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Abstract: The copper-catalyzed diorganozinc addition to N-diphenylphosphinoylimines was
shown to proceed with a very high degree of enantiocontrol if the reaction was run in the
presence of Me-DuPHOS monoxide ligand (BozPHOS). The scope of the reaction is de-
scribed as well as our efforts to identify the nature of the enantioactive metal complex re-
sponsible for the high asymmetric induction.
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The asymmetric catalytic addition of nucleophiles to imines is a potentially very important process [1]
owing to the predominant role that o-chiral amines play in biologically important systems. Although
these subunits are widely found in pharmaceutically important compounds and are the key component
of unnatural amino acids, it is only recently that methods based on asymmetric catalysis involving
nucleophilic addition of organometallic reagents to imines have appeared [2]. Traditionally, these chi-
ral building blocks have been prepared either using resolution techniques or chiral auxiliary-based ap-
proaches (Fig. 1).
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Among the different methods that are available for the asymmetric catalytic addition of dialkyl-
zinc reagents to imines, those reported by Tomioka [3], Hoveyda/Snapper [4], and Brise [5] stand out
as the most effective ones so far (eqs. 1-3).
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Two additional catalytic systems have been reported for the addition of diethylzinc to N-tosyl-
imines [6,7]. Wang and Shi have shown that a binaphthyldiamine derivative 4 catalyzes the addition of
diethylzinc to imines (eq. 4).

H
Ar N Ar N
~ Et,Zn 4 6 mol% ~ ‘o
YT L p T NHE

H {2equiv) " (MeCN),BF, (3 mol%) Et 4)

Toluene, 0 °C NHP(O)Ph,
85-91 % ee

81-96 % yield
4

Our interest in developing new methods for the synthesis of chiral amines led us to investigate
whether it would be possible to generate an alternative approach from the highly electrophilic N-phos-
phinoylimines. Two advantages of this method would be the ease of cleavage of the nitrogen protecting
group and good electrophilicity [8,9]. However, developing an asymmetric catalytic version is ex-
tremely challenging since most systems that have been developed with this electrophile so far for the
addition of diorganozinc reagents involve a stoichiometric amount of a chiral controller [10].

Recently, we have disclosed that Me-DuPHOS/copper(Il) triflate was a very effective chiral cat-
alyst for the addition of diorganozinc reagents to N-phosphinoylimines (eq. 5) [11].

o o}
P <Ph B-Ph
C( N"T<Pn  Cu(OT), (10 mol%), 5 (5 mol%) L

. ; 5
: Ar H AlkyloZn (2 equiv), Toluene, 0 °C, 48 h A /kAIkyI ( )

P r
/Q 85-96 % ee

Me-DuPHOS (5) 51-98 % yield

This method is quite effective for the addition of diethylzinc and higher diorganozinc reagents to
imines producing the protected ct-chiral amine in high enantiomeric excess. However, the efficient ad-
dition of dimethylzinc is problematic. In fact, other catalytic systems use up to 10 equiv of dimethyl-
zinc, but still obtain relatively low yields (51 %). This is a common feature between the Me-DuPHOS
system and all of the other most successful systems to date in which a large excess of dimethylzinc is
required and modest enantiomeric excesses (84—88 %) and/or conversions are observed. Using the cop-
per Me-DuPHOS system, very low conversions and enantioselectivities were observed if the number of
equivalents was reduced to a practical level. The lack of reactivity of Me,Zn combined with the im-
portance of the addition products in synthesis convinced us that new and more effective chiral ligands
should be developed for this transformation. After considerable ligand screening, we were pleased to
find that the bis(phosphine) monoxide derived from Me-DuPHOS produced spectacular results.
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The rationale for the ligand modification was triggered by the observation that a significant rate
of acceleration for this reaction was observed with monodentate phosphines as well as with bidentate
ligands bearing one labile group. Furthermore, we observed that the reaction was completely sup-
pressed if >2 equiv of Me-DuPHOS relative to Cu were used. These results led us to screen a large num-
ber of bis(phosphine) monoxide ligands [12,13], and we were quite pleased to discover that
Me-DuPHOS monoxide (BozPHOS, 6) was a very effective ligand for the copper-catalyzed diorgano-
zinc addition to N-phosphinoylimines. This ligand is easily prepared in 3 steps and 90 % overall yield
from Me-DuPHOS (Scheme 1). Monoprotection of the Me-DuPHOS as its phosphine-borane complex
was very effective even if more than 1 equiv of borane was used since we were unable to generate the
bis(phosphine-borane) complex. A subsequent oxidation with hydrogen peroxide followed by depro-
tection with DABCO led to BozPHOS (6).

o 1. BHz*DMS, THF, 0 °C P

o :
Z @[ 2. Hy0,, THF @[ oY
éi b @ /PQ 3. DABCO, Toluene, 50 °C /PQ
o3 90 % yield
o f e Me-DuPHOS Monoxide (6)
(BozPHOS)

The reactivity and selectivity of this novel ligand was far superior to those observed with
Me-DuPHOS. This was demonstrated by two reactions involving the addition of dimethylzinc to the
N-phosphinoylimine derived from benzaldehyde, one catalyzed by Me-DuPHOS-Cu and the other by
BozPHOS:Cu (eqs. 6-7). The yield went up to 93 % with only 3 equiv of dimethylzinc and the ee to
97 % when BozPHOS:Cu was used.

Scheme 1

o ph o)
bz Me-DuPHOS (5 mol%) LPh
N "Fh (CuOTH),+Tol (5 mol%) HN > Ph )
H MesZn (10 equiv) 51 % yield ( )
2 o
Toluene, 25 °C, 48 h Me 90% ee
7 o)
B BozPHOS (5 mol%) 1P
N Ph (CuOTH),+Tol (5 mol%) HN® Ph

. 7)
- 93 % yield (

H MexZn (3 equiv)
©)J\ Toluene, 25 °C, 48 h Me 97 % ee

These studies led to a second-generation chiral ligand, Me-DuPHOS monoxide (BozPHOS),
which not only significantly improved the enantioselectivities of the process, but also led to a broader
scope in terms of the diorganozinc reagents used in the reaction (Table 1) [14]. The addition reaction
was very effective with a wide range of imines derived from arylaldehydes.
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Table 1 Addition of dialkylzinc to N-phosphinoylimines catalyzed by

BozPHOS/Cu(OTf),.

o o)

I_Ph Cu(OTf), (6 mol%) Il_Ph

N~ Ph BozPHOS (6) (3 mol%) HN’P\Ph

R‘J\H RQZZn (2 equiv), Toluene, 0 °C, 16-20 h Rl R2
Entry R! R2 yield (%) ee
1 Ph Et 96 98
2 4-MeCgH, Et 94 98
IQ 3 3-MeCgHy Et 9% 97
@[ oV (5mol%) 4 4-CICH, Et o7 97
p—y 5 4-BrCgH, Et 97 97
/Q 6 4-MeOCgH4 Et 91 98
6 7 <OD/ Et 93 98
Me-DuPHOS Monoxide
(BozPHOS) 0

8 1-naphthyl Et 93 97
9 2-naphthyl Et 96 97
10 2-furyl Et 97 96
11 c-propyl Et 95 94
12 2-MeOCgH4 Et 98 98
13 2-CICgH, Et 9 92
14 2-MeCgH, Et 97 99
15 Ph Me 87 97
16 3-MeCgHy Me 80 92
17 2-furyl Me 90 89
18 Ph n-Bu 92 96
19 Ph i-Pr 84 95

The preparation of imines derived from alkylaldehydes was much more problematic. Although it
was possible to prepare N-diphenylphosphinoylimines derived from alkylaldehydes bearing enolizable
protons in ca. 50-60 % yields using Stec’s procedure [15,16], the product was not sufficiently clean to
be used in the copper-catalyzed reaction. Furthermore, it could not be purified using standard methods
without extensive decomposition. Therefore, we elected to use an imine precursor [17-19] in which the
leaving group would depart upon treatment with the dialkylzinc reagent (Fig. 2). Obviously, the nature
of the by-product (RZnLG) should not interfere with the asymmetric catalytic process. Among those
that were surveyed, the sulfinate adduct turned out to be the best one.

R-Zn<R

0o (o}
B* Ph \_. H. ,lg:Ph
N" “Ph (N7 TPh
e PN
AIkyl)]\H -RZnLG Alkyl” LG

in situ formation

Fig. 2

Finally, the scope of the reaction was significantly increased when we found that the sulfinic acid
adduct of the starting N-phosphinoylimine was an excellent surrogate for N-phosphinoylimines derived
from alkyl-substituted aldehydes. The starting materials were simply prepared by mixing the aldehyde,
p-toluenesulfinic acid, and diphenylphosphinic amide in an etheral solvent (ether or t-butyl methyl
ether). After stirring for several hours, the adduct precipitated and could be isolated by filtration.
Submission of the adduct to the standard conditions but using an extra equivalent of the dialkylzinc led
to the addition products in high yields and enantiomeric excesses (Table 2) [20]. This method is among
the best, if not the best, to generate this class of compounds.
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Table 2 Addition of dialkylzinc to
N-phosphinoylalkylimines.

Q _Ph BozPHOS (6) (5 mol%) O on
HN P\Ph Cu(OTH), (4.5 mol%) HN,L\Ph
R! SO,Tol Et>Zn (2.5 eqtilv) R‘J\Et
Toluene, rt to -60 °C, 16 h
Entry R! Yield (%) e (%)
1 Ph 87 97
2 c-pent 92 95
3 PhCH,CH, 98 9%
4 c-hex 89 96
5 n-hex 98 95
6 i-Pr 86 96
7 Me 97 90
8 i-Bu 97 96

A careful analysis of the ligand indicates that Me-DuPHOS monoxide is the optimal one thus far.
Replacement of the methyl groups with ethyl or isopropyl led to a significant erosion of the enantio-
selectivity and reaction rate (Fig. 3). Furthermore, we have also demonstrated that the presence of both,
the phospholane and phosphine oxide, is mandatory to get high enantioselectivities. If either one of the
groups is removed, the yield is still very good, but no enantioselectivity was observed.

R,
Ph Q
L-/ BozPHOS (3 mol%) B-Fh
Ph Cu(OTf), (6 mol%) HN™ ~Ph

i A P 98 % yield
Et,Zn (2 equiv) Et 98 % ee
Q Toluene, 0 °C, 16 h

BozPHOS (R = Me)

Ligand Modification

R=Et,37% ee

: 0Os 0Os
R = i-Pr, no reaction ©/P © P ©/ P + ©/ P

>95 % conversion, 0% ee  >95 % conversion, 0% ee >95 % conversion, 0% ee

OMe

e P P
e QeWS Wl
Reahilincaboalin og,

97 % ee (EtoZn) 91 % ee (EtpZn) 98 % ee (EtpZn)

92 % ee (MeoZn) 93 % ee (Me,Zn) 95 % ee (MepZn)
Fig. 3

Finally, changing the electronic nature of the aryl group of the diarylphosphinoylimine is trans-
lated into a slight modification of the enantioselectivities. We observed the presence of a 4-fluoro sub-
stituent increases the ee in some cases, whereas the presence of a 4-methoxy led to a decrease in ee and
reaction rates (Fig. 3).

The next important question that needed to be addressed was the possibility that both the
Me-DuPHOS:-Cu catalyzed reaction and the BozZPHOS:Cu catalyzed reaction were proceeding via the
same active catalytic species. In other words, could it be possible that under the reaction conditions, one
of the copper salts could oxidize Me-DuPHOS into BozPHOS (eq. 8)? Such phosphine oxidation is well
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precedented with palladium chemistry [12¢,21], and it has also been reported for copper sulfate and
dppe [22].

Q Cu(OTt Q
O Y s (Y oo
B Toluene /PQ (8)
Py,

Me-DuPHOS (5) BozPHOS (6)

In order to establish this, we developed two different protocols (Fig. 4). A high level of enantio-
selectivities was observed with both ligands if Cu(OTf), was mixed with Me-DuPHOS or BozPHOS
prior to the addition of Et,Zn. Quite surprisingly, the racemic N-phosphinoyl protected amine was ob-
served with Me-DuPHOS if the Cu(Il) salt was initially reduced with Et,Zn (presumably to generate

EtCu) followed by the addition of the chiral ligand. Conversely, the order of addition did not have any
impact on the ee of the product if BozPHOS was used.

Original Procedure with Me-DuPHOS "Non-oxidizing" Procedure
1. Cu(OTf), + Ligand + Toluene 1. Cu(OTf), + Et,Zn + Toluene
2. Add Etp,Zn 2. Add Ligand
3. Add Imine 3. Add Imine
Me-DuPHOS (5) 94% 45%
96 % ee 2% ee
BozPHOS (6) 98% 98 %
98% ee 98% ee
Me-DuPHOS bisoxide (7) 50 % conversion 50 % conversion
0% ee 0% ee

Fig. 4

To demonstrate whether Me-DuPHOS oxidation to generate BozPHOS in situ was a viable path-
way under the normal addition protocol (ligand + copper salt, then Et,Zn), we undertook a systematic
spectroscopic investigation of the reaction to identify whether or not, BozPHOS (6) or Me-DuPHOS
bisoxide (7) were formed upon treatment with various Cu salts. Unfortunately, the in situ monitoring of
the reaction by NMR methods did not lead to unambiguous results owing to the presence of paramag-
netic Cu(II)/Cu(0) species and the rapid equilibration between various complexes.

To overcome this problem, we had to scavenge all the residual Cu salts from the crude reaction
mixture by an aqueous KCN treatment under deoxygenated conditions. This is a convenient alternative
to the use of dithiocatechol dilithio salts that has been used to scavenge and recover phosphine ligands
[23]. Each ligand (5-7) was submitted to Cu(OTf),/Et,Zn using the normal or reverse addition proto-
col. After a standard KCN work-up to remove copper salts, the crude mixture was analyzed by
3Ip NMR. The first striking observation is that significant oxidation (up to 20 %) of one of the free
phosphino groups of Me-DuPHOS occurred when the ligand was premixed with Cu(OT¥), (eq. 9).
Conversely, inverting the order of addition almost completely suppressed the oxidation of the phosphine
(only 3 % of BozPHOS was formed, eq. 10). The same series of experiments carried with BozPHOS
(6) indicated that very little oxidation into 7 (1-4 %) was observed regardless of the order of addition.
This is somewhat not too surprising since the monoxide should be less prone to oxidation compared to
Me-DuPHOS due to the replacement of a phosphine by a phosphine oxide. The relatively low level of
oxidation using the nonoxidizing procedure could potentially be attributed to the background oxidation
during the manipulations under a noninert atmosphere and not to a formal oxidation of phosphorus by
the in situ formed EtCu.
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2

Q 1. Cu(OTH), (2 equiv)
p 2. Et,Zn (40 equiv) P. P
3. KCN \ N\
e o o)
s B L3
/D Toluene /PQ /PQ (9)
Me-DuPHOS Me-DuPHOS BozPHOS Me-DuPHOS Bis(oxide)
76 % 20 % 4%

1. Et,Zn (40 equiv)
2. Cu(OTf), (2 equiv)
3. Ligand (1 equiv)

4. aq. KCN (1 0)

96 % 3% 1%

Toluene

Kinetic studies of the reaction as a function of the ligand using the reverse addition protocol are
shown in Fig. 5. The data strongly suggest that the ligand 6 is responsible for the highly enantioselective
pathway since the reaction involving Cu(I)-5 under nonoxidizing condition led to a low rate and poor
enantioselectivities. One striking feature is the reactivity difference between the complex Cu(I)-5 and
Cu(I)-6 in the reaction, and it accounts for the observation that high enantioselectivities are observed
for the reaction even when a small amount of Cu(I)-6 was present relative to Cu(I)-5.
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9 en Me-DUPHOS MonO () 9 o
B Me-DuPHOS BisO (7) L.
Cu(OTf), HN™ “Ph

N
H EixZn (2 equiv) Et
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g

c O
50 /_M
%
5 80 (97 % ee)
= O Me-DuPHOS MonO (6)
E 70
= X Me-DuPHOS BisO (7)
o 80
3 O Me-DuPHOS (5)
Z s 0% ee)
= A Ma-DuPHOS MonO (6) without Cu
S « [
4
@
z® (0% ee )
8 2
10
— (D % ee LA____ﬁ_____ﬁ___-—-—ﬁ
o "
0 2 4 6 8 10 12 14
Time (h)

Fig. 5

In conclusion, these findings are potentially very important owing to the large number of reports
involving phosphine-bound copper catalysts in asymmetric catalysis. In a lot of cases, a careful exam-
ination that the potentially active chiral ligand could be the corresponding phosphine oxide should be
carried out and enantioselectivities may be improved in many cases.
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