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Figure 111-2. Kinetic profile for the hydroamination/cyclization of 74 ([74]o= 0.67 M)
with 73 (0.02 M, 3 mol %) at 40 °C in CgDs. Concentration data is shown for 74 (#),
trans-75 (m) and 76 (e).

This observation also implies that if this reactivity order will be translated to the
intermolecular reactions, the desired direction of the reaction can easily be programmed
by the careful choice of reaction conditions. For example, Livinghouse et al. took
advantage of this approach in intramolecular transformation by running the reaction
below the room temperature in order to obtain pyrrolidine 75 cleanly (Scheme I11-2).

It should be noted that although these conclusions seem to be trivial and
intuitively simple they should be used carefully when comparing simple trisamides
catalyst 73 and binaphtholate catalysts 24-Ln, because the latter compound features
significantly more electron-deficient and sterically protected metal center, which is
responsible for its superior reactivity. Indeed, when the cyclization of 74 was carried out
in the presence of 24a-Y, a strikingly different kinetic pattern was observed (Figure

11-3).
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Figure 111-3. Kinetic profile for the cyclization of 74 ([74]o= 0.67 M) with (R)-24a-Y
(0.01 M, 1.5 mol %) at 30 °C in C¢Dgs. Concentration data shown for 74 (#), trans-75 (m)
and 76 (e).

While the superior reactivity of 24-Y resulting in shorter reaction time at lower
temperature and catalyst loading was expected, the relative rate of monocyclization and
bicyclization was surprisingly altered (Figure 111-3). Although the second cyclization step
proceeded much faster than the first one (25 min versus 150 min at 30 °C), the
bicyclization took place only after the first step was completed. As long as aminodiene
74 was detected in the mixture, no formation of bicycle 76 was observed. This
observation suggests that the notion that the hydroamination of the secondary amine is
faster compared to the hydroamination of the primary aminoalkene 74 is an
oversimplification. Indeed, if the secondary amine 75 would be 6 times more reactive
than 74, then no trace of 75 should be detectable in the mixture over the course of
reaction. This implies that the first (slow) hydroamination of the primary amine 74 and
the second (fast) hydroamination of the secondary amine 75 should be differentiated not

according to the reactivity of the substrate but instead according to the reactivity of the
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changes to the ligand core, the temperature factor is more readily accessible. As it was

demonstrated previously, the temperature dependence of K™

(the equilibrium constant
for the equation A on Scheme I11-1) is expected to resemble that of a complex association
constant, i.e. decrease with increasing temperature.® As shown in Table I11-1, while the
dormant species is dominant near room temperature, the “naked” and, therefore, more
reactive species constitutes almost entire amount of catalytic species at higher
temperatures. Certainly, the obvious drawbacks of high temperatures, such as catalyst
decomposition and poor selectivity, should be considered when employing this approach
to limit amine binding.

To conclude, we envisioned that the control of the catalyst aggregations state
which may be facilitated via tuning of the steric environment of the catalyst and

substrate, as well as by the electronic demands of the ligand and reaction temperature is a

key to enhanced reactivity in intra- and intermolecular hydroamination.

Table 111-1. Temperature dependence of the K*™ value for the hydroamination of 6 with

(R)-24a-Y.
“ (R)-24a-Y §
R o
6 CeDs 7
T, oC Kdorm
40 252
60 0.89%
100 0.15°
150 0.02°

2 From ref. 6. ° Extrapolation.
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111.2.2 Binaphtholate Catalyst Evaluation

We have chosen a reaction between readily available benzylamine and 1-heptene
as a model process. Rare earth metal binaphtholates 24a-Ln and 24b-Ln, as well as a
more representative library of novel binaphtholate complexes 24c—i were screened (Table

11-2).

Table 111-2. Rare earth metal binaphtholates 24a—i in intermolecular hydroamination.?

Entry cat. X T,°C th  %conv.’ % ee’ (config.)
(% yield)®
1 (R)-24a-Y 15 150 36 90 (65) 58 (R)
2 (R)-24a-Y 12 150 48 - (78)° 58 (R)'
3 (R)-24a-Y 7 150 48  85(57) 57 (R)
4 (R)}-24a-Y® 50 150 18  95(68) 54 (R)
5 (S)-24a-Y 15 170 18 95 55 (S)
6 (R)}-24a-Lu 15 150 30 95 (62) 40 (R)
7 (R)}-24a-Sc 15 170 24  -—(0) -
8 (R)}-24b-Y 15 150 24 90 (61) 44 (R)
9 (R)}-24c-Y 15 150 48  85(59) 46 (R)
10 (R)}-24d-Y 15 150 17 90 47 (R)
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yttrium and lutetium counterparts.** Unfortunately, the lanthanum member of the [Ln(o-
CsH4sCH,NMe,)s] precursor family is not known and therefore lanthanum binaphtholates
are not accessible via this route.

Scheme I11-3. Synthesis and stability of precatalysts 24-Y.

\\\\

24a-Y 24e-Y 24§-Y

Stable @ 150 °C Unstable @ 70 °C Unstable @ 25 °C

In addition, only a limited number of yttrium precatalysts of type 24-Y are
accessible. The stability of the corresponding binaphtholate aryl complexes correlates
with the steric features of the ligand. While the previously known® triphenylsilyl-
substituted complex 24a-Y does not show any decomposition after 1 hour at 150 °C, its
benzyl(diphenyl)silyl analogue 24e-Y was found to decompose rapidly at 70 °C. Note
that this thermal instability corresponds only to the precatalyst. However, upon cleavage
of the aryl group by an amine a stable amido species is formed which can smoothly

operate in the catalytic cycle (Table 111-2, entry 11). The preparation of the least bulky
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24)-Y was unsuccessful because this species decomposes within minutes at room
temperature. This data suggests that complexes 24-Ln are the kinetic, but not the
thermodynamic products of the reaction of 78 with [Ln(o-CsHsCH;NMe,)s]. Steric
protection is necessary for the kinetic stabilization of the monometallic well-defined
species 24-Ln. In our series the lowest acceptable degree of steric protection is
represented by 24e-Y.

In order to evaluate broader variety of binaphtholate ligands and rare earth metals
in the intermolecular hydroamination, we directed our attention to the rare earth metal
precursors [Ln{N(SiHMe,).}s(THF)«] 79, which were already used previously in our
group as precursors for various rare earth metal complexes.*?

The synthesis of the corresponding binaphtholate complexes 80a-Y, 80j-Y and
80a-La was carried out as shown in Scheme IlI-4. The amine elimination required
elevated temperatures and extended reaction time due to lower basicity of the
bis(dimethylsilyl)amide compared to the aryl ligand in complexes [Ln(o-
CsH4sCH,NMe,)3]. Compounds 80-Ln were obtained with purity exceeding 90%
according to the NMR spectroscopic data of the reaction mixtures, and were further
tested in catalytic experiments without additional purification. Notably, neither of the
complexes 80-Ln showed any noticeable decomposition even at 150 °C, thus suggesting

that the precatalyst instability problem was successfully addressed.
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Scheme I11-4. Synthesis of binaphtholates 80-Ln.

SiPh,R
OO OH [Ln{N(SiHMe2),}3(THF),] c Om. _~N(SiHMe;,),

\\\\

OH CgDg, 60 °C, 2-5 h o \\
OO 79-YLn=Y,x=2 OO (THF)x

SIPhR - 790atn=Lla x=0 SiPh,R 80-Ln (>90%)
78aR = Ph
78e R = Me 80a-Y R = Ph, Ln=Y, x= 2

80a-LaR =Ph,Ln=La, x=0
80j-Y R=Me, Ln=Y, x=2

Table 111-3. Intermolecular hydroamination of 1-heptene catalyzed by 80-Ln.

N

5 mol% 80-Ln HN™ "Ph
n-CsHi7 XX + H,N” “Ph
15 equiv. CeDs n-CsHi ;
Entry cat. T,°C th % conv.? % ee® (config.)
(% yield)”

1 (R)-80j-Y 180 48 0(-) -

2 (R)-80a-Y 170 120 90 (65) 54 (R)

3 (R)-80a-La 180 48 0(-) -

? By'H NMR spectroscopic analysis. ° Isolated yield after column chromatography.
° Determined by °F NMR spectroscopy of the Mosher amide after removal of the N-
benzyl group.

As shown in Table 11I-3, the yttrium binaphtholate catalyst 80j-Y, bearing the
methyl(diphenyl)silyl groups, that was inaccessible via the traditional route to the
complexes 24-Y, was completely catalytically inactive. This result should be interpreted
carefully, as both binaphtholate ligand backbone and leaving group of the precatalyst

were modified in 80j-Y compared to the parent complex 24a-Y, which is catalytically
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active. Indeed, it has been known for almost a decade? that the low acidity of aryl or
alkyl C—H bonds makes the corresponding alkyl or aryl rare earth metal complexes the
preferred precatalysts in hydroamination, because the catalyst activation (Scheme 1-1) is
smooth and irreversible. In contrast, the less basic and more sterically encumbered
disilazides N(SiXMe,), (X= H, Me) are less prone to be substituted by a catalytically
relevant amine and are highly competitive in its binding to the metal center. Thus, the
absence of reactivity of 80j-Y can be attributed to the poor leaving group alone.
However, the same poor leaving group, when used in the triphenylsilyl-substituted
species 80a-Y does not prevent the reaction from occurring. Although the reactivity is
significantly diminished compared to 24a-Y, the enantioselectivity remains nearly the
same. This suggests that the leaving group itself does not play any significant role during
the catalytic cycle, but it diminishes the concentration of the catalytically relevant
species. Thus, the dramatic loss of catalytic activity when a triphenylsilyl group (24a-Y)
is replaced by a methyl(diphenyl)silyl group (80j-Y) should be interpreted as a result of
the lack of sufficient steric bulk in complex 80j-Y. As the olefin insertion step in the rare
earth metal-catalyzed hydroamination is generally more feasible for the more sterically
accessible metal center,™ it can be speculated that our observations should result from an
unfavored position of the dormant-active species equilibrium (Scheme 111-1). This
hypothesis is in agreement with the lack of catalytic activity of 80a-La because the
triphenylsilyl group meets the necessary minimal steric protection criteria for the mid-
sized yttrium and lutetium, but is insufficient for the larger lanthanum. This implies that
binaphtholate ligands bearing more bulky substituents than 78a can be applied for the

lanthanum binaphtholate catalyzed hydroamination.
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Presently, the combination of high selectivity and good activity of 24a-Y along
with its readily availability makes it the catalyst of choice for further studies of the

intermolecular hydroamination.

111.2.3 Substrate Scope of Intermolecular Hydroamination

Analogous to 1-heptene, linear and branched 1-alkenes are converted to their
respective N-benzyl-alkan-2-amines 81-85 with good activity (Table I11-4, entries 1-5)
and exclusive Markovnikov selectivity using 24a-Y. However, branching in the allylic
position of the alkene, for example in vinyl cyclohexane (Table 111-4, entry 6) leads to
significantly diminished reactivity. The highest reactivity was observed for 4-phenyl-1-
butene, which permitted to use a lower alkene:amine ratio of 10:1. All reactions with
24a-Y produced similar selectivities in the range of 51-61% ee. Reactions with
cyclopentylamine proceed with comparable enantioselectivity, but diminished activity
(Table I11-4, entries 8, 9). Similar observations were made for para-methoxy
benzylamine (Table I11-4, entry 10), in which the reduced reactivity can be attributed to a
possible deactivation of the catalyst by the methoxy group, as well as for the ortho-
methylbenzylamine (Table 111-4, entry 7) featuring additional steric bulk in the aryl ring.

Disubstituted alkenes, such as cyclohexene and a-methylstyrene, did not react
even at more forcing conditions, marking the limitation of the current reaction scope to
unbranched terminal alkenes. Neither simple secondary amines, such as diethylamine or
piperidine, nor any of the hydroamination products showed any traces of conversion to

the corresponding tertiary amines. Therefore, the reaction is chemoselective to the
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monoalkylation of primary amines. Electron-deficient arylamines (anilines) or bulky

primary alkylamines (tert-butylamine and neopentylamine) were unreactive as well.

Table I11-4. Asymmetric Intermolecular Hydroamination Catalyzed by 24a-Y.

.R?
RIS + RANH, —5mol% (R-24a HN
x eq. CeDs, 150 °C R?” "Me
Entry Alkene Amine Product X t,th  %Conv.? %ee
(% yield)”
1 nCH XY Ph ONH, HN" PR 14 72 90 (70) 61°
n-C3H7)\ 81
2 nCHY X Ph NH, HN PR 13 72 90 (54) 61°¢
n-C4Hg 82
3 nCothiy X Ph” NH, HN" Sph 15 40 97 (72) 57¢
n-CgHq3 83
4 Ph™ > NH HN"ph 15 19 95(59) 51 ¢¢
O\/\ 2 O\/K84
5 SN P NH, W Spn 100 11 100(72)  56°°
Ph/\)\ 85
6 X Ph” > NH, HN ph 12 96" 25 --
7 n-CsHi 7 X @\/\NHZ Me 15 80  75(63) 45
LD
”-Can)\ 86
8 nCei " 15 60 95(61)  61°
n-CsHy 87
9 PN " 9 39 90(68) 549
Ph 88
10 pr>N L PVB 10 48  85(67) 56

/©/\NH2
MeO

"By 'H NMR spectroscopy. ° Isolated yield after column chromatography. ¢ Determined
by *°F NMR spectroscopy of the Mosher amide after removal of the benzyl group via
hydrogenation. ¢ (S)-isomer of 24a-Y was used. ¢ Determined by chiral HPLC of the N-
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benzamide. " 8 mol% rac-24a-Y, 170 °C. ¢ Determined via *H NMR spectroscopy of the
O-acetyl mandelic acid salt.

As demonstrated by work of our group>® (see also Chapter 2) and others," the
kinetic resolution of racemic amines is a promising new direction in asymmetric
hydroamination. So far, only intramolecular examples have been reported. Thus we
attempted to utilize intermolecular hydroamination to resolve 1-phenylethanamine 90.
The reaction of 1-heptene with the enantiomerically pure (R)-90 using (S)-24a-Y
produces the hydroamination product 91 in 54% vyield (75% conversion) and a
diastereomeric excess of 73%, while the reaction of the apparent mismatching catalyst
(R)-24a-Y led only to traces of the hydroamination product even at elevated reaction
temperatures and longer reaction times (Scheme 111-5). The high degree of kinetic
discrimination of the matching versus the mismatching substrate-catalyst combination
suggests that the intermolecular asymmetric hydroamination can become a useful tool for

the kinetic resolution of racemic amines.

Scheme I11-5. Stereoselective addition of (R)-90 to 1-heptene using (S)-24a-Y and (R)-

24a-Y.
5 mol% /\
(S)-24a-Y HN™ ~Ph
n-CsHi7 X |150°C,48h n-CgHii of
15 equiv 75% conv.
73% de
.
: 8 mol% :
H,N" " Ph (R)-24a-Y HN" >Ph
(R)-90 170 °C, 96 h n-CsHy;

<20% conv.
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As was noted previously, the transformation of a secondary to a tertiary amine
was not achieved in the intermolecular hydroamination catalyzed by 24a-Y. However, a
tandem process involving two sequential hydroamination reactions of both primary and
secondary amines can be realized if a non-conjugated diene substrate is used instead of a
simple alkene. The reaction of a,m-hexadiene with benzylamine proceeded smoothly to
the N-benzylpyrrolidine derivative 93 with good cis:trans diastereoselectivity (Scheme
[11-6). The intermediate aminoalkene 92 was not observed over the course of reaction
which is not surprising due to the significant higher rate of the intramolecular versus
intermolecular alkene hydroamination. Note that in contrast to the trans-selective
cyclization of primary aminoalkene 45e catalyzed by 24a>® (see also Chapter 2), the cis—
diastereomer was favored in case of the secondary aminoalkene 92 which is also in
agreement with previous findings for a cationic zirconium catalyst system.’®* The
plausible cyclization transition states are shown in Figure I11-5. The chair-like transition
state leading to the trans-isomer of the primary aminoalkene 45e is less encumbered due
to reduced 1,3-diaxial interactions, whereas gauche interactions of the N-substituent
make the cis-pyrrolidine 93 the preferred product in case of the secondary aminoalkene
92.

Scheme I11-6. Sequential inter-intramolecular hydroamination catalyzed by 24a-Y.

9 -24a-Y
N NF + PhT ONH, S mol% (R)-24a /Q\
150 °C, 45 h
J 89 %
15eq. k dr 5:%
93 Ph
ﬂ
[ H,\t Me
92>py,
not observed
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H Mji W |F BPVM;i Bn T |*
= - ; N2 N2 |

M Me
H
‘ favored l disfavored ‘ disfavored J favored
H H
N N

I?n I?n
11, (_7/ \Q/ 1., @/ \C?/
trans 46e cis trans 93 cis

Figure 111-5. Diastereoselective hydroamination/cyclization of primary and secondary

aminopentenes.

It should also be noted that although primary amines cannot be obtained directly
via asymmetric hydroamination catalyzed by 24-Y, removal of the N-benzyl group via
transfer hydrogenation yields primary amines such as 94 in good yields without
racemization (Eq. Il1-1). Thus, benzylamine can serve as an ammonia equivalent in

hydroamination catalysis.

1. Pd/C,
B EtOH, 30 min /_\
N
-CgH M n-CeH Me -1
etz Me 5 ha o (-0
83 94
57% ee (R) 84%, 57% ee (R)

111.2.4 Mechanistic Observations
The reaction of benzylamine with 4-phenylbutene has been chosen for kinetic

studies. We have found the in the presence of an excess of alkene, the reaction is first



115

order with respect to amine (Figure 111-6), alkene (Figure 11I-7), and catalyst
concentration (Figure 111-8).

These data suggest a participation of the amine in the catalytic steps leading from
the resting state of the catalyst to the presumably rate-determining alkene insertion step.
Although kinetic data for these types of reactions are scarce, it should be noted that a zero
order rate dependence on the amine concentration was observed in the rare-earth metal-
catalyzed intermolecular hydroamination of alkynes'” and the base-catalyzed

hydroamination of ethylene with diethylamine.®

0.4
03 + y= 0.36¢0-001x
e R2=0.988
= 02 ¢
O
01 +
0 e I e | {
0 200 400 600 800

Time, min
Figure 111-6. Exponential amine consumption in the addition of benzylamine [Co = 0.36
M] to 4-phenyl-1-butene [Co = 2.1 M] in the presence of (R)-24a-Y [Cy = 0.015 M] at 150

°Cin CeDs.
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0.008 pirsi7e

0.006 T

0.004 T

kobs’ min—l

0.002 T

[Alkene], M

Figure 111-7. Observed pseudo-first order rate constant vs. alkene concentration for the
reaction of benzylamine [Cy = 0.17 M] with 4-phenyl-1-butene in the presence of (R)-
24a-Y [Cy=0.032 M] at 150 °C in CgDg. Enantiomeric excess values for the isolated

product 85 are shown as well.

0.006

0.005 T

0.004 T

R? =0.987
0.003 T

kobs' min—l

0.002 T

0.001 T °

0 0.01 0.02 0.03 0.04
[Cat], M

Figure 111-8. Dependency of ko,s On the concentration of (R)-24a-Y in the addition of

benzylamine [Cy = 0.17 M] to 4-phenyl-1-butene [Cy = 1.53 M] at 150 °C in CgDs.
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Another important observation is the strong inhibitive effect of the amine, as the
observed first-order constant decreases significantly with increasing amine concentration
(Figure 111-9). This observation may seem to be in conflict with the predicted value of the

amine binding (Scheme 111-1) constant K®™

, which should be negligible at 150 °C as
shown in Table 111-1. It should be kept in mind though, that the value of K™ determined
for the intramolecular hydroamination at the room temperature and above describes the
equilibrium between bis (amino)amide C and a lower coordinate and more reactive
mono(amino)amide B (

Scheme 111-7). It is very likely that at elevated temperature the “naked” amide A

becomes the catalytically relevant species, which is in equilibrium with species B, and

the contribution of C should be small according to Table I11-1.

0.015
45% ee
| ’
ool ft
P - L 46% ee
é L \‘\‘
0" " \‘
2{ [ ? \‘
0.005 T . 48% ee
[ L 2N 50% ee
S~ 0,
@ 3%ee spgee
DR |
0 L L L 'l 'l 'l L 'l 'l
0 0.2 0.4 0.6 0.8 1
C,M

Figure 111-9. Observed pseudo-first order rate constant vs. amine concentration for the

reaction of benzylamine [Cy = 0.17-0.85 M] with 4-phenyl-1-butene [Cy = 2.1 M] in the
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presence of (R)-24a-Y [Cy=0.032 M] at 150 °C in C¢Dg. The line is drawn as a guide for

an eye. Enantiomeric excess values for the isolated product 85 are shown as well.

Scheme 111-7. Catalytically relevant forms of 24-Ln at various conditions.

L
<0\ H L O H L O /H
* Ln-N_pp =— <* Ln-N_Ph =—— G Ln-N__Ph
@) he -L o \ L o \
Kdorm, 2 L Kdorm L
A operates @ 150 °C B operate C
s@rt

L = H,NR', HNRR"

It is also important to note that the stereoselectivity of the hydroamination
reaction seems to be dependent on the total amine concentration. The enantiomeric
excess of 85 increases from 45 to 54% ee with a 5-fold increase of amine concentration
(Figure 111-9). This observation suggests that two catalytic pathways involving both
species A (high reactivity, lower selectivity) and B (low reactivity, higher selectivity) are
co-existing in the “net” catalytic hydroamination reaction. Similar observation has been
previously made for species B and C for the intramolecular hydroamination at lower
temperatures.® Unfortunately, the relatively low reactivity and significant error in the
determination of concentrations and conversions from the broad NMR spectra did not
provide sufficient accuracy to determine of K™ 2 and turnover rate constants.

An unexpected result occurred when N,N-dideutero-benzylamine was reacted
with 4-phenylbutene in the presence of 24a-Y (Eq. 111-2). The isolated product 85-d
contained less than 10% of deuterium in the methyl group, and a large amount of
deuterium was found in the re-isolated proligand 78a. Isotope exchange apparently

involved activation of the ligand aryl C—H bond. Incorporation of deuterium from the N-
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deuterated amine into the ortho-position of the triphenylsilyl groups was observed within
minutes at 150 °C in the absence of an alkene as well. Therefore, this process is unlikely
catalytically relevant (Scheme 111-8).

<10% «-- D

"pp + Ph/\NDz M Nj\/\Ph (1m-2)
CeDg, 150 °C H/D

Scheme 111-8. Proposed mechanism for the deuterium scrambling.

[ equilibrates in 15 min ]

We attempted to suppress the deuterium leakage by introducing the complex (R)-
24a-Y-d3p with perdeuterated triphenylsilyl groups. This catalyst yielded (R)-85-d with
increased, but still incomplete, deuteration of the methyl group, possibly due to the C-H
activation of N,N-dimethylbenzylamine present in the reaction mixture. Remarkable
observations were the primary kinetic isotope effect k®(NH,)/k®(ND,) = 2.1 and a
significant perturbation of enantioselectivity, as 85-d was obtained in 31% ee (Eq. 111-3)
versus 56% ee for 85 (Table 111-4, entry 5).

61%*-- D

R)-24a-Y-d j\/\
A "pn + P ONp, P2 N Ph (11-3)
CgDg, 150 °C H/D

85-d
31% ee
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These observations, along with the kinetic data, suggest that the reaction is
proceeding via a proton-assisted concerted insertion-protonolysis pathway similar to
transition state depicted in Scheme 1-2.23'° The stereo- and rate-determining steps both
seem to involve the C—H bond formation. It should also be noted that the protonolysis of
the metal-alkyl bond may involve either the N-H bond of an amine or the aryl C—H bond
of the ligand as these two pathways cannot be discriminated unambiguously with the

available data.

I11.3 Conclusions and Outlook

Rare earth metal binaphtholate catalysts 24-L.n were demonstrated to catalyze the
intermolecular asymmetric hydroamination of unactivated alkenes with simple primary
amines which is a first ever example of this challenging transformation. The reaction
requires high temperatures (typically 150 °C) and high alkene concentrations (10-15-fold
excess) to proceed. It yields the corresponding Markovnikov addition products with
moderate enantiomeric excess (50-61% ee). A readily available library of tunable
binaphtholate ligands allowed the determination of the necessary minimum of steric
protection, which is a pre-requisite of an efficient hydroamination reaction. Coordination
of the amine molecules to the Lewis acidic rare earth metal center plays a pivotal role in
the catalytic performance and can be controlled by steric features of the amine, the
catalyst, as well as by the reaction temperature. Mechanistic observations suggest a
protonolysis-assisted rate-limiting alkene insertion, and at least two competitive catalytic
pathways marked by different catalytic efficiency and selectivity are coexisting in the

catalytic system. While the substrate scope remains rather narrow, the protocol can be
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applied to sequential inter-intramolecular reactions as well as to the kinetic resolution of
racemic amines.

Further studies with a focus on enhancing the catalytic activity by at least 1-2
orders of magnitude should follow the work presented here. Currently, the low reactivity
does not allow us to perform more advanced kinetic and mechanistic studies, which
should become available with more reactive systems. The observed dramatic reactivity
changes driven by seemingly delicate steric manipulations are encouraging that this goal

is attainable.

I11.4 Experimental

General considerations. All reactions with air- or moisture sensitive materials
were performed in oven (120 °C) and flame-dried glassware under an inert atmosphere of
argon, employing standard Schlenk and glovebox techniques. Hexanes, pentane and THF
were sparged with argon for 1 h and then passed through a column with activated
alumina prior to use. Alkenes, benzene and CgDs were vacuum transferred from
sodium/benzophenone ketyl. Amines were distilled twice from finely powdered CaH,.

'H, H{*H}, BC{*H} and °F NMR spectra were recorded on Varian (300, 400,
500 MHz) spectrometers at 25 °C unless stated otherwise. Chemical shifts are reported in
ppm downfield from tetramethylsilane with the signal of the deuterated (**C, H) or
undeuterated (*H) portion of the solvent as internal standard. Mass spectra were recorded
on a Finnigan LCQ-DUO mass spectrometer. HPLC analysis was carried out on an
Agilent 1200 series instrument with multiple wavelength detector using Chiralcel OD-H,

0J-H, and Chiralpak AS-H columns (25 x [14.6 mm). Silica gel (230-400 mesh, Sorbent
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Technologies) and alumina (80-200 mesh, EMD) were used for column chromatography.
Elemental analyses were performed by Robertson Microlit Laboratories, Inc.,
Ledgewood, NJ.

(S)-Mosher acid was transformed into the corresponding (R)-Mosher acid chloride
according to a literature protocol.”® Aminodiene substrate 5-amino-nona-1,8-diene (74)

was prepared as described previously.*

Ligand Synthesis

(R)-2,2"-Bis(methoxymethoxy)-1,1'"-binaphthyl,* (R)-3,3-dibromo-2,2'-
dihydroxy-1,1'-binaphthyl, (R)-3,3"-bis(triphenylsilyl)-2,2'-dihydroxy-1,1'-binaphthyl
(78a), (R)-3,3"-bis[tert-butyl(diphenyl)silyl]-1,1'-binaphthalene-2,2"-diol (78c),?* chloro-
(cyclohexyl)diphenylsilane®® and  chloro(4-methoxyphenyl)-diphenylsilane®®  were
synthesized according to literature procedures. Proligand 78e was prepared as described

in Chapter 6.

(1,1°-Biphen-2-yl)diphenylchlorosilane. To a solution of 2-bromobiphenyl
(4.17 g, 18.0 mmol) in Et;O (50 mL) t-BuLi (1.6 M in pentane, 23 mL, 36.8 mmol) was
added dropwise at —80°C. After 15 min at this temperature, dichlorodiphenylsilane (3.8
mL, 4.55 g, 18.0 mmol) was added dropwise. The resulting mixture was allowed to warm
to room temperature and stirred overnight. The solvent was removed in vacuo and the
residue was extracted with warm toluene (2 x 20 mL). The combined extracts were
concentrated to ca 5 mL volume, and were treated with pentane (10 mL) to induce

precipitation. After filtration, 3.50 g (51% vyield) of the target product were obtained in
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the form of small white crystals. *H NMR (400 MHz, CDCls): & = 7.77 (d, *J(H,H) = 7.6
Hz), 7.54-7.45 (m, 4H), 7.42-7.35 (m, 3H), 7.31-7.25 (m, 5H), 7.11-7.04 (m, 1H), 7.03-
6.97 (m, 3H, aryl-H); *C{*H} NMR (CDCls, 75 MHz): & = 150.2, 142.5, 137.3, 134.8,

134.1, 131.2, 130.6, 130.5, 130.0, 129.5, 127.8, 127.4, 127.0, 126.4 (aryl).

Bromobenzene-ds.*° To a mixture of Cg¢Dg (100.0 g, 1.19 mol) and anhydrous
AICI; (5 mg) was added dropwise bromine (61.0 mL, 90 g, 1.19 mol) while maintaining
room temperature by means of a large water bath. The rate of addition was maintained
low so that each drop of bromine was added to an already colorless reaction mixture.
Hydrogen bromide was trapped in a large beaker with water. After the addition was
complete, the mixture was washed with sodium bicarbonate (100 mL) and dried
(NaySO,). Fractional distillation from CaH, with a 15 cm Vigreux column yielded 85.0 g
(44%) of the target compound as a colorless liquid, bp 14-45 °C (760 mm Hg). H{*H}
NMR (76.7 MHz, CDCls): & = 7.64 (br s, 2D), 7.42 (br s, 1D), 7.34 (br s, 2D); *C{*H}
NMR (125 MHz, CDCl): & = 131.1 (t, *J(C,D) = 24.9 Hz), 129.5 (t, *J(C,D) = 23.8 Hz),

126.3 (t, \J(C,D) = 24.9 Hz), 122.2 (s, CBr).

Triphenylchlorosilane-d;s. A solution of phenyl-ds magnesium bromide (15.2
mmol), prepared from magnesium turnings (4.8 g, 20 mmol) and Cg¢DsBr (24.7 g, 15
mmol) in THF (150 mL) was added dropwise at —10°C to a solution of SiCl, (0.58 mL, 5
mmol) in THF (50 mL) over 30 min. The resulting suspension was heated to a reflux, and
stirred under reflux for 3 h. It was cooled to room temperature and concentrated in vacuo.

The residue was dissolved in CH,Cl, (100 mL) and filtered through a short pad of celite.













































































































































































































































































































































































































































































































































































































































































