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Abstract

A procedure for the coupling of aliphatic imines with allylic and allenic alkoxides is described. The
success of these studies was enabled by a unique reactivity profile of Ti(IV) isopropoxide/n-BuLi
compared to well-known Ti(IV) isopropoxide/R-MgX systems.

Nitrogen-containing small molecules have emerged as a subset of organic structures that
display a range of pharmaceutically relevant properties.1 As such, chemical methods that
provide new approaches to the stereoselective assembly of diverse nitrogen-containing small
molecules have great potential to affect the pace of discovery in medicine. Of the many robust
methods available for the convergent synthesis of such molecules, embracing the reactivity of
imines as electrophiles has proven to be a productive pursuit.2 By a mechanistically distinct
process, the reductive cross-coupling of imines with alkenes, alkynes and allenes has great
potential to unlock unique and powerful convergent coupling reactions for the synthesis of
stereodefined nitrogen-containing products. Until recently, many of these bond constructions
were ill-defined, with only a handful of processes available for the regioselective coupling of
highly activated imine-based systems with a small subset of alkynes.3 In our efforts to discover
new cross-coupling reactions capable of forging C–C bonds between unactivated imines and
unsymmetrical and electronically unactivated alkynes, alkenes and allenes, we have described
a series of highly regio- and stereoselective metal-mediated coupling reactions for the synthesis
of unsaturated 1,5-aminoalcohols,4 allylic amines,5 saturated 1,5-aminoalcohols6 and
homoallylic amines7 (1 → 2–5; Figure 1). While these advances demonstrated coupling
processes of potential significance in chemical synthesis, like other contributions in this general
area of reaction methodology (reductive coupling chemistry), they were uniformly limited to
a subset of imines – in this case aromatic imines. In an effort to increase the significance of
these alkoxide-directed titanium-mediated reductive cross-coupling reactions of imines, we
sought to identify a method suitable for the functionalization of aliphatic imines. Here, we
describe a useful method for the activation of aliphatic imines via epititanation (6 → 7), and
the application of these activated complexes in reductive cross-coupling reactions with allylic-
and allenic alcohols.
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The reduction of an aromatic imine by formation of an azametallacyclopropane, and
subsequent hydrolysis, is a well-known process.8 To date, azametallacyclopropane formation
has generally been accomplished in one of two ways: 1) by exposure of preformed aromatic
imines to the combination of a titanium(IV) alkoxide and a reactive organometallic reagent
(i.e. RMgX), or 2) by a metal-mediated redox process with suitably functionalized amines.9
For the former case, it has been documented that aliphatic imines are poor substrates for the
process10 although the mechanistic details that lead to their poor behavior remain poorly
understood. Deleterious side reactions, including pinacol-type coupling (homocoupling) and
addition of the organometallic reducing agent to the imine have been observed. In studies aimed
at overcoming these significant limitations, we explored the titanium-mediated reduction of
imine 8. As depicted in Figure 2, our preliminary study confirmed the poor reactivity of the
Kulinkovich/Sato system for this process (Ti(Oi-Pr)4, i-PrMgCl), but demonstrated a
significant dependence of this reaction on the nature of the organometallic reducing agent
employed. In this case, employing n-BuLi as the reductant11 led to superior results. Aside from
the differences in reactivity of the Ti(Oi-Pr)4/n-BuLi system in the reduction of aliphatic imine
8, we observed a significant change in physical properties associated with the reaction media
at elevated concentrations. As depicted in Figure 3, exposure of imine 8 to Ti(Oi-Pr)4 / n-BuLi
in THF (0.7 M in titanium) led to the formation of a free flowing solution. In contrast, treatment
of imine 8 with Ti(Oi-Pr)4/i-PrMgCl in THF (0.5 M in titanium) led to the formation of a
gelatinous suspension. While the unique reactivity of the n-BuLi-based system is of central
interest to the studies presented here, the ability to maintain a free flowing solution at elevated
concentrations of Ti(Oi-Pr)4 is a notable property of the system.

Moving on to explore C–C bond forming processes with aliphatic imines, success in titanium-
mediated prenylation of 8 was similarly dependent on the nature of the reducing metal used
(Figure 4).12 While the secondary Grignard reagents investigated led to little product formation
(entries 1–2), n-BuMgCl was marginally effective (entry 3). Interestingly, organolithium
reagents were uniformly more effective for this transformation, with n-BuLi providing the
prenylated product 13 in 59% yield (entry 6). Due to the enhanced efficiency observed in this
preliminary screen, and the practical advantages of n-BuLi, further study was dedicated to this
reducing metal. Optimization of the prenylation was relatively straightforward, where simply
employing two equivalents of aliphatic imine in the coupling reaction with 12 led to the
formation of the homoallylic amine 13 in 80% yield.13

As illustrated in Figure 5 and Figure 6, this preparatively simple protocol to produce aliphatic
imine-derived azametallacyclopropanes is useful for coupling reactions that extend beyond
prenylation. Figure 5 highlights the compatibility of this process for the coupling of aliphatic
imines with a variety of allylic alcohols. Eqs 1–4 describe coupling reactions of aliphatic imines
that bear α-branching (eqs 1–4). Finally, aliphatic imines that lack α-branching are also
competent reaction partners for coupling with allylic alcohols. As demonstrated in eq 5, the
heptylimine 22 was converted to the prenylation product 23 in 92% yield.14

The presumed azametallacyclopropanes prepared by exposure of aliphatic imines to the
combination of BuLi and Ti(Oi-Pr)4 are also effective in cross-coupling reactions with allenic
alcohols. As depicted in Figure 6, mono-, di- and trisubstituted allenes are all compatible with
the process and deliver allylic amines containing a valuable 1,3-diene motif. Consistent with
the trends in stereoselectivity observed in the related coupling reaction of aromatic imines, the
present process was generally E-selective, with highest levels of stereoselection observed in
coupling reactions of allenes bearing branched terminal substitution (i.e. 24 vs 26; eqs 1–2).
Finally isomeric allenes 28 and 30 are viable partners with imine 8 (eqs 3–4). In these cases,
the production of dienes 29 and 31 occurred in a regiospecific fashion in 52 and 58% yield.
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In conclusion, it has long been accepted that alkyl imines are particularly challanging substrates
in reductive cross-coupling chemistry. In titanium alkoxide-mediated processes, alkylation of
aliphatic imines with the reducing Grignard reagent typically employed in these processes has
been cited as the root cause of this limitation. In an attempt to overcome this limitation, we
initiated empirical studies to probe the structure/activity relationships of a range of reducing
organometallic reagents in titanium alkoxide-mediated reduction of aliphatic imines. Initial
studies led to the identification of n-BuLi as a particularly effective reagent in combination
with Ti(Oi-Pr)4 for the net reduction of aliphatic imines. Subsequent to this observation, the
reductive cross-coupling of a variety of aliphatic imines with allylic and allenic alcohols was
accomplished. While the mechanistic underpinnings that have resulted in empirical success
remain undefined, the current findings greatly impact the potential utility of metal-mediated
reductive cross-coupling reactions for the assembly of stereodefined nitrogen-containing small
molecules. Due to the significance of such molecules in biology and medicine, and the potential
impact of stereoselective convergent coupling processes well-suited for their synthesis, we
look forward to future developments that emerge from these findings.
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Figure 1.
Reductive cross-coupling reactions of imines with unsaturated alkoxides: A new procedure for
the coupling of aliphatic imines.
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Figure 2.
Reactivity differences between RMgX and RLi in the reduction of aliphatic imines.
a The crude 2° amine was dissolved in CH2Cl2 and treated with TsCl (1.2 equiv) and 2 M
NaOH (See Supporting Information for details).
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Figure 3.
Solution characteristics as a function of the nature of the reducing metal employed.
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Figure 4.
Differences in reactivity of reducing agents for imine prenylation.
Reaction conditions: a Imine (1 equiv), Ti(Oi-Pr)4 (1.5 equiv), reducing agent (3.0 equiv),
alkoxide 12 (1.5 equiv) THF. b Imine (2 equiv), Ti(Oi-Pr)4 (2.0 equiv), n-BuLi (4.0 equiv),
alkoxide 12 (1.0 equiv) Et2O / THF (6:1).
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Figure 5.
Reductive cross-coupling reactions of aliphatic imines with allylic alcohols.
a Reaction conditions: Imine (2.0 equiv), Ti(Oi-Pr)4 (2.0 equiv), n-BuLi (4.0 equiv), Et2O, −78
°C - rt 1 h; recool to −78 °C, add Li-alkoxide of allylic alcohol (1.0 equiv) in THF (0.5 mL)
−78 °C to rt. b This product was isolated as an inseparable mixture containing an additional
10% of the product derived from butyl addition to the imine.
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Figure 6.
Reductive cross-coupling reactions of aliphatic imines with allenic alcohols.
Reaction conditions: a Imine (2.0 equiv), Ti(Oi-Pr)4 (2.0 equiv), n-BuLi (4.0 equiv), THF, −78
°C - rt 1 h; recool to −78 °C, add Li-alkoxide of allenyl alcohol (1.0 equiv) in THF, −78 °C to
rt (10 min), then warm to 60 °C. b Imine (2.0 equiv), Ti(Oi-Pr)4 (2.0 equiv), n-BuLi (4.0 equiv),
THF, −78 °C - rt 1 h; recool to −78 °C and add Li-alkoxide of allenyl alcohol (1.0 equiv) in
THF, −78 °C to rt.
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