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ABSTRACT: Hydroamination and multicomponent cou-
pling reactions catalyzed by homogeneous Ti(IV) complexes
can produce valuable imines, amines, and other nitrogen-
containing organic building blocks. Typically catalysts for this
transformation are very sensitive to ancillary ligand design and
often suffer from catalyst deactivation, necessitating use in a
single reaction. Here, we have attempted to address these
issues by moving toward a solid-supported Ti catalyst active
for these reaction types. We present initial results to
synthesize and probe the catalytic reactivity of silica-supported
titanium amide precatalysts. With minimal treatment of
commercially available fumed silica, Ti(NMe2)2/SiO2

200 can be isolated upon addition of Ti(NMe2)4. This species gives
high yields and high regioselectivity for hydroamination of a variety of alkynes with anilines. The solid-supported species is also
an active catalyst for the formation of tautomers of unsymmetrical 1,3-diimines via three-component coupling of bulky anilines,
alkynes, and isonitriles. Reusability and possible catalyst deactivation pathways are also discussed.

■ INTRODUCTION

Titanium- and zirconium-catalyzed hydroaminations (HA) are
well-established reactions that have been studied for several
decades.1−9 HA allows for the formation of new C−N bonds
across different types of C−C multiple bonds. This reaction
pathway also can be modified to generate multicomponent
coupling products by addition of a third reactant, which can
result in additional C−C or C−N bond formation.10−15

An example of a titanium-catalyzed multicomponent
coupling (Figure 1), iminoamination, involves the coupling
of an amine, alkyne, and isonitrile to form tautomers of 1,3-
diimines (3CC).10 These reactions are carried out with a
homogeneous catalyst, such as Ti(NMe2)2dpm, where dpm =
5,5-dimethyldipyrrolylmethane. A selection of titanium cata-
lysts active for hydroamination or related multicomponent
coupling reactions, such as Tonks and co-workers’ azo-based
reactions22 which use Mountford’s Ti(NPh)Cl2(py)3,

23,24 are
also shown in Figure 1.
Some of the known homogeneous titanium HA catalyses are

fast; for example, Ti(NMe)2dpm catalyzes the HA of 1-hexyne
with aniline in ∼5 min, starting at room temperature, with 5
mol% loading.8 However, the catalysts can suffer from
dimerization processes and other deactivation pathways.25

These issues are frequently addressed using bulky ancillary
ligands and chelates to minimize loss of the active species
(Figure 1). Even with these common design principles,
prevention of these deactivation pathways and undesired
reactivity can still be challenging.
We recently reported a detailed analysis of ligand design

issues with regard to titanium HA catalysis.25 In this study, the

rates of many different titanium precatalysts were measured as
a function of donor ability and steric profile of the ancillary
ligands. The correlation demonstrated that electron-deficient
and small ancillary ligands enhance the rate of the catalyst,
quantitatively confirming previous qualitative observations.25,26

However, it was also observed in this study that, in making
sufficiently electron deficient or small ligands to enhance the
rate of these catalysts beyond the fastest known derivative,
pathways to side reactions or catalyst decomposition may be
introduced or amplified.25 Additionally, even with stable
precatalyst variants that perform HA and 3CC cleanly, the
catalyst would be difficult to recover from the crude reaction
mixture.
One possible method to circumvent some decomposition

pathways and allow catalyst recovery is to move towards a
solid-supported catalyst. Further, supported catalyst systems
would also be advantageous for incorporation of the chemistry
into flow systems.27,28 Solid-supported hydroamination and
related reactions have been demonstrated with other metals
capable of this transformation.25 For example, Basset et al. have
demonstrated that tantalum bound to silica, bearing
dimethylamide ligands, can perform hydroaminoalkylation of
alkenes through a proposed tantalaziridine species.29,30 Intra-
molecular hydroamination was also demonstrated by Le Roux
and co-workers using mesoporous silica-supported lanthanum
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silylamides (Y, La, and Nd) under mild conditions.30,31

Additionally, hydroamination by heterogeneous catalysts has
been demonstrated by a few others, with a number of new
reports in the past few years, including late-metal nanoparticles
and gel-supported catalysts.32−35

There is precedence for the use of titanium bound to a solid
support material as an active catalytic species. For example,
solid-supported silica catalysts with surface-bound titanium
have been shown to be active catalysts for olefin epoxidation or
olefin polymerization (with cocatalysts) by Scott and co-
workers.36,37

In a separate report by Scott, they demonstrated that
Ti(NR2)4 (R = Me, Et) can bind to silica by protolytic
replacement of the amide ligands, yielding Ti(NR2)2/SiO2

200.38

This binding motif at the silica surface bears a strong electronic
resemblance to known homogeneous systems capable of HA
and 3CC chemistry. It was also observed that, under mild
conditions, titanium imide species can be formed from
titanium amides.38

Surface-bound titanium amides and imides on silica would
seem ideal species with which to translate titanium-catalyzed
HA and 3CC reactions to heterogeneous catalysis. This
prospect is especially attractive for the titanium systems
because of the thorough mechanistic work that has been done
to establish the interactions between substrate and metal in the
homogeneous systems. In addition to the mechanistic
foundation, there is also a precedence for recycling solid-
supported catalysts, which can easily be recovered from
catalytic reaction mixtures and reactivated with minimal
manipulation.39 Here, we present initial investigations into
solid-supported titanium species that can catalyze HA and
3CC related to our homogeneous systems, exploration of the

substrate scope accessible to the heterogeneous catalyst, and
catalyst reusability.

■ RESULTS AND DISCUSSION
Fumed silica was treated much as Beaudoin and Scott
described.38,40 The silica was partially dehydrogenated under
vacuum at 200 °C for 8 h to give SiO2

200. They reported that
treatment with Ti(NMe2)4 gave a solid with 1.93 ± 0.4 wt %
Ti with “0.49 Ti per hydroxyl (average of 12 experiments.) The
amount of HNMe2 liberated during grafting corresponds to
1.99 ± 0.04 per Ti.”38 Similarly, we measured 2.33 ± 0.12 wt %
Ti with our sample and 2.03 ± 0.12 HNR2 per Ti(NR2)4
added (Scheme 1), suggesting a very similar material.

The Ti(NEt2)4-based material Ti(NEt2)2/SiO2
200 was

prepared for ease of NMR titration of the HNEt2 byproduct
and determination of the number of hydroxyl sites added to
the metal center (Scheme 1). For the catalyses discussed
below, Ti(NMe2)2/SiO2

200 was used.
Hydroamination Activity of Ti(NMe2)2/SiO2

200. Upon
addition of a primary amine to the Ti(NMe2)2/SiO2

200

material, a color change is observed in the material,
transitioning from pale yellow to deep reddish orange. This
is similar to the color change observed for homogeneous
precatalysts upon addition of a primary amine. Initially, 5 mol
% of the precatalyst at 110 °C in toluene was used; however,
hydroamination of 1-hexyne with aniline was incomplete after
48 h (Scheme 2, Conditions A), and the regioselectivity was
low at 4:1. At 140 °C (Conditions B), the same reaction was
complete in ∼16 h and, interestingly, gave a significantly higher
regioselectivity of 19:1. To investigate the effect of increasing
the temperature further, the solvent was changed to p-cymene,
and the reaction was run at 180 °C (Conditions C). Under
these conditions, the hydroamination of 1-octyne, which
replaced the lower-boiling 1-hexyne for this experiment, with
aniline is complete in <40 min and showed perfect
regioselectivity to the limit of our GC detector (>100:1).
In addition to HA reactions with terminal alkyl-substituted

alkynes, Conditions C (Scheme 2) provided the best outcomes
for HA of internal alkynes, as well. For example, HA of aniline
and diphenylacetylene takes more than 64 h to reach
completion with Ti(NMe2)2/SiO2

200 at 140 °C (Conditions
B). At 180 °C, the reaction is complete in under 14 h. A similar
increase in both the regioselectivity and rate of HA was also

Figure 1. (top) Proposed catalytic cycle for homogeneous hydro-
amination of alkynes based on the Bergman mechanism and a three-
component coupling reaction, iminoamination. The reactions are
demonstrated with the known precatalyst Ti(NMe2)2dpm. (bottom)
Sampling of known Ti precatalysts for hydroamination and related
reactions.5,9,16−22

Scheme 1. Preparation and Some Properties of Ti(NR2)2/
SiO2

200 (R = Et, Me)
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noted with 1-phenylpropyne at these different reaction
temperatures. Conditions C generally provided the highest
regioselectivity, shortest reaction times, and comparable if not
improved yields relative to the milder temperatures examined.
Thus, Conditions C were applied to the screening of a variety
of substrates.
The substrate screening experiments indicate that the

catalyst is efficient for hydroamination of a variety of alkynes.
However, Ti(NMe2)2/SiO2

200 has demonstrated poor activity
with primary alkyl amines and electron-withdrawing anilines.
Additionally, with terminal alkynes, at these high reaction
temperatures, significant amounts of the alkyne trimerization
products can be observed by GC. Despite these inadequacies,
the catalyst seems to perform the hydroamination of most
anilines, including relatively bulky derivatives such as 2,6-
dimethylaniline. Again, this is accomplished with a variety of
alkynes in relatively short reaction times and high yields.
Overall, these reactions also demonstrate high regioselectivity,
comparable with that of many homogeneous catalysts (Table
1).8

Observing successful hydroamination with a surface-bound
titanium species was an important step toward the goal of
catalyzing the three-component coupling (3CC) iminoamina-
tion reaction with a surface-supported Ti catalyst. Namely, this
reactivity suggests that the surface-bound titanium can form an
imide and carry out [2 + 2]-cycloadditions with alkynes if the
same mechanism is operative.
Iminoamination Activity of Ti(NMe2)2/SiO2

200. Despite
these promising HA results, the first attempts at 3CC with the
Ti(NMe2)2/SiO2

200 catalyst were largely unsuccessful. The
3CC of aniline, 1-octyne, and cyclohexylisonitrile resulted in
large amounts of HA product and formamidine (FA) (Figure
2), observed in roughly equivalent quantities by GC. Only a
trace amount of 3CC was observed. One can hypothesize that
the 1,1-insertion into the amide is much faster than insertion

into the Ti−C bond of the azatitanacyclobutene intermediate
with these substrates and reaction conditions.
We attempted to manipulate these relative rates, to favor

3CC, by changing the electronics and sterics of the substrates.
Increasing the size of the isonitrile could potentially impede
the rate of formamidine formation. Unfortunately, many of the
large tertiary and aromatically substituted isonitriles examined
were unstable at these reaction temperatures, with masses for
isonitrile oligomers and HA product observed from these
reaction mixtures. We also examined the effects of using
smaller isonitriles; when n-octyl isonitrile was used, a result
similar to the that for the CyNC experiments was observed
with considerable amounts of both HA and FA products, but
essentially no 3CC product was observed.
Without evidence of improvement from manipulation of the

isonitrile, focus was shifted to the amine substrate. By
substantially increasing the size of the primary amine to 2,6-
dimethylaniline (1), the iminoamination reaction yielded 51%
of the 3CC product. HA and formamidine products (10−15%
each) were still observed by GC analysis of the reaction
mixture, but the distribution favored the desired product.
To further probe the steric effect of the primary amine, the

series of reactions in Table 2 was examined. The amine was
altered by two successive decreases in size near the nitrogen
with the amine substrates 2,5-dimethylaniline (2) and 3,5-
dimethylaniline (3), each used with 1-octyne and cyclohexyl
isonitrile in the iminoamination reaction. The results
demonstrated a marked difference in yield and product
distribution. Amine 2 gave the 3CC product as the most
abundant species generated in moderate overall yield (50%
yield); this is comparable to the 3CC yield obtained with 1. In
addition, similar to 1, iminoamination employing 2 shows
about 15% HA product and a similar amount of formamidine.
This accounts for roughly 85% of the starting primary amine in
the crude reaction mixture after 48 h for both 1 and 2.
Using 3,5-dimethylaniline (3), however, gave just 7% yield

for the 3CC product, close to stoichiometric. While HA and
formamidine products are observed by GC, the combination of
these products does not account for most of the initial mass of
the aniline added to the reaction, and many unknown masses
were observed by GC/MS, none in high abundance. In terms
of favoring the 3CC product, it appears that with Ti(NMe2)2/
SiO2

200 as the catalyst, substitution of the 2-position of the
aniline substrate, at a minimum, is required for a productive
iminoamination rate relative to side reactions.
Switching from a terminal to an internal alkyne, 1-

phenylpropyne, leads to results comparable with those for 1
and 2. The reaction shows a reduced propensity toward side
reactions (HA and FA) and a moderate yield of the 3CC
product (36%) in 48 h. The reaction proceeds quite slowly,
however, and there is a substantial amount of unreacted amine
observed after 48 h.
These results demonstrate that multicomponent coupling

reactions, such as iminoamination, are possible with a simple
silica-supported titanium catalyst. The easily prepared Ti-
(NMe2)2/SiO2

200 catalyst required steric blocking on the
amine to inhibit side reactions observed in three-component
coupling but still provided the 3CC products in moderate
yield.

Reusability Studies on Ti(NMe2)2/SiO2
200. It was

discovered early in the catalytic activity studies that Ti-
(NMe2)2/SiO2

200 can be recovered and reused in subsequent
catalytic reactions by simply filtering the catalyst material from

Scheme 2. Reaction Conditions Screened for Ti(NMe2)2/
SiO2

200-Catalyzed Hydroamination and Resulting Product
Distributions

aYields and isomer ratios determined by GC/FID. bDue to high
reaction temperatures in conditions C, 1-hexyne was substituted with
1-octyne. cConditions C are the same as the General Hydroamination
Procedure in the Experimental Section.
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the reaction mixture, washing it with organic solvent, and
removing residual volatiles under vacuum. Following this
simple processing step, the used Ti(NMe2)2/SiO2

200 was
directly employed in subsequent reactions. The activity in the
second and third catalytic runs was comparable to the initial
use in terms of product yield after the same reaction time. An
experiment to examine the limits of catalyst recycling was
conducted in which a sample of Ti(NMe2)2/SiO2

200 was used
five times to perform the reaction shown in entry 1 of Table 1.
The yields from each trial are shown in Table 3.

As is obvious from these results, the catalyst is in fact
undergoing deactivation in subsequent runs. In the first three
reactions, there is little deviation in yield; however, reactions 4
and 5 indicate a severe reduction in product formation under
identical conditions. While some of this may be attributed to
mass loss of the catalyst itself over the course of the five
reactions due to handling, it seemed likely that something else
is more detrimental to catalyst recycling.
Examination of the used Ti(NMe2)2/SiO2

200 catalyst by
ICP-OES shows that titanium is lost from the surface of the

Table 1. Hydroamination Reactions Examined with Ti(NMe2)2/SiO2
200 a

aReaction Conditions C (Scheme 1): 5 mol % Ti as Ti(NMe2)2/SiO2
200, 180 °C, 40 min (entry 1) or 14 h (entries 2−14). bYields reported are

calibrated GC/FID yields relative to the isolated amine derivative or a close derivative; see the Supporting Information for more details. Reactions
went to full conversion, except entries 5, 6, 9, and 10. cThese products were not isolated to determine regioselectivity because of their poor yields;
the likely Markovnikov product is shown. See the Supporting Information for more details.
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catalyst during hydroamination. A series of control reactions
were run to determine what reagent or other factor is primarily
responsible for leaching the titanium from the surface of the
silica support (Table 4). Simply heating Ti(NMe2)2/SiO2

200 in
p-cymene at 180 °C for 16 h has no effect on the mass of
titanium in Ti(NMe2)2/SiO2

200. Similarly, heating to 180 °C
with 20 equiv of NH2Ph has no effect on titanium
concentration on the silica surface.
Somewhat surprisingly, heating Ti(NMe2)2/SiO2

200 to 180
°C in the presence of 1-octyne (40 equiv) for 16 h resulted in a
loss of 11% of the titanium from Ti(NMe2)2/SiO2

200. On the

Figure 2. Possible pathways for the three predominant reactions
during iminoamination: formation of formamidine (FA), hydro-
amination (HA), and iminoamination (3CC). The products from the
three reactions are labeled by their reaction of production.

Table 2. Three-Component Coupling Reactions Examined with Ti(NMe2)2/SiO2
200 a

aReaction conditions: 5 mol % Ti as Ti(NMe2)2/SiO2
200, 1.5 equiv of cyclohexyl isonitrile, p-cymene, 180 °C, 48 h. bYields reported are calibrated

GC-FID yields relative to an isolated isomer of 3CC1. For more details, see the Supporting Information. cSide products due to two-component
reactions: HA, hydroamination product; FA, formamidine product.

Table 3. Reusability of Ti(NMe2)2/SiO2
200 for HA of 1-

Octyne with Aniline

trial no. yield (%)a regioselectivity ratio

1 98 >100:1
2 96 32:1
3 90 14:1
4 44 10:1
5 23 10:1
6b 71 7.3:1

aYields are from GC-FID of the crude reaction mixture, using a
calibrated internal standard. bMaterial was treated with Ti(NMe2)4 to
reactivate.
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basis of these results, it seems that the loss of titanium from the
catalyst is related to reaction with the alkyne.
Interestingly, upon treatment of this deactivated Ti-

(NMe2)2/SiO2
200 with a slight excess of Ti(NMe2)4 and

thorough washing and drying the material under vacuum, a
substantial amount of the catalytic reactivity is regained. This
“regenerated” material gives a total HA yield of 71% under the
same conditions as the reactions given in Table 3.
Perhaps more interesting than the yields are the

regioselectivities in Table 3. The regioselectivity drops
consistently with use, which suggests that the catalytic species
in the system are changing with repeated use. Even with the
“regenerated” material, entry 6, the regioselectivity continues
to drop even as some of the yield was restored. Perhaps more
important than a practical application of this approach to
regenerate the catalyst material, this experiment suggests that,
in addition to some titanium leaching from the catalyst
material by substrates, the surface of the catalyst material may
be undergoing changes that lead to alterations in the titanium
environment. The ramifications of these changes can be
observed directly in the effects borne out in the catalysis.
Several control experiments were carried out to assess which

component of the Ti(NMe2)2/SiO2
200 catalyst system is

responsible for the catalytic activity observed: the bound
titanium, the free titanium leached into solution, or the solid
support itself. If the leached titanium is responsible for the
catalysis, the regioselectivity and activity should be similar to
those of Ti(NMe2)4, where all of the ligands are protolytically
labile.25 Thus, HA and 3CC reactions were screened with 5
mol% of Ti(NMe2)4 and with SiO2

200 without titanium ligated
to the surface. While Ti(NMe2)4 is a catalyst for HA under
these reaction conditions, the regioselectivities for its products
versus those of the products when Ti(NMe2)2/SiO2

200 is
employed are very different. For example, hydroamination of
1-phenylpropyne with aniline using Ti(NMe2)4 and Ti-
(NMe2)2/SiO2

200 gave products with regioselectivities of
>100:1 and 8.7:1, respectively. Additionally, Ti(NMe2)4
demonstrates only a small amount of 3CC product formation
(Table 2, entry 1) under the same 3CC conditions (17%) as
for Ti(NMe2)2/SiO2

200 (52%), again with different regiose-
lectivity (see the Supporting Information for additional
details).
Another set of experiments was conducted to verify that the

catalytic activity is in fact from Ti(NMe2)2/SiO2
200. Two

catalytic reactions were run side by side following entry 2,
Table 1. These reactions were prepared by following the
general procedure but were then heated for only 20 min. After
20 min of heating, the reaction mixtures were cooled to room
temperature, centrifuged, and transferred back into a glovebox.
GC-FID analysis of the crude reaction solutions showed 74%
and 67% conversion to HA2, with the same regioisomer
distributions of 8.6:1 and 8.8:1, respectively (Figure 3). Next,

the solid catalyst was removed from the latter reaction by
filtration. The other reaction mixture was simply resealed after
sampling, with no further manipulation.

Both reaction mixtures were then heated for an additional 20
min. After heating was carried out a second time, another GC-
FID analysis was performed. The reaction from which the
catalyst was filtered showed no change in product concen-
tration within experimental error, ±2%. The control experi-
ment, which still contained the solid catalyst, went to 100%
conversion after the second round of heating (Figure 3). These
observations are consistent with a heterogeneous catalyst being
responsible for the reactivity observed.
To further explore the nature of the catalytically active

species relative to known homogeneous systems, we explored
catalyst poisoning experiments. One specific aspect of
Ti(NMe2)2/SiO2

200 that we wanted to scrutinize further was
the local Ti environment on the SiO2

200 surface (Scheme 1)
and its mechanistic similarity to homogeneous species.
Characterization of the material suggests that two protolytically
cleavable sites remain on the titanium in the form of two
dimethylamide ligands. Two protolytically cleavable sites are
required for imide formation and catalytic activity through the
pathways in Scheme 1. Two experiments were conducted, in
which two different concentrations of pyrrole were added to
the Ti(NMe2)2/SiO2

200. The first experiment was conducted
with a substoichiometric amount of pyrrole (0.8 equiv) relative
to titanium, and the second experiment used a slight excess
(1.2 equiv). The results of these studies are shown in Figure 3.
In both catalyst poisoning experiments, a substantial

decrease in catalytic activity was noted, relative to the control
reaction. The pyrrole-containing reactions appear <30% as
active as Ti(NMe2)2/SiO2

200 itself. In both pyrrole-containing
reactions, it was noted that similar regioisomer ratios were
observed versus the reaction without pyrrole (∼9:1),
suggesting the same active species is facilitating the catalytic
transformation.

Table 4. Results of ICP-OES Analysis of
Ti(NMe2)2(SiO2)

200 Samples after Different Treatments

treatment of
Ti(NMe2)2(SiO2)

200
Ti found by ICP (±)

(wt %)
Ti retained after
treatment (%)

none 2.33 ± 0.12 100
HA (entry 1, Table 1) 1.94 ± 0.11 83
180 °C in p-cymene 2.35 ± 0.14 ∼100
180 °C, 20 equiv NH2Ph 2.38 ± 0.14 ∼100
180 °C, 40 equiv 1-
octyne

2.05 ± 0.11 88

Figure 3. Yield of hydroamination product vs time using the
conditions and substrates in entry 2 of Table 1. The “control”
experiment (solid circles) is as in entry 2 of Table 1. The “filtration”
experiment (solid squares) had the solid catalyst removed by filtration
at 20 min. The reactions indicated by diamonds and triangles have 0.8
and 1.2 equiv of pyrrole added as a catalyst poison, respectively. See
the text for more details.
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Secondary amines appear to be inactive for hydroamination,
also consistent with imido formation being necessary.
Attempted hydroamination of 1-octyne and 1-phenylpropyne
with N-methylaniline using Ti(NMe2)2/SiO2

200 as catalyst
resulted in no product formation that was detectible by GC-
MS.
Overall, the control experiments strongly suggest that the

reactivity observed with the Ti(NMe2)2/SiO2
200 is due to the

bound titanium species, not the titanium that is leached from
the surface during the catalysis. The SiO2

200 demonstrates no
catalytic activity for either HA or 3CC products, which also
supports the assignment of catalytic activity to bound titanium
species. Additionally, the severe reduction in catalytic activity
noted when pyrrole is included as a poison in reaction
mixtures, as well as the lack of reactivity with secondary amine,
is consistent with a hydroamination mechanism involving a
titanium imido species, although it is certainly not conclusive
proof of such a pathway.
On the basis of these results, Ti(NMe2)2/SiO2

200 is readily
recoverable and reusable two to three times with yields
comparable to that of freshly prepared catalyst. Additional
reuse results in a precipitous decline in performance.

■ CONCLUSIONS
In this study, we have demonstrated that titanium bound to
silica can perform some of the same hydroamination and
multicomponent coupling reactions catalyzed by homogeneous
titanium complexes. The catalyst itself is reusable several times
for hydroamination but eventually succumbs to surface
leaching of titanium that appears to be due to side reactions
with the alkyne.
Aside from actual loss of the catalyst from the surface,

additional interactions with substrate and the silica surface
could be deactivating the catalyst. For example, in a manner
similar to that for homogeneous analogues, it could be possible
that some stable intermediate is achieved through side
reactions, involving irreversible binding of substrates to the
titanium itself. An example of this was presented by Mountford
and co-workers, whereby their titanium catalyst forms a stable
six-membered ring upon a second insertion of alkyne into the
azatitanacyclobutene.41 While the solid support inherently aids
in the prevention of pathways such as dimerization,
deactivation via substrate side reactions is obviously still
possible. Deactivation pathways such as these bear further
investigation as improvements to catalyst design are pursued.
The heterogeneous catalyst Ti(NMe2)2/SiO2

200 was found
to be readily synthesized, allowed very fast to moderate
catalysis at 5 mol % loading with good stability at the
temperatures investigated (up to 180 °C), and was very
inexpensive to prepare. Thus, the catalytic activity of
Ti(NMe2)2/SiO2

200 shows promise for silica-based titanium
HA and multicomponent coupling reactions. As-prepared
Ti(NMe2)2/SiO2

200 catalyzes HA, in some cases, with excellent
regioselectivity and high yield. The biggest drawback of
Ti(NMe2)2/SiO2

200 as an HA catalyst is the lack of tolerance
to alkyl amines and the undesired formation of alkyne trimers
noted with terminal alkynes.
The catalyst’s ability to successfully produce modest yields

of the 3CC products is significant. While there does appear to
be a steric demand that limits the choice of amine to ortho-
substituted anilines, this catalyst still provides a route to a
versatile organic building block.10−13,42−46 These results
suggest that further examination of surface-bound titanium

species may provide the substrate scope, tolerance, and surface
stability needed to achieve a reusable and selective titanium
catalyst for multicomponent couplings.

■ EXPERIMENTAL SECTION
General Procedures. All manipulations were carried out using

standard Schlenk techniques or in a glovebox with a purified nitrogen
atmosphere, unless otherwise specified. Anilines, amines, and alkynes
were purchased from commercial sources and distilled under N2 prior
to use. Cyclohexyl isonitrile was prepared according to literature
methods.47 Ti(NMe2)4 and Ti(NEt2)4 were purchased from Gelest
and used as received. Toluene and pentane(s) were sparged with N2
and dried by passing over a column of activated alumina prior to use.
p-Cymene was dried over CaH2 and distilled under reduced pressure
prior to use. Tetrahydrofuran was dried over sodium and distilled
under dinitrogen prior to use. NMR solvents were purchased from
Cambridge Isotope Laboratories and distilled before use. Sodium
cyanoborohydride and p-toluenesulfonic acid were purchased
commercially and used as received.

Preparation of SiO2
200. Fumed silica (Sigma-Aldrich, 200 ± 25

m2/g, lot no. SLBT0198) was treated similarly to the published
preparation by Scott and co-workers.38 Silica (20 g) was placed in a 1
L beaker and mixed with deionized water to form a slurry. This slurry
was air-dried at room temperature for 48 h and dried further in a 100
°C glassware oven for 48 h. The dried silica was finely divided using a
mortar and pestle until the material was free-flowing and had an even
appearance. The silica was transferred to a 200 mL beaker and dried
for 8 h in a vacuum oven at 200 °C. This silica was transferred to an
inert-atmosphere glovebox, where it was stored in a sealed container
until use. This resulted in silica (SiO2

200) with a surface hydroxyl
group density of 0.52 ± 0.03 mmol/g (1.58 ± 0.2 sites/Å3) by 1H
NMR titration of the silica with Ti(NEt2)4 as judged by released
HNEt2.

Preparation of Ti(NMe2)2/SiO2
200. In an inert-atmosphere

glovebox, a 125 mL Erlenmeyer flask was charged with SiO2
200 (4

g, 2.08 mmol OH, 1 equiv) and 30 mL of pentanes. The slurry was
stirred, and Ti(NMe2)4 (800 mg, 1.2 equiv, 2.50 mmol) was added
dropwise. The mixture was stirred for 4 h at room temperature, during
which time the silica turned pale yellow. The solids were collected by
filtration, rinsed with 20 mL of benzene, and briefly dried in vacuo.
The material was stored in the glovebox. A separate experiment with
Ti(NEt2)4, which was used because of easier quantitation of HNEt2
relative to gaseous HNMe2, liberated 2.03 (±0.12) molecules of
HNEt2 per molecule of Ti(NEt2)4 consumed, which correlates to 2.32
± 0.14 wt % Ti (see the Supporting Information for additional details
on this Ti(NEt2)4 experiment). These results agree with a doubly
bound titanium motif at the SiO2

200 surface as reported by Scott.38

ICP analysis for titanium in the Ti(NMe2)2/SiO2
200 material agrees

with the NMR titrations, giving a matching 2.33 ± 0.12 wt % for
titanium. Obviously, the above gives an average of two attachment
sites for the silica to titanium, but there could be a distribution of
singly, doubly, and triply attached species along with other minor
variations, such as metal centers with HNR2 as a dative ligand.
However, the data are consistent with the doubly bound titanium on
silica variant as the major species on the surface. Additionally, in light
of the reactivity studies (vide infra), the presence of, on average, two
protolytically cleavable sites is a predominant feature of the catalyst
material. Again, this does not preclude the presence of a mixture of
bound products.

General Hydroamination Procedure. A pressure tube (15 mL)
was charged with 5 mol % of Ti(NMe2)2/SiO2

200 (100 mg, 0.05 mmol
of Ti) and a Teflon stir bar. A solution containing NH2R (1 mmol)
and alkyne (1−2 mmol) in p-cymene was prepared in a 1 mL
volumetric flask. This solution was then placed in the pressure tube,
which was sealed and transferred from the glovebox to a preheated
aluminum well plate (180 °C). For terminal alkynes, an excess of the
alkyne was needed for the reactions to go to completion, as judged by
amine conversion in GC-FID; thus, 2 mmol was used in these cases.
For terminal alkynes, a larger amount of alkyne trimerization product
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was observed. The pressure tube was heated for 14 h with magnetic
stirring. The pressure tube was ambiently cooled and then
centrifuged, compacting the Ti(NMe2)2/SiO2

200 into an intensely
colored orange to brown pellet at the bottom of the tube. This left a
transparent yellow to orange solution. See the Supporting Information
for characterization details of the organic products.
General Iminoamination Procedure. A pressure tube (15 mL)

was charged with 5 mol % of Ti(NMe2)2/SiO2
200 (100 mg, 0.05 mmol

of Ti) and a Teflon stir bar. A solution of NH2R (1 mmol), alkyne
(1−2 mmol), and CyNC (1.5 mmol) was prepared in a 1.5 mL
volumetric flask, diluted to this volume with p-cymene. This solution
was then placed in the pressure tube, which was sealed and transferred
from the glovebox to a preheated (180 °C) aluminum well plate. The
pressure tube was heated for 48 h with magnetic stirring. The pressure
tube was cooled to ambient temperature and was centrifuged,
compacting the Ti(NMe2)2/SiO2

200 into a dark brown pellet at the
bottom of the tube. This left a dark orange to opaque brown solution.
See the Supporting Information for characterization details of the
organic products.
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