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Abstract

In an attempt to understand the nature of selectivity in Ti-mediated reductive cross-coupling
between homoallylic alcohols and imines, we investigated whether thermodynamic equilibration
of the presumed organometallic intermediate plays a role in selectivity. No evidence could be
found for olefin exchange in preformed azatitanacyclopentanes — an observation that is consistent
with a model based on kinetically controlled selective carbometalation.
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Reductive cross-coupling is emerging as a powerful strategy for bimolecular C-C bond
formation.1 This mode of reactivity has historically been limited to a relatively small
substrate scope as a result of firmly established barriers associated with the control of
reactivity and selectivity in the bimolecular C-C bond forming event.2 In a program aimed
at advancing a suite of methods for reductive cross-coupling that overcome these limitations,
we recently described highly regio- and stereoselective coupling reactions of substituted
homoallylic alcohols with aromatic imines (Figure 1).3 This process, proceeding with
stoichiometric use of an inexpensive and non-toxic metallic species (Ti(Oi-Pr),), was
accomplished by: 1) initial conversion of an aromatic imine to an azatitanacyclopropane, 2)
introduction of a homoallylic alkoxide, and 3) protonation of the presumed bicyclic
azametallacyclopentane intermediate. A mechanistic proposal to account for the enhanced
reactivity and high selectivity observed was put forth based on: 1) rapid and reversible
ligand exchange at titanium, and 2) site- and stereoselective intramolecular carbometalation
under kinetic control.

During the course of these studies, we observed a stereoconvergence in reductive cross-
coupling between disubstituted alkenes and aromatic imines. As illustrated in Figure 2,
coupling of the homoallylic alcohol 7 or 8 with a simple aromatic imine provided the
anti-1,5-amino alcohol 11 in 68 and 73% yield with very high levels of stereoselection (dr >
95:5).3 This observation was consistent with a mechanistic proposal whereby each alkene
underwent selective carbometalation by way of distinct geometries (I and I1). While the
number of ligands on Ti in the transition state for these coupling reactions remains unclear,
we expected that the development of a cis-fused bicyclo-[3.3.0] system would be favoured.4
Further, minimization of eclipsing 1,2-interactions about the developing C-C bond was
thought to be important for the control of stereochemistry en route to intermediates 9 and
10. Subsequent protonation would then furnish the 1,5-amino alcohol 11. Overall, the high
anti-selectivity and stereoconvergence was consistent with this mechanistic proposal based
on kinetic control.
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Previous reports in other laboratories have demonstrated that a variety of
metallacyclopentane intermediates can readily undergo fragmentation with loss of an alkene
ligand (Figure 3).5'6 These observations led us to speculate whether the selectivity of our
alkene—imine coupling was a result of thermodynamic, rather than kinetic, control.

Our studies aimed at addressing this question began with an analysis of the basic reaction
process — we accepted that: 1) Ligand exchange at Ti was readily reversible and fast with
respect to C—C bond formation,7 and 2) azatitanacyclopentane formation followed from syn-
carbometalation across the alkene. As depicted in Figure 4, if C—-C bond-formation is readily
reversible under the reaction conditions (4 = 5), then rapid and reversible ligand exchange
at Ti should allow for alkene exchange (4 = 15). Subsequent carbometalation and
protonation would then deliver 1,5-amino alcohol 17 from the preformed
azametallacyclopentane 5.

To determine whether such an alkene exchange could occur under the reaction conditions
employed in our reductive cross-coupling, we explored the general reaction scheme depicted
in Figure 5A. Here, metallacyclopentane intermediates with similar steric and electronic
properties were sought to avoid biasing any potential equilibria. With this goal in mind,
homoallylic alcohol 18 was coupled to imine 20 alongside the deuterated analogs 19 and
21.8' 9 After reductive coupling was judged complete, the reaction mixtures were combined
and stirred for an additional six hours at 0 °C to allow for equilibration. Subsequent
hydrolysis of the presumed organometallic intermediates (H,O) provided two of the four
possible products (Figure 5B and 5C-1). Lack of evidence for Dg (M +H = 275.2) or D, (M
+H = 272.2)-containing products is consistent with the proposition that the equilibrium
discussed in Figure 4 does not play a role in product distribution.

To confirm that the experimental procedure was sufficient for the conclusion reached, we
needed to validate that quenching of the organometallic intermediates did not occurr during
the mixing process. As such, a related experiment was performed where the organometallic
intermediates were quenched with D,0. In this experiment, only D; and Dg-containing
products were identified (no evidence was found for the Dg or D3-containing cross-over
products; Figure 5B and 5C-11).

In conclusion, we provide evidence that alkene exchange in titanium alkoxide-mediated
reductive cross-coupling of imines with homoallylic alcohols does not occur under the
reaction conditions described. Because rapid and reversible ligand exchange at Ti would
allow for alkene exchange from mixed titanate esters (i.e. 4 and 15), we conclude that
carbometalation under these reaction conditions occurs in an irreversible manner. While
more substituted alkenes may behave differently in this coupling process, the current study
describes conclusive evidence in support of kinetic selectivity for the reductive cross-
coupling of simple homoallylic alcohols with aromatic imines.
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Figure 1.

Reductive cross-coupling of homoallylic alcohols with imines.
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Reaction conditions: PhC(H)=NBn, Ti(OPr);, c-CsHgMgCl, Et,O (~70 to ~40 “C)
then add Li-alkoxide of homoallylic alcohol (~40 to 0 “C), then H,0.

Figure 2.
Stereoconvergence in alkene—imine coupling.
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Figure 3.
C-C bond cleavage from a preformed azatitanacyclopentane.5
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Figure 4.
Potential equilibria for alkene exchange.
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A. General reaction scheme:

A+ B — A-B mix A-B | A-D products resulting
= from fragmentation
c+ D —> C-D c-D |C-B and recombination

B. Study performed:

Bn Q L, A-B| A-D
Ct/\ * \J\L : TI‘N‘Bn HZO DO D5
a,
L o S B
18 20 L 2275 mix

(A" (8" D 7 lo°Ctor6h
Bn. A-B| A-D
D N HTCDs D0 cD—D cD—B
8 3

CeD.
19 21 L 23 645 |
("C") ("D") observed products —T
not observed

2 Reaction conditions: Imine (1 equiv), Ti(Oi-Pr),, c-CsHgMgCl, Et,0 (-78 to —40 °C),
then add Li-alkoxide of homoallylic alcohol (1.5 equiv) (40 to 0 °C).

C. LRMS of crude reaction mixture:

(I)-Quench with H,O (I-Quench with D,O
277.7 278.7
270.7 oo 271.7 .
A-B - A-B -
Dy MtH D; M+H D, M+H Dg M+H
16 8.7 26 9.6
275 275

Mass of potential products (M+H): Do = 270.2, D4 = 271.2, D, = 272.2, D3 = 273.2,
Ds = 275.2, Dg = 276.2, D; = 277.2, Dg = 278.2

Figure 5.
Cross-over experiments.
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