation of free HC(jor its derivatives) during
catalytic turnover.

Aminoalkyne transformatio® — 10is also mediated by the
present complexes (Table 2). Again, compCl exhibits
enhanced activity v& and1-OAr (N = 7.2 't (1-Cl) vs 2.2
h=1 (1) and 0.5 h! (1-OAr) at 25°C; Table 1, entries 1517).
The (CGC)U<-catalyzed intramolecular HA/cyclization 8fis
also efficient at 25C, with efficiencie2 > 2-OAr > 2-Cl (N;
=170h1(2),7.2 1 (2-OAr), 2.9 r1 (2-Cl); Table 2, entries
18—-20). These systems obey the rate law [L M <] [amineP
with competitive binding/product inhibition of catalytic turnover

for HA/cyclization9 — 10 at 25°C (M = Th, U) or 60°C (M
= ZI’) in CeDs.

Intramolecular aminoalkyne HA/cyclizations— 8 and 9
— 10 are efficient when catalyzed by (CGC)Zrcomplexes3
and 3-Cl, although moderate heating is required to obtain
activities comparable to the larger (CGC)Aromplexes (Table
2). More reactive MgSi-substituted is converted to exocyclic
imine 8 with a markedly enhanced rate (ca. 180 when
mediated by3-Cl vs 3 (N; = 2.2 it at 25°C (3-Cl) vs 0.2 h!
at 60°C (3); Table 2, entries 13, 14). Catalytic conversion of
Me-substituted aminoalkyr@proceeds with a similar although
less pronounced-Cl vs 3 rate effect; i.e., a ca.x3increase in

sometimes observed at high product concentrations. Eyring andactivity is observed fo8-Cl (N, = 0.7 bt (3-Cl) vs 0.2 h't

Arrhenius analysé8 for 9 — 10 yield AH* = 16(3) kcal/mol,
ASF = —18(9) eu, ands, = 17(3) kcal/mol when mediated by
2-Cl from 24.9°C to 64.8°C with well-behaved kinetics (Figure
2). Furthermore, in situ determination of the solution magnetic
moment of2-Cl by the Evans’ methdd in bezeneds confirms
that uer for (CGC)U< complex2-Cl prior to activation with
substrat® is identical to that of the major paramagnetic species
present immediately following addition & as well as during
and after complete conversion10 under typical HA conditions

at 25°C. Note that (CGC)MGlcomplexesl-Cl, (M = Th),1
2-Cly (M = U),* and3-Cl, (M = Zr)!5 arenot active catalysts

(20) Espenson, J. HChemical Kinetics and Reaction Mechanisriad ed.;
McGraw-Hill, Inc.: New York, 1995.

(21) (a) Schubert, E. Ml. Chem. Educl992 69, 62. (b) Evans, D. RJ. Chem.
Soc.1959 2003-2005.

(3) at 60°C; Table 2, entries 21, 22). These systems also obey
the rate lawv ~ [L,M <]{amineP with competitive binding/
product inhibition of catalytic turnover sometimes observed at
high [product]. Eyring and Arrhenius analyde$or 7 — 8
mediated by3-Cl provide direct comparison to,An< and Ly-
Ln— catalysts, affordingAH* = 11(2) kcal/mol, ASF =
—35(7) eu, ands; = 12(2) kcal/mol from 24.8C to 67.3°C
displaying well-behaved kinetics (Figure 3).

Primary Aminoalkene Hydroamination. Intramolecular
aminoalkene HA/cyclization of representative substiEtds
effectively mediated by both “substituted” and unsubstituted
bisamido complexe$—3. Comparison between Th complexes
shows decreased activity farCl vs 1 at 25°C (N; = 3.3 ir'?
(1-Cl) vs 15 i1 (1); Table 3, entries 1, 2), although dimeric

J. AM. CHEM. SOC. = VOL. 129, NO. 19, 2007 6155
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Figure 2. () Eyring plot for conversio® — 10 catalyzed by (CGC)U[N(SiMg,]CI (2-Cl) from 24.9 to 64.8C in GsDs (AH* = 16(3) kcal/mol ASF =

—18(9) eu). (b) Arrhenius plot for conversi@— 10 catalyzed by2-Cl over a

40°C range in @Dg (Ea = 17(3) kcal/mol). (c) Representative kinetic plot

for conversior® — 10 catalyzed by2-Cl in C¢Dg at 40°C. (d) Representative kinetic plot for conversin~ 10 catalyzed by (CGC)U(NMgOAr (2-OAr)
at 25°C in GsDe. N; (and rate constants) determined by least-squares analysis of linear plots of normalized [substrate]/[catalyst] vs*iBig.0®tandard

reaction conditions were employed in all catalytic reactions. Deviation from
Information and ref 11b for details.

1-Cl may remain intact and, therefore, sterically encumbered
during catalysis. Precataly4tCl’, generated by treatment of
1-Cl with (noncyclizable) neopentylamine at 26 in CgDg for

24 h followed by removal of byproduct HN(SiMk, exhibits

an identicalN; (vs 1-Cl) for cyclization 11 — 12 at 25°C,
suggesting that the structure HfCl in solution (monomer vs
dimer) does not change with a large amine excess. Aryloxide-
substitutedl-OAr and2-OAr exhibit diminished reactivity with
moderatd\; at 60°C (0.6 it and 1.5 hl, respectively; Table

3, entries 3, 6). Interestingly, compl@xCl promotesl1 — 12
cyclization with>2x the catalytic efficiency of at 25°C (N

= 6.2 Tlvs 2.5 ITL; Table 3, entries 4, 5). Thi&/2-Cl trend
maintains for 11-d, — 12-d,, where deuterium KIEs are
significant at 25°C, with ky/kp = 3.3(5) and 2.6(4), respectively
(Nt = 0.8 1 (2) and 2.4 h! (2-Cl) at 25 °C). Likewise,
organozirconium comple3-Cl exhibits greater catalytic activity

linearity at high conversion is attributed to product inhibitrenS8pporting

sometimes observed at high [product]. Eyring and Arrhenius
analyse® for 11 — 12 yield AH* = 10(3) kcal/mol,AS =
—43(9) eu, ande; = 11(3) kcal/mol when mediated [B+OAr
from 63 °C to 100°C (Figure 4) with well-behaved kinetics.
Secondary Aminoalkene and Aminoalkyne Hydroamina-
tion. Intramolecular aminoalkene and aminoalkyne HA/cycliza-
tion of representative secondary amii@sand15is effectively
mediated by unsubstituted and “substituted” compléxe3 and
1-3, 5-6, respectively. Chloride-substitute8-Cl mediates
N-methylaminoalkene cyclizatioh3 — 14 significantly more
rapidly than3, although considerably more sluggishly than the
more reactive chloride-substituted organoactinide complayes (
= 0.1t (1-Cl) and 0.2 h! (2-Cl) at 60°C vs 0.4 hr* (3-Cl)
at 90°C and 0.2 h' (3) at 120°C; Table 4, entries 2, 5,-78).
Cyclization 13 — 14 catalyzed byl-OAr or 2-OAr proceeds
more sluggishly, with comparable efficiencies observed at 120

than3, although rates are considerably more sluggish than that°C (0.5 hrl; Table 4, entries 3, 6). Mediated Hyor 2 in the

for the Th analoguelN; = 0.14 It (3-Cl) vs 0.07 i1 (3); Table
3, entries 7, 8). Although the (CGC)Zrcomplexes exhibit

sluggish cyclization rates and require elevated reaction temper-

atures, no reactions other than precatalyst protonolysis antl CH
HNMe, evolution are observed BiH NMR spectroscopy below
100 °C. Furthermore, neither (CGC)Zrmediated reaction
evidences an induction period consistent with a disproportion-
ation or equilibration process preceding catalytic turnover (vide
infra). These systems obey the rate law [L,M <]{amineP

with competitive binding/product inhibition of catalytic turnover

6156 J. AM. CHEM. SOC. = VOL. 129, NO. 19, 2007

more polar 1:lortho-CgH4F2/CgDg solvent mixture, this trans-
formation proceeds with considerably diminished catalytic
efficiency (>10x for 2), although catalyst decomposition via
F~ abstraction may occur fdr (An = Th).22 Note that\; values

for 13— 14differ little between thel- and2-catalyzed processes
and those catalyzed by the corresponding monochloro deriva-
tives (Table 4, entries-12, 4-5). As noted above, these systems

(22) Heating (CGC)Th(NMg  in a 1:1ortho-CgH4F2/CsDg Solvent mixture to
60 °C in the absence of substrate leads to rapid decompositidnaof
formation of an uncharacterized product.
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Figure 3. (a) Eyring plot for conversiorr — 8 catalyzed by (CGC)Zr(NMgCl (3-Cl) from 24.8°C to 67.3°C in CsDs (AH* = 11(2) kcal/mol ASF =
—35(7) eu). (b) Arrhenius plot fo?r — 8 conversion catalyzed b$-Cl over 42°C in CsDs (Ea = 12(2) kcal/mol). (c) Representative kinetic plot for

conversion7 — 8 catalyzed by3-Cl in C¢Dg at 25°C. N; (and rate constants) determined by least-squares analysis of linear plots of normalized [substrate]/
[catalyst] vs time over 3ty,. Standard reaction conditions were employed in all catalytic reactions. Deviation from linearity at high conversion is attributed

to product inhibition. See the Supporting Information for details.

also obey the rate law ~ [L,M <]{amineP with competitive
binding/product inhibition of catalytic turnover sometimes
observed at high [product]. Eyring and Arrhenius analfses
13— 14yield AH* = 9(3) kcal/mol,ASF = —48(6) eu, andE,
= 10(3) kcal/mol when mediated klyfrom 60 °C to 110°C
(Figure 4) with well-behaved kinetics.
N-methylaminoalkynel5 is also converted to exocyclic
pyrrolidine 16 by (CGC)An<, (CGC)Zr<, and CpAn<
complexes, although with considerably less efficiency when
promoted by3 (N; = 80 i1 (1) and 120 ht (2) at 25°C, vsN;
= 0.3 1 (3) at 90°C; Table 4, entries 9, 11, 13). Metallocenes
5and6 are also effective precatalysts for this cyclization, with
intermediate efficiencies far less than those foand 2 but
considerably greater than that f8r(N; = 7.4 h* (5) and 15
h=1 (6) at 90°C; Table 4, entries 15, 16). Monoamidochloride
complexesl—3 also mediatel5 — 16 conversion effectively,
although with marked reduction in efficienci(= 24 b (1-
Cl) and 33 h! (2-Cl) at 60°C, and 0.02 h* at 90°C (3-Cl);
Table 4, entries 10, 12, 14).

Discussion

In this section, the synthesis, structural characterization, and

hydroamination/cyclization catalytic characteristics of bisamido
and substituted, monoamido compleXess are first discussed.

Implications of these findings are then presented in the context

of plausible mechanistic pathways for actinide vs group 4
mediated intramolecular aminoalkene and aminoalkyne HA/
cyclizations.

Synthesis and Characterization of Monosubstituted
(CGC)M(NR2)X Complexes. Monosubstituted chloride and
aryloxide complexed—3 are obtained in excellent yield and
purity in a single step from known reagents (Scheme 4). Neutral,
monomeric tris(amido)actinide chlorides, An[N(SipgsCl,12
are obtained quantitatively in toluene without competing forma-
tion of tris(amido)actinide hydridé¥bor of potentially inhibi-
tory, charged/solvated byproducts. Treatment in situ with
H,CGC! cleanly affords chloroamido complex&sCl and2-Cl
in up to 85% isolated yield. Note that the enhanced Lewis acidity
of An[N(SiMe3),]sCl vs homoleptic Ln[N(SiMg),]s complexes
(used in the synthesis of closely related (CGCGIN(SiMes),
complexes; eq #¥ leads to significant rate enhancements in
1-Cl and 2-Cl generation, requiring markedly lower reaction
temperatures and proceeding without periodic removal of
evolved HN(SiMg); (Scheme 4)'H NMR spectra ofl-Cl and
2-Cl recorded in noncoordinating solvents at-BD °C are
consistent withC; symmetry in solution and evidence no
detectable ligand redistribution or dynamic equilibria on the
NMR time scale.

-HNR, __:S:'!:“‘[ P
Ln(NRg)3 invacuo 7
+ < TN M
H,CGC 10°C ‘
R = SiMe;

10 d, < 50% yield
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Figure 4. (a) Eyring plot for conversioril — 12 catalyzed by (CGC)U(NMOAr (2-OAr) from 63 to 100°C in CsDe (AH* = 10(3) kcal/mol, ASF =

—43(9) eu). (b) Arrhenius plot for conversidi — 12 catalyzed by2-OAr over a 40°C range in GDg (Ea = 11(3) kcal/mol). (c) Eyring plot for conversion

13— 14 catalyzed by (CGC)Th(NMg (1) from 60 to 110°C in CsDs (AH¥ = 9(3) kcal/mol,ASF = —48(6) eu). (d) Arrhenius plot for conversidi3 —

14 catalyzed byl over a 50°C range in GDgs (Ea = 10(3) kcal/mol).N; and rate constants determined by least-squares analysis of linear plots of normalized
[substrate]/[catalyst] vs time over3ty,. Standard reaction conditions were employed in all catalytic reactions. See the Supporting Information and ref 11b
for details.

Table 3. Catalytic Data for the Intramolecular HA/Cyclization 11 — 12 Mediated by the Indicated Actinide and Group 4 Complexes (See
Supporting Information for Reaction Conditions)

Entry Substrate Product® Precatalyst’ N, 0" (°C)>®
1. 1, (CGC)Th(NMey),” 15 (25)
2. 1-Cl, [[CGC)Th(NR)CIl, 3.3 (25)
3. %_/\ 1-OAr, (CGC)Th(NMe,)OAr 0.6 (60)

/ ’
H,N
4. /><\/ u 2, (CGC)U(NMe,),? 2.5 (25)
5. 2-Cl, (CGC)U(NR,)CI 6.2 (25)
1" 12 ( YU(NR2)
8. 2-OAr, (CGC)U(NMe,)OAr 1.5 (60)
7. 3, (CGC)ZrMe, 0.07 (100)
8. 3-Cl, (CGC)Zr(NMe,)Cl 0.4 (100)

a|dentified byH NMR spectroscopy and GC/MS.R = SiMes. ©Determined in situ byH NMR spectroscopy. All yields- 95%. 9 Reference 11b.
€ Typical reaction conditions: 211 mM [catalyst], 200 mM [aminoalkene];-8.2 mM Si(p-tolyl) internal standard\; determined by least-squares analysis
of linear plots of normalized [substrate]/[catalyst] vs time ox&t;,. See Supporting Information for details.

Furthermore, the known insolubility of (CGC)AnCtom- Interestingly, subtle Aff ionic radius differences (nine-

plexes in low-polarity solvent$ and absence ot-Cl/2-Cl-
derived precipitates over several days igDgsuggest that the
bulky —N(SiMe;3), moiety affords sufficient kinetic stabilization
to prevent halide/amide redistribution.

(23) Shannon, R. DActa Crystallogr.1976 A32 751-67.
6158 J. AM. CHEM. SOC. = VOL. 129, NO. 19, 2007

coordinate: TH* 1.09 A vs U+ 1.05 AR3 apparently result in
Th complex1-Cl crystallizing as &,-symmetric bisg-chloro)
dimer (Figure 1a). Single crystals @fCl (Table S1) contain
planar, diamond-shaped Xh-Cl), cores with Th-CI-Th" and
CI—=Th—CI' angles of 113.66(8)and 66.34(5), respectively,
and a large Th+-Th distance of 4.89(1) A. The Cp(centroiel)
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Table 4. Catalytic Data for the Intramolecular HA/Cyclization of Representative Secondary Aminoalkene 13 and Secondary Aminoalkyne 15
Mediated by the Indicated Actinide and Group 4 Complexes (See Supporting Information for Reaction Conditions)

Entry Substrate Product’® Precatalyst® N, b1 ec)e®
1. 1, (CGC)Th(NMe,),® 0.5 (60)
2. o 1-Cl, [(CGC)Th(NR,)Cll, 0.1 (60)
3. Ve P Phb\ 1-OAr, (CGC)Th(NMe,)OAr 0.5 (120)

~N
N

4. Hm\/ N 2, (CGC)U(NMe),’ 0.9 (60)
5 We 2-Cl, (CGC)U(NRy)CI 0.2 (60)

13 14
6. 2-OAr, (CGC)U(NMe,)OAr 0.5 (120)
7. 3, (CGC)ZrMe, 0.2 (120)
8. 3-Cl, (CGC)Zr(NMe,)Cl 0.4 (90)
9. 1, (CGC)Th(NMey),? 80 (25)
10. 1-Cl, [(CGC)Th(NR)CI 24 (60)

e = (e [(CGC)Th(NR,)CI,

1. H rlq 2, (CGC)U(NMey),? 120 (25)
12. Me 2-Cl, (CGC)U(NR)CI 33 (25)

15 16
13. 3, (CGC)ZrMe, 0.3 (90)
14. 3-Cl, (CGC)Zr(NMe,)Cl 0.02 (90)
15. 5, Cp', Th[CH,(SiMe3)], 7.4 (60)
16. 6, Cp',U[CH,(SiMe3)], 15 (60)

a]dentified byH NMR spectroscopy and GC/MS.R = SiMe;. ¢ Determined in situ byH NMR spectroscopy. All yields: 95%. 9 Reference 11b.
€ Typical reaction conditions: 211 mM [catalyst], 200 mM [substrate], 8.2 mM Si(p-tolyl) 4 internal standard\; determined by least-squares analysis of
linear plots of normalized [substrate]/[catalyst] vs time ox&ty,. See Supporting Information for details.

Th—N('Bu) angle of 91.7 compares well with that it (91.3)1%
and 1-OAr (90.4; vide infra), indicating significant steric
openness (Chart 2}:24 The 2.334(5) A Th-N(SiMe3), bond
distance inl-Cl is considerably longer than the 2.27(1) A and
2.252(6) A Th-NMe, distances inl (average) andl-OAr,
respectively, but statistically comparable3o) to Th—N('Bu)
distances inl-Cl (2.335(5) A),1 (2.315(4) A), and1-OAr
(2.293(6) A), reflecting the electron-withdrawing capa-
city of the —SiMe; groups?® Bridging Th—Cl distances of
2.883(2) A and 2.964(2) A inl-Cl are quite similar to
those of 2.874(2) A and 2.933(2) A in [(CGC)ThCI).-
(CI)Li(OEtyp)z]2.242 The similar Ut dimer [(N[CH,CH,N-
(SiMes)]3)U(u-Cl)], also displays a planar AJ«-Cl), diamond
core with U-CI-U’" and C-U—CI' angles of 104.51(9)and
75.49(8Y, respectively (Chart 2Z#cMonomeric (NJCHCH,N-
(SiMe3)]3)UCI possesses a terminaHCI distance of 2.641(5)
A, roughly 10% shorter than that in the corresponding
dimer24 The solid-state structures (Table S1) of monomeric
2-Cl (Figure 1b) and3-Cl (Figure 1c) also display steric
openness nearly identical to that in unsubstituted analogues
and 3. Cp(centroidyxM—N(‘Bu) angles of 91.7(1-Cl), 93.T
(2-Cl), and 101.1 (3-Cl) correlate with the metal ionic
radius?® evidencing greater coordinative unsaturation with

(24) (a) Golden, J. T.; Kazul’kin, D. N.; Scott, B. L.; Voskoboynikov, A. Z.;
Burns, C. JOrganometallic2003 22, 3971-3973. (b) Roussel, P.; Alcock,
N. W.; Boaretto, R.; Kingsley, A. J.; Munslow, |. J.; Sanders, C. J.; Scott,
P.Inorg. Chem1999 38, 3651-3656. () Scott, P.; Hitchcock, P. Balton
Trans.1995 603-609.

(25) (a) Brinkman, E. A.; Berger, S.; Brauman, JJI.Am. Chem. S0d.994
116, 8304-8310. (b) Hopkinson, A. C.; Lien, M. Hl. Org. Chem1981,
46, 998-1003.

increasing ion size. Also, note the comparatively short-<Fh
C(20) distance of 3.18(1) A in-Cl vs U-++-C(20) of 3.53(1) A
in 2-Cl, suggesting agostic SIC(a)) bond stabilization in the
larger Th complexk.26.27

L i . .
}9( RoN /@ e
si |~ al xS N\ PR T SiMe; gl 1\ C
-~ Th cH, -Th Sit. ~Si /Ln—?r Si A sim
AR Ny Sivies
--t-e\J NSIM jé _T"'\HSC—PSiMez __; Xé', e
Me,Si €2~ HaC 2

Redistribution processes analogous to eq 2 are known to
occur, especially in complexes with larger actinide ions in open
ligation environments and in the absence of coordinating
Lewis baseg®28 To probe the importance of complicating

| “a | NR, . | e
2 ugi o AU ——="wSi ANy "2 4 usi o Ang @
/SI\ / \NRZ - \N/ \NRZ - \N/ \Cl

(CGC)M(NR,)CI redistribution processes during catalytic reac-
tions, aryloxide-substituted precataly&t©Ar and2-OAr were
generated via protodeamination band?2 with ArOH (2,6-di-
Bu-phenol; Scheme 4). The disparity in #nionic radii/
covalency is evident where organouranium com@2eAr does
not undergo reaction with excess phenol up t8Qwhereas
organothorium comple%-OAr rapidly forms (CGC)Th(OAR

at 25 °C. In situ generated precatalystsOAr and 2-OAr
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Chart 2

3&

/ei \ ..NMe,

NMe, NMe
"s|0(Th 4---227(1)A(avg) sif (U§<----221(1)A(avg) susiolzr <= 2.06(1) A (avg)
\ “NMe, \N/ \ NMe, pg W NMe,
G 2.315(4)A = " 2.278(4) A " 2.108(4) A
0=91.3° 0=933° 0 =100.2°
1 2 3
2.964(2) A 2:334(5) A
28832 A ,2.612(1) A L2.437(1) A
-‘ -‘Rz YY /é\( L 2257(3) A ’c ,2.078(3) A
weClen,, / \ - U\‘ R 9(2 W e
0 Th“<—>"Th SiT, | \ Sl r
s- ( \\m‘/ \ /\ N(SiMe;), \ NMez
” ‘2.223(3) A ' 2.077(2) A
2.335(5)A 4'89(1)A
0=917° 0=93.1° 0=101.1°
1-Cl 2-cl 3-Cl
2.933(2) A 104.51(9)°
Et,O OEt, . .\ 75, 49(8)" 7
\ / : \r‘ Me,: SI— 3 SlMeazzs(z)A 2‘641(5)A
/%G/Lu\c' y N, "\ Ca! /j (avg) ?" sive
—Si Th" ‘Cl clmTH sic® N_>U/) V u<—N Me,Si- /U"' ’
N % R g C \<“/'\ STUNY
v,J\ /L'\’ Aﬁ L‘ g ) Ls/ SlMe
Et,O OEt, '2.756(2) A MeSi | ‘ S'Mes 2.21(1)A(avg)

Me;Si

exhibit near-identical catalytic properties vs isolated precatalysts,

and neither byproduct (CGC)Th(OArhor unreacted ArOH
significantly affects measured HA/cyclizatidh values, allow-
ing convenient precatalyst generation. In the solid stat@Ar

is monomeric and crystallizes in space grd&ifa/c, displaying

a pseudotetrahedral coordination geometry (Figure 1d). The

near-linear 166.5(2) Th—O—Cjyso angle and Th-O distance

of 2.258(5) A in1-OAr are characteristic of the largeO—
2,6'Bu,CgHz moiety (Chart 3%° CpAn(OAr),Rz-n com-
plexes display ARO—Cjs, angles in the range 153.5-
(10°—171.4(5}, along with An—0O distances ranging 2.14(1)
2.189(6) A (THM)29%b gand 2.135(4)2.29(1) A (U).20¢
Again, the coordinative unsaturation imparted by the CGC
ancillary ligation (Cp(centroid) Th—N(‘Bu) = 90.4°) re-

(26) For recent reviews on the chemistry of 4f and 5f elements, see: (a) Burns,

C. J.; Neu, M. P.; Boukhalfa, H.; Gutowski, K. E.; Bridges, N. J.; Rogers,
R. D. In Comprehensie Coordination Chemistry ]IAbel, E. W., Stone,

F. G. A., Wilkinson, G., Eds.; Pergamon: New York, 1995; Vol. 4, pp
189-345. (b) Edelmann, F. T.; Freckmann, D. M. M.; SchumanrChem.
Rev. 2002 102 1851-1896. (c) Molander, G. A.; Dowdy, E. Drop.
Organomet. Chen1999 2, 119-154. (d) Edelmann, F. Angew. Chem.,
Int. Ed. 1995 34, 2466-88. (e¢) Edelmann, F. T. IrComprehensie
Organometallic Chemistry jIAbel, E. W.; Stone, F. G. A.; Wilkinson,
G., Eds.; Pergamon: New York, 1995; Vol. 4, pp-1213. (f) Schaverien,
C. J.Adv. Organomet. Cheml994 36, 283-362.

(27) Klooster, W. T.; Brammer, L.; Schaverien, C. J.; Budzelaar, P. Ml.H.
Am. Chem. Socd999 121, 1381-1382.

(28) For example, see: (a) Turner, L. E.; Thorn, M. G.; Fanwick, P. E.; Rothwell,
I. P. Organometallics2004 23, 1576-1593. (b) Rothwell, I. PChem.
Commun1997, 1331-1338. (c) Zambrano, C. H.; Profilet, R. D.; Hill, J.
E.; Fanwick, P. E.; Rothwell, I. PPolyhedron1993 12, 689-708. (d)
Rothwell, I. P.Acc. Chem. Resl988 21, 153-159. (e) Lateskey, S.;
Keddington, J.; McMullen, A. K.; Rothwell, I. P.; Huffman, J. Gorg.
Chem.1985 24, 995-1001 and references therein.

(29) (a) Clark, D. L.; Grumbine, S. K.; Scott, B. L.; Watkin, J. Gtganome-
tallics 1996 15, 949-57. (b) Butcher, R. J.; Clark, D. L.; Grumbine, S.
K.; Scott, B. L.; Watkin, J. GOrganometallics1996 15, 1488-96. (c)
Berg, J. M.; Clark, D. L.; Huffman, J. C.; Morris, D. E.; Sattelberger, A.
P.; Streib, W. E.; Van der Sluys, W. G.; Watkin, J. & Am. Chem. Soc.
1992 114, 10811-21.
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SiMe;

flects the steric and electronic factors that promote unique

catalytic properties in (CGC)kM/4* complexes (Charts 3
and 4)§k,ll,13,15,30

Related complexe®-Cl and 6-Cl can be generated via
traditional salt metathesis or an alternative redistributive syn-
thesis (eq 3}/ The equilibrium lies=95% to the right for R=
CHs,°»17 although the present bulkier R CH,SiMes substit-
uents undergo such conproportionations more sluggishly. The

Fon oo Fa
SRR

reverse disproportionation is therefore expected to be of minor
significance and is not detected By NMR spectroscopy of
either5-Cl or 6-Cl over several days at Z& or while heating

at 90°C for >36 h. Moreover, addition of ca. .00 equiv of
Lewis basic amine substrate likely forms a species sudd as
(eq 4; as in CpLn— catalysts),d3avsuggesting further steric
impediment to CpAN[N(H)R]CI redistribution. Monomeric
imidoactinide complexes are typically stabilized by sterically
screening ancillary ligation, e.g., GAn< as opposed tansa
scaffolds MeSiCp',An< and (CGC)Arx, with more open

(30) For reviews of constrained geometry catalysts, see: (a) Gromada,
J.; Carpentier, J.-F.; Mortreux, ACoord. Chem. Re 2004 248
397-410. (b) Okuda, JDalton Trans.2003 2367-2378. (c) Arndt, S
Okuda, J.Chem. Re. 2002 102 1953-1976. (d) Britovsek, G. J. P.;
Gibson, V. C.; Wass, D. FAngew. Chem., Int. Ed1999 38, 428
447,
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Chart 3
2.258(5) A
? <---171.4(5) ° ?) ~<---153.5(10) °
Th, ) /Th"‘OAr
ArO") \ CHz(SiMes) ~ ArO% b -
\\\ v \ CHz(SiMe3) \ A
1166.5(2)° N ' 2.189(6
2.203(6) A 186-52) *2.44(1) A avg ©)
6=904°
1-OAr
12352 |
<--- 253(1) A (o]
° (0]
;(;Th""CHz(SiMe;,) L|”/1< 168.68) ) <--15406)°
. (Me;Si),N~ \ "N(SiMe;), Uu-OAr
\\\CHZ(SIMG:;) N(SiMe;), ArO \\\OAI'
“71.46)°  2.29(1) A (avg) 2.135(4) A
Chart 4 ence of excess protic amines (e.dBUCprAN< in eq 7)312
pu— pun- Note that these synthetic routes appear generally inconsistent
e \ NMe = with the present catalytic reaction rates (25, CGsDg) and
’SLN“ M‘\NMe: ~ 's'\N 'M‘;ﬁiz observed rate laws for aminoalkene and aminoalkyne HA/
L _y X = CI, OAr cyclizations (vide infra).
' ' R = Me, SiMe;
CGC Cp"(cent)-M-N1 angle — CGC Cp"(cent)-M(X)-N1 angle % THE, rof /&i
Th* 91.3° /| Th* (X=Cl; R = SiMey) 91.7° \An\pMe R NHzR Bh \An:NR' s
u* 93.3° 18 M| Th* (X=0Ar;R = Me) 90.4° ~me * \@/ R )
sm* 95.3° N U** (X =CI; R = SiMe;) 93.1° o
z* 100.2° zr* (X =CI; R = Me) 101.1° 2CH, Q
Lu® 100.9°

2d .
1 si ®
%cc“z(smes) " PR \ '
An,
% Cl %: RR 2RH
Aﬁ\‘\MRl
T» %/ »\m @
+
R
\ !/H WA R \ _NHR -rnH,
R R SiMe, \" ) P NHR T "
n HaN s n-1 + 2
MR' D
structures leading to dimeric/oligomeric spedi@g Imidoac- Catalytic Intramolecular Hydroamination/Cyclization and

tinide complexes are generally formed under forcing conditions Mechanistic Considerations.In this section, the key features
conducive too-elimination (e.g., eq 5) or under milder condi- ©f theé two most plausible mechanistic scenarios, i.e.,
tions employing reagents inducing oxidation t&Ustabilizing C=C/C=C insertion into an M-N(H)R linkage (Scheme 1) vs
more open coordination environments (e.g., q 6). Computa-formation of a reactive MNR intermediate (Scheme 2),
tional studies implicate 6d and 5f orbital involvement in followed by C=C/C=C cycloaddition, are considered, followed
An=NR z-bonding with considerable positive charge at An (and DY discussion of the data concerning intramolecular aminoalkyne
negative charge buildup a=NR)32 Moreover, LAN=NR and aminoalkene HA/cyclization pathways for representative
complexes revert to bis(amido)actinide complexes in the pres-Primary and secondary amines mediated by (CGC)Aand
(CGC)Zr< complexes. Effects of the metal ionic radius as well
(31) For examples of 4An=NR complexes and their reactivity, see: (a) zi, @S0 andx ancillary ligation are discussed along with kinetic
466;1 glc?%C)ferr{eLy-: %'a’sL'j Agﬂfrr]sse% 5%1- /?nzgacnhoeTnetglggggSﬁ;k gggg; parameters for €C and G=C unsaturations. JAn< catalysts
60. (c) Brennan, J. G.; Andersen, R. A.; Zalkin, &. Am. Chem. Soc. ~ are discussed first, followed by extension to (CGGyZr
é%i?r‘}_k%éﬁgi;"5f?k€gl)in’\ggg‘%_ %E‘é&ﬁﬁaﬁgéaéﬁ?gﬂi o catalysts. We begin with a summary of relevant mechanistic
5153. (e) Jantunen, K. C.; Burns, C. J.; Castro-Rodriguez, |.; Da Re, R. observations.

E.; Golden, J. T.; Morris, D. E.; Scott, B. L.; Taw, F. L.; Kiplinger, J. L. it i
Organometallics3004 23, 46824692, Summary of Mechanistically Relevant ResultsBelow is

(32) (a) Bursten, B. E.; Strittmatter, R. Angew. Chem., Int. EdL991, 30, a summary of the prominent features observed in HA/cyclization
1069-1085. (b) Pepper, M.; Bursten, B. Enem. Re. 1991 91, 719— inati ; i ; ;
741, (¢) Burns. C. 3.+ Bursten, B. Eomments Inorg, Chert98g 9, 61— Iilngtm and catalytic activity studies withp,M(NR2)X catalysts
93. -6
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Table 5. Reported Mechanistic Characteristics of Various
Hydroamination Pathways

M—N(R')R
(Schemes 1,3)
intramolecular HA

v ~ [M]{N—H]°2

M=NR
(Scheme 2)
intermolecular HA

v ~ [M]{N—H] Y[alkyne[t?

rate law

induction period? no yes

high [substrate] no effect rate decrease

low [substrate] no effect rate increase

high [product] rate decrease ~no effect

AH* ~10 kcal/mol ~12 kcal/mof

AT ~—30eu ~ —45 el

C—C substitution yes yes (M= Zr)
dependence? no (M= An)

2° amine substrates? yes no

aFor intramolecular hydroamination/cyclizatio®. The rate lawv ~
[M]YN—H]%alkyneP is predicted for the scenario depicted in eq 8b.
Cp2An<-catalyzed intermolecular HA: v ~ [M]YN—H] alkyneP.
¢ Bulky products unable to induce competitive binding/inhibitichMea-
sured for CfrAnMe,-catalyzedintermolecularalkyne HA.

(i) Substituted (CGC)M(NRX-derived catalysts are fre-
quently more active than their traditional (CGC)MBounter-
parts (Tables 35).

(i) Complete precatalyst activation by primary amine sub-
strates occurs within seconds-af8 °C in toluenedsg solutions,
and bulkier secondary amine substrates are rapidly activated
under HA/cyclization catalysis conditions. Induction periods are
not observed with gMR; or L,M(R)X precatalysts (M= Zr,

Th, U).

(i) The observed rate law ~ [L,M <]}amineP is the same
for organo-4f-, (CGC)Ar-,and (CGC)Zr-catalyzed HA/
cyclizations (vide infra). Competitive binding/product inhibition
of catalytic turnover is sometimes observed at high product
concentrations (Figures 2d, 3c).

(iv) lonic radius/metal accessibility trends for aminoalkyne
and aminoalkene HA/cyclization are conserved relative to
known L;Ln- and L,An<-catalyzed reactions (Tables-3).

(v) Both primary and secondary amine substrates are ef-
ficiently cyclized under mild reaction conditions (Tables5).
Secondary aminoalkene HA/cyclization ratesrameaccelerated
in more polar solvent media.

(vi) Solution-phase magnetic moments of major (diamagnetic

reactions yields the rate law ~ [L.Ln—]![basej* for large
[base]/[substrate], consistent with competitive inhibition of
C=C/C=C insertiont¢-34From similar arguments, an analogous
pathway was proposed forlLn®t-mediatedntermolecularHA
of alkenes, alkynes, and dienes, with the observed rate taw
[catalyst][alkyne[{amineP, consistent with turnover-limiting
C—C insertion into an La-N bond, independent of amine
exchangéds3’ Note that zero-order [amine] dependence is
expected for bLn— catalysts incapable of forming charge-
neutral LLN=NR species and is consistent with immediate
catalyst activation/initiation of turnover by substrate and second-
ary amine reactivity. Also, the marked dependence on ring
size, substrate tethen{alkyl and gemdialkyl substitutions;
Thorpe-Ingold effect)?® and C—C substituent electronic effects
(vs steric bulk) for alkene, alkyne, allene, and diene unsatura-
tions argue strongly against turnover-limiting heterocycle pro-
tonolysis after C—C insertion into M=N (i.e., Kprotonolysis >
Kinsertion @ppears operative her&):>

The intermolecularHA pathway of Scheme 2 proceeds via
L.M=NR intermediateB that undergoes [2 2] cycloaddition
with disubstituted (reversiblépr terminal (irreversibl€)alkynes.
This process typically displays a brief induction period and rate
law consistent with rapid pre-equilibrium loss of RMNH
CpZr<-catalyzed reactions require bulky amines able to
stabilize the CZr=NR intermediate, although excessive alkyne
steric bulk is unnecessary (eq 8a).'£m <-mediatedntermo-
lecular alkyne HA? complicated by concomitant alkyne oligo-
merization processes, behaves somewhat differently, exhibiting
the rate law ~ [Cp'2An<][amine] alkyneP. In each case,
the nature of the amine substituents dictates rate and regiose-
lectivity. Note that, although CpAn < catalysts are active with
less bulky aliphatic amines, secondary amine HA apparently
does not proceed with either ¢fy< or Cpg,An< catalysts.
Interestingly, however, cationic (84);U"BPh,~ mediates the
catalytic addition of secondary £H to alkynes? Although
inconsistent with syntheticJAn=NR chemistry for sterically
open ligandg%3! an alternative scenario where an=MR
species formgre versibly, followed by rapid GEC addition, is
conceivable (eq 8B Key features and mechanistic implications

(33) (a) Jung M. E.; Piizzi, &hem. Re. 2005 105, 1735-1766. (b) Sammes,
: Weller, D JSyntheS|sL995 1205-22.

or paramagnetic) catalyst species do not change upon precatalygsa) For the following pathway, where [AF [M=NR]:

activation or during/after catalytic runs.

(vii) Activation parameters measured for (CGCiMatalyzed
aminoalkyne and aminoalkene HA/cyclization are very similar
for both (CGC)MR and (CGC)M(NR)X catalysts (M= Th,

U, Zr). Moderate AH* and large negativeASF values are
characteristic of all kLn- and (CGC)Ar<-catalyzed HA/
cyclizations (vide infra; Table 6, Figures 2, 3).

Mechanistic Considerations.As noted above, the two most
plausible scenarios for intramolecular aminoalkene and ami-
noalkyne HA/cyclization are presented in Schemes 1 and 2
(Table 5). In the former, trivalent organolanthanides proceed
through highly polar, highly organized insertive four-center
transition states (SchemeA). These reactions are characterized
by moderateAH* (ca. 12 kcal/mol) and large negativest (ca.
—30 eu) values, with their scope including primary and
secondary amine substraf€$ov Although [amine] and
[C—C] cannot be independently variediimtramolecularHA/
cyclization kinetic studies, addition of noncyclizable competing
Lewis bases (e.g., THF ar-propylamine) to intramolecular
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_NHR
M\
N(H)R

ky

—_—

k

M=NR
+

H,NR

R—=—R"
ks

oAl _
= MIMINHR)Z] - Kl AIIRNH] - KS[AJIC=C] = 0
KAAIIRNH;] + AIIC=C] = k[M(NHR),]

k1[M(NHR),]
k2[RNH,] + k3[C=C]

. A

If the rate of product formation is

v=kg[A[[C=C],
kiks[M(NHR),][C=C]
then v=
ko[RNH3] + k5[C=C]
Therefore: (i) for k3 very large, v ~ [M(NHR),]'[RNH,]°[C=C]°

(ii) for ky very large, v ~ [M(NHR),]'[RNH,]'[C=C]'

(iii) for k3 very small, v ~ [M(NHR),]'[RNH,] '[C=C]"
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N(H)R rapid M=NR p_— g R R"
e
M ~ + R —_ — (8a) g\

\N(H)R pre-equilibrium H,NR rds M—NR ;"’Si
2 E \ A WX
N~ n\\
v ~ [M]"[amine] '[alkyne]' jk NR
_NHR ireversble M=NR R—=R" R R" arises as to what effects are expected from the X ligand. Alkyl
~ > * > - (8b) hydrogenolysis and AnH olefin insertion processes have been
N(H)R rds H,NR fast M—NR

investigated for CpAn(R)X complexes as a function of R and
X (X =O0R, Cl; egs 9, 10¥°> Here, electron-donating alkoxide

v ~ [M]'[amine]%[alkyne]°

that would distinguisho-bonded M-N(H)R vs z-bonded % X H2 /%X

M=NR L,M <-catalyzed HA pathways based on mechanistic \An“\“ A“\\H ®
observations on 4Ln— and CpZr< and LAn< catalysts are SH :

summarized in Table 5. Beyond observed rate laws, the most %%&\

strikingly different mechanistic characteristics concern the R-H
presence of an induction period, during which catalyst generation

occurs (eq 8a), and an intrinsic inability to turn over secondary

amines (vide infra) via an ¥NR pathway. This scenario also

exhibits a raténcreaseat low [amine] and rateecreaset high /é: /\R N X
[amine], owing to inhibition of M=NR formation during the e A“\\/\ (10)
rapid pre-equilibrium (eq 8a). While an ¥N(H)R pathway A"\\H R
mediates secondary-™\H bond addition to €C unsaturations,

competitive binding/product inhibition can sometimes lead to

moderate rate depression at high [product]. Note that although

inconsistent with observed reactivity trends and facile cyclization
of secondary amine substrafé&the seemingly less likely case
of turnover-limiting heterocycle protonolysis following rapid
C—C insertion/extrusion (i.eKinsertion > Kprotonolysiy Simplifies

coligands result in marked depression of reactivity, likely
reflecting—OR' z-donation effects on An electrophilicity (cf.,
resonance formB andG) as well as steric impediments. Parallel

the predicted rate law in eq 8a to~ [M] alkyne]! .o o ®

Ligand and Metal Effects. Intramolecular aminoalkyne HA/ An—OR' <«——>» An—OR'
cyclization mediated by unsubstituted organoactinide complexes °° *°
1, 2, and4—6 is broad in scope, with activity and selectivity F G

dependent on the At ionic radius and ancillary ligatiott For

less open MgSICh',An< and Cpr,An< complexes, primary
N—H bond addition to terminal and disubstituted aminoalkyne
substrates is generally more rapid for Th than for U complexes.
The rate disparity is greatest for hindered metallocene
Cp An< frameworks and least for more coordinatively unsatur-
ated MeSiCp',An< frameworks. Similar rate dependences on
ancillary ligation are observed for Ehcatalysts, wheremaller
Ln3" ions and less accessible metal centers yield more active
catalysts. In contrast to organo-4f catalysts, trends for
(CGC)An< complexedl and?2 typify the enhanced aminoalkyne
catalytic activity imparted by CGC ancillary ligatiGAwith far
greater catalytic efficiency for (CGC)Anvslessopen LAn<
complexes. Here the smaller*Uion in 2 achieves the most
impressiveN; values, typically 16-100x greater than that for
organothorium comple, retaining the ionic radius dependence

gbserved with d"” cgtalysts and S.UQQGS“”QI an i_ntriczt_e baéan%eaccess afforded by the open CGC ancillary ligand (ve-Me
etw:aen coorleatlv§/unbsaturatloln, meta d|on|c r: ius, bon SiCg'»An< and CfAn< catalysts)>30 the HA/cyclization
covalency, and ligand/substrate electronic demands in organo- ..o trendg > 1-Cl > 1-OAr and2-Cl > 2 > 2-OAr observed

actini(ri]e-mediated aminoalkyne HA/cycIi_zatibh. | for primary aminoalkene conversiahl — 12 (Table 3) are
In the present study, (CGC)M(NJX-derived complexes (X similar to previously observed trends upon increasing metal

= ClI, aryloxide) were investigated because the corresponding center accessibility. The pattern (CGCIAN(NMe> (CGC)-
imido complexes ) should not be readily accessible. It was Y- P ( JAN(NYEe> ( )

found that HA/cyclization rates are generally comparable to or (35) (a) Lin, Z.; Marks, T. JJ. Am. Chem. S0d99Q 112, 5515-5525. (b)
greater than those mediated by (CGC)M@)J;Fprecatalysts, and Lin, Z.; Le Marechal, J.-F.; Sabat, M.; Marks, T.J. Am. Chem. Soc.

A - . 1987, 109, 4127-4129. (c) Lin, Z.; Marks, T. JJ. Am. Chem. S0d.987,
within the context of a Schemes 1, 3 scenario, the question then 109 7979-7985.

trends are observed in both stoichiometric and catalytie-Cp
An(R)CI complex reactivity, consistent with Cl-basgedona-
tion effects32 Computational and PES experiments also indicate
a strong dependence of non-Cp ligamdr-donor properties
on the extent of bond covalency in actinocenes and argue that
interactions with actinide 6d orbitals dominatebonding,
consistent with observed effects on reactivity of electron-
withdrawing X substituent%

While monoamido complexeisCl, 2-Cl, 1-OAr, and2-OAr
are effective precatalysts for aminoalkyne HA/cyclization,
reactivity trends for LAN(R)X complexes appear dependent on
a variety of factors, and direct comparisons of X effects are
complicated by the interplay between steric and electronic
factors!tP Given the impact of the Ait ionic radius on
intramolecular HA/cyclization rates (¥h > U** for aminoalk-
enes vs " > Th*" for aminoalkynes) and greater metal center
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Table 6. Experimental Activation Parameters for Intramolecular Aminoalkene and Aminoalkyne HA/Cyclization Catalyzed by Cp’,Ln—,
(CGC)An<, and (CGC)Zr< Complexes at =40 °C Temperature Range in C¢Ds

R
. I L ,)n R
R’ \N N R' _ P
H RR > 40 °C range :,:"
AH AS E,
unsaturation precatalyst substrate (kcal/mol) (eu) (kcal/mol) ref
aminoalkene CpLa[CH(SiMe;);] R=R =R'=H,n=1 12.7(5) —=27(2) 13.4(5) 3v
(CGC)Th(NMe)2 R=Ph,R=R'=H,n=2 12.6(5) —30(1) 13.3(7) 11b
(CGC)U(NMey)OAr R=Ph,R=R"=H,n=1(11) 10(3) —43(9) 11(3) this work
2° aminoalkene (CGC)Th(NM# R=Ph,R=H,R'"=Me,n=1(13 9(3) —48(6) 10(3) this work
aminoalkyne CPSm[CH(SiMe);] R=R =R'"=H,n=1 11(8) —27(6) 30
(CGC)Th(NMe)2 R=R"=H,R=Me,n=1(9) 14(2) —27(5) 15(2) 11b
(CGC)UIN(SiMey),ICI R=R'"=H,R =Me,n=1(9) 16(3) —18(9) 17(3) this work
(CGC)Zr(NMe)Cl R=R"=H,R =SiMe;,n=1(7) 11(2) —35(7) 12(2) this work

An(NMey)Cl > (CGC)An(NMe)OAr observed forl3 — 14
HA/cyclization (Table 4) is consistent with diminished impor-
tance of the AM" ionic radius with secondary amino-

precatalysts, where reversible ring dissociation is less likel§.
GC/MS and'H NMR analyses of reaction mixtures during and
immediately following7 — 8 cyclization give no sign of HCp

alkene substrates and reflects the substantial steric crowdingor single-ring CpAn< species, arguing that ring protonolysis

afforded by the 2,6-diert-butylphenoxide ligand for an already
congested &C insertion into an M-N(R)R bond (cf., R =
H in C, Scheme 3). Note that although CGC-imposed geo-

metric constraints are uniform, the presence of a relatively small,
relatively nonlabile chloride ligand as opposed to an encum-
bered, substrate-derived amido moiety should reduce HA

transition state steric congestion. For aminoalkyne HA/cycliza-
tion, the general trend-Cl > 1 > 1-OAr is observed for An

= Th, while trends for Ar= U (i.e.,2 > 2-Cl > 2-OAr, R=
SiMes, 7— 8; 2 > 2-OAr > 2-Cl, R= Me, 9— 10) vary with
alkyne substitution (Table 2), providing additional evidence for

increased importance of transition state electronic demands in.

aminoalkyne HA/cyclizatiodd34110 This is also seen with
secondary aminoalkyne cyclizatidtb — 16, where the less
hindered chloride ligand effects less rapigd with (CGC)M-
(NR2)CI for M = Zr, Th, U, though (CGC)Ar complexes
retaining their reactivity advantatje®over Cp,An< catalysts
(Table 4). Interestingly, with the exception d5 — 16,
monoamido zirconium precataly&-Cl is a more efficient
precatalyst thar8 in mediating the aminoalkene and ami-

is unlikely (eq 12). Interestingly, a 180decreasen activity
% \A .l %\An ol ; [ C
Yt "SNHR I\ Amel

/
RN
+

+
H,NR

RHHN NHR

LR 2
H

is observed in these complexes vs'@m< for conversion?

— 8 (Table 2), perhaps reflecting the pronounced deactivation
by the chloride ligand electronic characteristics as discussed
above for An-R hydrogenolysis/ArH olefin insertion pro-
cesses (eq 9, 163. Decreased electrophilicity could reduce
alkyne insertion rates, depressiNgvs Cp,An<, Me;SiCp’,-
An<, and (CGC)Arx catalysts’” Alternatively, the agency of
Cp2An=NR species in the sterically protected’&gnvironment
could explain diminished reactivity vs more open ancillary

(12)

H,NR

noalkyne transformations investigated here, suggesting thatligation favoring M—N(H)R intermediates, especially in light
decreased steric hindrance outweighs electronic demands forys e reported difficulty of cycloadding €C bonds to

Zr-mediatedintramolecularHA/cyclization.

Metallocenegl/4-Cl (Me,SiCg',U <), 5/5-ClI (Cp2Th<), and
6/6-Cl (CpU<) were also investigated as precatalysts in
aminoalkyne7 — 8 HA/cyclization. The catalytic activity of
ansametallocened and4-Cl is largely unaffected by chloride
incorporation. However, potential Cping detachment (eq 11),

<si

si. An |
? =l ?
. , NR (1)
. Ho ARcl .
RN NR
H,NR H H H,NR

previously observed for mixed-ring organolanthanide catak/ts,
prompted a more thorough investigation of the'/s8pR;
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M=NR bonds (M= Ti, Zr).11® However, that CpAn<
complexes mediate intramolecular aminoalkyne HA/cyclization
of primary and secondary amines with zero-order dependence
on [amine] and without protonolytic HCpelease argues for a
o-bonded M-N insertive pathway, even in sterically congested
environments.

A ligand dissociation/reattachment process analogous to eqs
11 and 12 is in principle possible with CGC ancillary ligation
(eq 13). Although not spectroscopically observed, the chelating
(‘Bu)N—An*" moiety in (CGC)An< complexescould be
displaced in the presence of a large excess of substrate

(36) (&) Arduini, A. L.; Edelstein, M.; Jamerson, J. D.; Reynolds, J. G.; Schimd,
K.; Takats, J.Inorg. Chem.1981, 20, 2470-2474. (b) Fagan, P. J;
Manriquez, J. M.; Volimer, S. H.; Day, C. S.; Day, V. W.; Marks, TJJ.
Am. Chem. Sod981 103 2206-2220.

(37) (a) Lanza, G.; Fragala, I. L.; Marks, T.Qrganometallic002 21, 5594~
5612. (b) Lanza, G.; Fragala, I. L.; Marks, T.Qrganometallics2001,

20, 4006-4017. (c) Lanza, G.; Fragala, I. L.; Marks, T.J.Am. Chem.
S0c.200Q 122, 12764-12777.
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molecules, enabling transient A&MNR formation (eq 13a, R= R
H) and, potentially, &C/C=C [2 + 2] cycloaddition. However, SN Rh.
the catalytic activity ofany L,M < complex with secondary *R R ~ N 14

amine substrates (eq 13b, R H) with observed rate law ~ R =H, Me, Ph

[M]{aminep provides compelling evidence for an insertive-M R R
N(R)R pathway (Scheme 3), and the comparable competence Rh. + N _>Ri_§\ + N (15)
of substituted and unsubstitutde-2 in mediating such trans- N HR R N ‘R R
formations argues that anAn=NR imidoactinide intermediate
(B) is not catalytically important here. Passage through an heterocycle yield and regioselectivity in radical-mediated ami-
noalkene cyclization®b-
(CGC)Zr <-Mediated Hydroamination. Initial intramolecu-

. lar aminoalkyne HA/cyclization reports have proposed the

! cl involvement of in situ generated CpNR(CI) species (M=
R'=H H-N—An Ti, Zr) at high catalyst loadings>20 mol %), starting from
‘ | 2 ) + NR - (133) CPM(CHs)-Cl or CpMCk with 40 mol % PrLNEt in THF 79
oS _Anccl / HN; More recently, well-defined group 4 amidate, metallocene, and
N R /% ‘{"R chelating diamide complexes have been applied to primary
% R’ aminoalkyne K; M = Ti, Zr; R = H, Me)"® and aminoalkene

(L; 120—-150 °C) HA/cyclizations, invoking similar M=NR
W, pathway< Sterically open homoleptic Ti(NMg also mediates

[ s,
R'= Me R R SO, N//P\\S
+ O’N\M““leez >< \Z/‘\\“,NMez
R I
NR'2R N NMe, N g NMe;
802 \B/
L,M=NR reactive intermediate requires an unprecedented high- R R ‘< //
energy species similar td or | in lieu of the more reasonable
J. Saltlike structureH would presumably be generated via

o-hydrogen abstractidf-*8and involves hypervalent N bonded K L
directly to M*+, whereas zwitterionit (via electron pair transfer
from N to the Ar—N bond) places a formal negative charge on intramolecular primary aminoalkene HA/cyclizati#flthough
An** or Zr** (no change in diamagnetism pgx is observed it is again reasonable to expect electron-withdrawing chloride
during primary or secondary amine HA/cyclization). Moreover, ligands to reduce catalytic activity substitute-Cl is typically

the more efficient (CGC)Zr precatalyst found in this study.

) "Q/R [PV ' For the MgSi-substituted aminoalkyne conversign— 8, this
[; —Si7 NG ) ’,_“ ﬁ R,N \:‘\\\'\‘R' difference is quite pronounced (Table 2), and for transformations
R N CHR NS | »/’M‘:N"R 9 — 10 and 11 — 12 (Tables 3, 4), the distinction is again
- = =/ _er j‘:,/ N significant, displaying a roughly 2- to 3-fold enhancement vs
R R v complex3. The activities of3-Cl and3 in mediatingll— 12
L B . at 100°C are roughly 4« and 2x greater, respectively, than
H I J electron-rich precatalydt®d (Ti(NMey), is ca. 2« less active

than L).6¢ Secondary aminel3 — 14 and 15 — 16 HA/
speciedH or | should be stabilized in more polar media, contrary cyclizations mediated by (CGC)Zr are considerably more
to the observed\; decrease fo? (rapid catalyst decomposition  sluggish than those with (CGC)Ancatalysts, reflecting metal
occurs withl). Also note that the high yields and regioselectivity accessibility effects oi.2*11°The added steric hindrance in
in the present aminoalkene and aminoalkyne HA/cyclizations secondary vs primary aminoalkerk®(Table 4) andlL1 (Table
are inconsistent with radical (chain) processes (egs 143915). 3), where cyclization rates are comparable, is offset by the
The required but energetically unfavorable “An— An3* enhanced transition state orientation (Therpegold effect§?
electron transfer/reduction process (particularly for-Aith),2 of substrate chaingemdiphenyl vs gemdimethyl groups.
rate dependence on the metal ionic radius, zero-order depenfurthermore, in light of the similar catalytic behavior of
dence on [substraté}, and pronounced effects of ancillary (CGC)An< and (CGC)Zr catalysts, the\; trends 8-Cl > 3
ligation onN; and diastereoselectivity all render radical pathways for 11— 12vs 3 > 3-Cl for 15— 16) presumably reflect the
that are unlikely, particularly in light of reported trends in importance of transition-state steric demands, where the small,
rigid chloride ligand provides a less hindered site fer@

(38) An analogous mechanism is invoked in imidotitanium synthesis: Hazari, c=C j i iahi i ivati
N Mountiord, P Acc. Chem. Re2005 38 839-849. C=C insertion, perhaps outweighing electronic deactivation (cf.,

(39) (a) Walton, J. C.; Studer, Mcc. Chem. Re005 38, 794-802. (b) Scheme 1A and Scheme 3C). In addition, while cationic
Kemper, J.; Studer, AAngew. Chem., Int. EQ005 44, 4914-4917. (c) ; ; ; ;
Newcomb. M. Burchill. M. T.: Deeb. T. MJ. Am. Chem. S0d988 110 group 3_cat_alysts;] mediate intramolecular primary aminoalkene
6528-6535. HA/cyclization?®" and CpZrMe*MeB(CsFs)s~ effects more
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thermodynamically favorable primary aminoallene HA/
cyclization?® cationic LLM(R)*XB(CeFs)z~ (M = Ti4t, Zrt;

R = Me, ChPh; X = CgFs, R) catalysts arenly active for
secondary amine intramolecular HA/cyclizatidfnterestingly,

an analogousky/kp = 4.2 is reported at 40C for chiral

binaptholate Ln complexeé®.The marked HA/cyclization rate
dependence on ring size and alkyl chain substitution in addition
to other argumentgsuggest that the significant-NH/N—D KIE

the poisoning of these cationic catalysts by primary amine doesnotresult from turnover-limiting protonolysis of completely
substrates has been rationalized as deactivationrvieactve cyclized aminoalkene but rather that protonolysis may be
neutral imido complex formatio?r.1938 Taken together, these  concurrent with cyclization. In the present study, the observed
observations, in conjunction with the present results, argue thatku/kp = 3.3(5) and 2.6(4) fo2 and2-Cl, respectively, are in
it is not necessary to invoke #NR intermediates in intramo-  excellent agreement with Ln-mediated aminoalkene HA/cy-
lecular HA/cyclization reactions mediated by organozirconium clization results (eq 16), further supporting an-M o-bonded
catalysts and that a-bonded M—N mechanistic pathway is  mechanistic pathway (Scheme 1). To our knowledge, similar
accessible and perhafmored

Activation Parameter Parallels. Activation parameters

determined for intramolecular HA/cyclization mediated by _ 25 ¢

monoamido (CGC)M(NRX catalysts (M = An, Zr) are DZN/><\/ CoDa N (16)
comparable to those for similar processes mediatedbBynR, o

and LLnR catalysts (Table 6). The moderatéi* and large 11-d, 12-d,

negativeASF values are consistent with highly orderee=C/
C=C insertive transition states having considerable bond-
forming accompanying bond-breakifThe change i\SF to
more negative values withl — 12 conversion mediated by ) )
2-OAr (ASF = —43(9) eu) is consistent with the transition state KIE studies have not been reported in group 4 catalysts, where
ordering necessary to accommodate the steric hindrance of the2Minoalkene HA is typically sluggish, limiting direct compari-
large aryloxide ligand\; cf., C, Scheme 3). A similar change ~ SONS with organolanthanide catalysts. However, in the unimo-
in ASF for HA/cyclization13— 14 mediated byl (ASH = —48- lecular a-elimination process shown in eq 17, where an
(6) eu) is also not surprising given the nonbonding repulsions M=NR species is generated with bulky=RSi(Bu)s groups, a
engendered by the-methyl group ofL3 and substrate organiza- ~ Significantly larger KIE is obsgrvedzwnlle/kD = 5.9(6) and

tion required prior to &C insertion {; cf., C, Scheme 3). To  7-3(4) for M= Ti, Zr, respectively’? This stark contrast in
our knowledge, activation parameters have not been reported

(CGC)U(NMey); (2), klkp = 3.3(5)
(CGC)UIN(SiMe3),ICI (2-Cl), kilkp = 2.6(4)

for group 4 mediated HA/cyclizatioris,” althoughintermo- Bu . tB”\ H E;ut
lecular terminal alkyne+ aliphatic amine HA mediated by . \\s\iN-M CH,3 _oe, te, o SIN-MENS, (7)
Cp2AnMe; also displays comparable parametefgi* = Bt" - CH, Bu/ \ Bu
11.7(3) kcal/mol andASF = —44.5(8) eu'! That the present Bu 3 ‘Bu 2 Bu
" t M = Ti, ky/kp = 5.9(6)
JSi ‘o MePh Ph M = Zr, kylkp = 7.3(4)
\N/IM‘\‘N Y s A = N—H/N—D KIEs suggests that unimolecularssNR formation
_‘< N\ H ‘N/,M\N/c"'s is not significant in the turnover-limiting step of (CGC)An
i \\&Me WA, Ph mediated intramolecular HA/cyclization.
Me Ph Mechanistic Summary.It is useful to briefly summarize the
observations supporting the basic HA/cyclization pathway of
M N Scheme 3. The present (CGCyMcatalysts could reasonably

o mediate intramolecular HA/cyclization via either of two plau-
activation parameters parallel those fogLb- and LAn<- sible mechanistic scenarios: (1) a highly polar, highly organized
catalyzed HA/cyclizatiort8 3*suggests that the mechanism and ¢, r_centered, insertive transition state involving catalytically
turnover-limiting steps in each process are very similar if not 4.tive (CGC)ME species possessing two-M(H)R o-bonds
ideptical. Zero-order substrate kiqetig dependence, chgracteristic(ul_n_|iken; Scheme 1) or (2) a [2+ 2] cycloaddition probably
of intramolecular HA (Table 5),indicates that a rapid pre-  fojiowing a rapid pre-equilibrium (step (i), Scheme 2) that
equilibrium involving RNH extrusion isnot significant, while generates tM=NR reactive intermediat8. Note that stable
the _ready c_yclization of secondary amine substrgtes arguesmonomeric LAN=NR complexes invoked in scenario (2) are
against the involvement of conventiona=WR species pro-  cnajlenging synthetic targets (vide supra), particularly with
duced viao—H elimination. o _ unencumbered ancillary ligatich, and that imidoactinide

Kinetic Isotope Effects. In a similar organolanthanide  complexes typically revert to bis(amido)actinides in the presence
aminoalkene HA/cyclization, substantial deuterium KIEs are ¢ aycess amine (cf., eq 7B®
observed in the rangkn/kp = 2.7(4)-5.2(8), varying with The data here support mechanistic scenario (1) (Scheme 3),
substrate structure and temperature from 25 t6®g@" while with perhaps the strongest evidence opposing scenario (2) (eq
8; Scheme 2) being the ability of (CGC)An(NMg (CGC)-

(40) (a) llluminati, G.; Mandolini, LAcc. Chem. Re<d.981, 14, 95-102. (b)
Mandolini, L. J. Am. Chem. Sod.978 100, 550-554.

(41) The experimentally determingdsF = —44.5(8) eu for intermolecular HA
is representative of a bimolecula=C insertion process, as opposed to
the unimolecular insertion proposed for intramolecular HA/cyclizativgF(
ca.—30 eu). See ref 1d for details.

(42) (a) Cummins, C. C.; Schaller, C. P.; Van Duyne, G. D.; Wolczanski, P.
T.; Chan, A. W. E.; Hoffman, RJ. Am. Chem. Sod 991, 113 2985-
2994. (b) Cummins, C. C.; Baxter, S. M.; Wolczanski, PJTAm. Chem.
Soc.1988 110 8731-8733.
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ZrMe,, and (CGC)M(NR)X precatalystsl—6 to effectively evidence for a mechanistic pathway proceeding viaQZ
mediate secondany-alkyl aminoalkene and aminoalkyne HA/ C=C insertion at an M-N(H)R o-bond (Schemes 1, 3),
cyclizations. The relative depression My for secondary vs particularly with sterically open CGC ancillary ligation in the
primary substrates is consistent with trends previously observedpresence of excess amine substrate. The ability of
for LoLn— catalysts, where diminished turnover frequencies can (CGC)MR, and (CGC)M(NR)X complexes to effectively

be attributed to unfavorable steric interactiétd*In the present promote HA/cyclization ofboth primary and secondary ami-
study, secondary amine HA/cyclizations proceed without devia- noalkyne and aminoalkene substrates with comparable rates and
tion from the observed primary amine rate law, ~ activation parameters argues that=MR intermediates are
[LoM <][amineP, and with similar activation energetics, arguing unlikely and that a pathway involving insertion at an—

that a mechanistic scenario similar to Scheme 3 is again o-bonded intermediate is kinetically viable. Moreover, activities
operative. While a pathway proceeding through an active of selectively substituted (CGC)M(NJRX complexes generally
Lo,M=NR species B) is conceivable in unsubstitutedMR, exceedthose of (CGC)MR precatalysts, further supporting
complexes with primary amine substrates, the mild reaction passage through a transition state similak tor C with a strong
conditions, absence of required steric bulk in amine substrates,dependence on nonbonded interactions avC=C insertion
facile cyclization of 2 amine substrates, and lack of an induction into an M—N(H)R o-bonded intermediate (Scheme 3).

period prior to catalytic turnover argue against scenario (2)/
Scheme 2. Moreover, the [aminé]kinetics seen in [2+ 2]
cycloaddition pathwaydliffers from the present results, where
high [product] sometimes depressdgsowing to competitive
binding/inhibition (Table 5§¢3"11Devoid of unlikely intermedi-
atesH or | and without detectable ancillary ligand detachment
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pathways from EM(NR2)X complexesl—6 to the M=NR including precatalyst syntheses, methods for kinetic studies, and
species required in scenario (2), making this pathway unlikely X-ray diffraction analyses with Crystallographic Information
for either primary or secondary amine substrates. Files and data tables fdt-Cl, 2-Cl, 3-Cl, and 1-OAr. This

. material is available free of charge via the Internet at
Conclusions http://pubs.acs.org.

Catalytic intramolecular HA/cyclization reactions mediated
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