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Abstract: The Zn-promoted direct reduction of vari-
ous ketones, including alkyl aryl ketones, a- and f3-
keto esters, a- and P-keto amides, into the corre-
sponding alcohols with polymethylhydrosiloxane
(PMHS) in protic conditions is reported. The reaction
proceeds chemoselectively under smooth conditions,
with simple catalyst combinations based on a zinc pre-
cursor [ZnEt,, Zn(OMe),, Zn(OH),] and a 1,2-di-
amine ligand, e.g., N,N'-dibenzylethylenediamine
(dbea). The reaction rates are significantly faster
than under aprotic conditions. For B-keto esters and

amides, the use of an excess of PMHS is required.
Moderate enantioselectivities (ee up to 55%) have
been obtained using a variety of enantiopure diamine
ligands. Two mechanisms are proposed for the new
catalytic reaction, on the basis of the synthesis of [(di-
amine)Zn(alkoxide),] complexes which are models of
the possible reaction intermediates and a study of
their activity.

Keywords: alcohols; diamines; homogeneous cataly-
sis; hydrosilylation; PMHS; zinc

Introduction

Secondary alcohols are rewarding intermediates in or-
ganic synthesis, especially when taking into account
their importance as (chiral) building blocks for the prep-
aration of numerous biologically active molecules.!"! As
regards their preparation, in comparison with other ma-
jor catalytic methods for the reduction of C=O bonds,
i.e., hydrogenation and hydrogen transfer, hydrosilyla-
tion appears relatively less attractive, mainly due to
the high toxicity and price of the generally employed
monomeric silanes (PhSiHs, ...).”! In recent years, hy-
drosilylation has gained renewed interest following the
rediscovery of the reductive abilities of polymethylhy-
drosiloxane (PMHS), a safe and inexpensive polymer
co-product of the silicon industry, when associated to
some transition metal-, Lewis acid- or fluoride-based
catalysts.’! Among the former ones, an original Zn cata-
lyst system described by Mimoun et al. promoted the
chemoselective reduction of non-functionalized and
a,B-unsaturated ketones, aldehydes and even esters to
the corresponding alcohols.*! A chiral version using op-
tically active secondary 1,2-diamines was also developed
to reduce simple aryl alkyl ketones,”! and received fur-
ther developments from our and other groups by explor-
ing the efficiency of new chiral diamines and aiming to
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expand the scope of the method.[”! Overall, the latter
point constitutes the main limitation of this catalytic sys-
tem. In fact, since the reaction is carried out in a non-po-
lar solvent, typically toluene, the final product is a silyl
ether that must be submitted to a subsequent hydrolysis
step torecover the desired alcohol. Unfortunately, as ex-
emplified later in this paper, this non-neutral work-up
proved somewhat delicate for quite a few functionalized
ketones. Therefore, it appeared necessary to set up an al-
ternative system that would overcome this limitation.
Hence, we focused our interest on a modified version
of this [Zn-diamine]-PMHS catalytic system, able to
give the free alcohol product in a one-step, mild and neu-
tral procedure. One possibility to achieve this goal is to
use a protic solvent. To our knowledge, only a few exam-
ples of hydrosilylation proceeding in protic solvents
have been reported so far, which all employ tin-based
catalysts in an alcohol.”~" In fact, although the dehydro-
genation of PMHS by alcohols was shown to take place
in the presence of zinc species,' we have observed that
the Zn-catalyzed hydrosilylation of C=O and C=N
bonds is effective in an alcohol solvent too.!"” In this con-
tribution, we thoroughly describe the chemoselective
reduction of functionalized ketones as well as a few
imines in the presence of an alcohol. Several chiral dia-
mine ligands were also evaluated in an asymmetric ver-
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sion of this catalytic system. Finally, on the basis of the
catalytic data and the preparation of several model
zinc alkoxide-diamine complexes, possible mechanisms
for this new catalytic system are proposed.

Results and Discussion

Scope of the Catalytic System

In the absence of a reducible C=0 or C=N bond, the de-
hydrogenative coupling of PMHS with alcohols
(MeOH, EtOH) takes place rapidly at room tempera-
ture using ca. 1 mol % of a zinc precursor activated by
a diamine, e.g., ZnEt,/dbea [dbea= N,N'-dibenzylethy-
lenediamine], or a hydride, e.g., Zn(EH),/NaBH,
[EH =2-ethylhexanoate] or Zn(EH),/vitride® [vit-

an important acceleration effect was observed in most
cases when the reactions were carried out in methanol!'"!
as compared to toluene. For instance, the reduction of
acetophenone (1a) was completed within 1 h in metha-
nol, while only 10% conversion was observed in toluene
over the same reaction time (Table 1, entries 2 and 3).
Similarly, the conversion of a-chloroacetophenone
(1b) in toluene reached a maximum of 43% after 24 h,
but was quantitative within 1 hin methanol (Table 1, en-
tries 4 and 5). Also, in the case of methyl phenylglyoxy-
late (1g), reaction rates up to 20 times higher in metha-
nol than in toluene were observed (Table 2, entries 14—
16).

0 ZnEty/diamine (2 mol %) ﬁ?\H
2

PMHS, ROH/toluene (80/20) R'” 'R

R' "R?

ride =sodium dihydrobis(2-methoxyethoxy)aluminate] la-u 2a-u
(Scheme 1). Nonetheless, these systems proved surpris-
ingly capable to convert efficiently, under the same con- R’ R? R' R®
ditions, a variety of ketones (la—u, 3a—c, 4) and imines a Ph Me m Me CcOo,Me
(6a—d) to the corresponding alcohols (Schemes 2 and 3, b CH,CI n CH,CO,Me
Tables 1-3) and amines (Scheme 4, Table 4). Most ¢ - CR o CH,CO,Bu-t
probably, a kinetic competition between the two reac- d :'ﬁ?’”dfl Me p CHCONHMe
tions to the benefit of the second one accounts for this e el Me g CH,CONHPh
original and specific activity (vide infra) ' (CalNMe, | 1 Bn COaMe
- . " . 9 Ph COMe s CONHBn
The use of a protic medium proved quite valuable in h CO,Et t  (CHPh COMe
terms of activity, work-up, and scope/selectivity. First, i CH,COMe | u CO,Et
j CH,CO,Et
k CONHBn
H [Zn(2-EH),/NaBH,] {»QR JJ I CH,CONHBn
$i-0+ * ROH ——————— 4-§i0 + H;
%l\llle %n or [ZnEt,/diamine] Me n
R = Me, Et
Scheme 1. Scheme 2.
Table 1. Reduction of alkyl aryl ketones.
Entry Substrate Solvent PMHS [equivs.] Time® [h] Yield 2 [mol %],
(ee, configuration)

1 la MeOH/toluene 80:20 (v/v) 2.0 1 >99 (48, S)

2 1a MeOH/toluene 80:20 (v/v) 1.0 1 >99 (48, S)

3 1a Toluene 1.2 1 10 (76, S)

4 1b MeOH/toluene 80:20 (v/v) 1.0 1 >99 (42, R)

5 1b Toluene 1.2 18 43 (62, R)

6 1c MeOH/toluene 80:20 (v/v) 1.0 1 >99 (32, R)

7 1c toluene 1.2 1 >99 (27, R)

8 1d MeOH/toluene 80:20 (v/v) 2.0 18 68 (14, nd)

9 1d toluene 1.2 4 69 (17, nd)
10 1e MeOH/toluene 80: 20 (v/v) 2.0 18 72 (55, R)
11 le toluene 1.2 48 >99 (78, R)
12 1f MeOH/toluene 80:20 (v/v) 2.0 18 13 (nd)
13 1f toluene 1.2 48 80 (35, nd)

(] 1/ZnEt,/diamine =50/1/1, [1]=0.85 M.
[l Reaction time not optimized.

[l Data in parentheses refer to ees obtained using (R,R)-ebpe (8a) as the ligand.
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Table 2. Reduction of a- and B-keto esters, and o- and p-keto amides.

Entry Ketone Solvent!®! PMHS [equiv.] Timel! [h] Yield 2 [mol %],
(ee, configuration)!!
14 1g protic 2.0 0.3 >99 (34, R)
15 1g protic 1.0 0.5 >99 E34, Rg[e]
16 1g toluene 12 6 >99 (28, R
17 1h proticl!l 2.0 1 >99 (34, R)
18 1h toluene 1.2 4 69 (28, R)
19 Im protic 2.0 6 >99 (13, R)
20 Ir protic 2.0 24 68 (21, S)
21 1t protic 2.0 24 >99 (25, nd)
22 1u protic!™ 2.0 24 85 (12, nd)
23 1i protic 2.0 18 52 (43, R)
24 1i rotic 5.0 24 75 (47, R
25 1i grotic[g] 2.0 18 62 E—) .
26 1i toluene 5.0 18 0(-)
27 1j protic! 2.0 72 24 (38, R)
28 In protic 2.0 6 68 (22, 5)
29 In protic 5.0 1 > 9(9 (1)7, S)
30 1o protic 2.0 8 93 (nd
31 1o protic™ 2.0 48 42 (nd) .
32 1k protic 2.0 1 >99 (15, R)1!
33 1s protic 2.0 18 >99 (15, R)
34 11 protic 2.0 18 70 (26, R)
35 1 protic 5.0 1 >99 (26, R)
36 1p protic 2.0 18 75 (20, nd)
37 1q protic 1.0 18 75 (28, R)
38 1q protic 2.0 3 >99 (28, R)U
(2] 1/ZnEt,/diamine =50/1/1, [1]=0.85 M.
[*] Unless otherwise stated, protic solvent: MeOH/toluene = 80/20 (v/v).
[l Reaction time not optimized.
4 Data in parentheses refer to ees obtained using (R,R)-ebpe (8a) as ligand.
[f] Isolated yield of spectroscopically pure product=67%.
fl Protic solvent: EtOH/toluene =80/20 (v/v).
el protic solvent: MeOH/toluene = 66/33 (v/v).
("} Protic solvent: t-BuOH/toluene =80/20 (v/v).
[‘_] Isolated yield of spectroscopically pure product =98%.
1 Isolated yield of spectroscopically pure product=96%.
ZnELL (2 — 4 mol %) N ZnEtydiamine (2 mol %) iR
o}
J\/u\ PMAS (@ -G eauivs) ction P, PMHS, ROHfoluene (80/20) i
sanc MeOH, 25 - 80 °C 6a—d 7a_d
2 R:iRzime a R'=Ph R2=Ph ¢ R'=Cy R’=Ph
R =R"=Ph b R”=Bn d R*=Bn

R'!= Me, R? = CH,CO,Me

OH OH O

ZnEty/L (2 — 4 mol %)
OH O O PMHS (4 - 6 equivs.)

AN A gt v

OBu-f MeOH, 25 °C
4

Scheme 3.
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Scheme 4.

Interesting features of the process are its tolerance of
several functional groups and the direct formation of the
alcohol, so avoiding the additional hydrolytic work-up
which is required in toluene and is somehow trouble-
some for certain substrates. In particular, the catalyst
system in methanol is totally chemoselective for the re-
duction of C=0 vs. CO,R functions. This enabled the
valuable conversion of aromatic and aliphatic a- and
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Table 3. Reduction of 8-hydroxy-B-keto ester 4.

Entry Ligand 4 Configuration PMHS [equivs.] Time® [h] Yield 5 [mol %] de 5 [%],
(configuration)
39 dbea S 6.0 24 >99 50 (syn)
40 (R,R)-8a S 4.0 4 >99 42 (syn)
41 (R,R)-8a R 4.0 4 >99 58 (syn)
42 (R,R)-8b R 4.0 3 >99 37 (syn)
43 (R,R)-8d R 4.0 4 >99 56 (syn)
44 (R.R)-10 R 2.0 18 >99 39 (syn)
45 (R,R)-12 R 2.0 3 >99 50 (syn)
46 (S,5)-12 R 2.0 18 >99 50 (syn)

(2] 4/ZnEt,/diamine =25:1: 1, MeOH/toluene = 80/20.
[l Reaction time not optimized.

Table4. Reduction of imines.[

Entry Imine Solvent!® PMHS [equivs.] Time™ [h] Yield 7 [mol %],
(ee, configuration)™!

47 6a protic 2.0 48 30 (nd)

48 6a toluene 1.2 18 0(-)

49 6b protic 2.0 3 55 (4, R)

50 6b protic +2.0 +2 67 (4, R)

51 6¢ protic 2.0 18 65 (0)

52 6¢ protic +2.0 +18 >99 (0)

53 6d protic 2.0 1 >99 (<2)

(2] 6/ZnEt,/diamine =50/1/1, [6] =0.85 M.
[*] Reaction time not optimized.
[ Protic solvent: MeOH/toluene =80/20 (V/v).

I Data in parentheses refer to ees obtained using (R,R)-ebpe (8a) as ligand.

B-keto esters into the corresponding a- and -hydroxy
esters (Table 2, entries 14—-31), while most of these sub-
strates were not reduced and/or the products could not
be recovered in significant yields (<10%) using the
two-step procedure in toluene. Similarly, a- and B-keto
amides were chemoselectively reduced to a- and -hy-
droxy amides (Table 2, entries 32—-38), which were iso-
lated in a pure state and with high yields by simple treat-
ment of the reaction mixtures with pentane, causing
their precipitation, whereas the silicon residues were
completely dissolved.

The reduction of 1,3-diketones 3a, b and 3,0-diketo es-
ter 3¢ did not take place even under forced reaction con-
ditions and the starting materials were recovered
(Scheme 3). Fast, irreversible deactivation of zinc cata-
lyst species via formation of acac-type complexes is sus-
pected in this case.®®™ The reduction of functionalized
diketones of the type of 3¢ is of high interest, since it can
provide access to syn-f3,0-dihydroxy esters, which are
key intermediates in the synthesis of HMG-CoA reduc-
tase inhibitors.'*' Thus, another route toward these
products was attempted, employing the chemo- and di-
astereoselective reduction of an optically pure 8-hy-
droxy-B-keto ester, e.g. 4 (Scheme 3)."! Consistent
with the activity of the [ZnEt,/dbea] system towards f3-

292 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

keto esters in methanol, this route proved operative,
readily giving the dihydroxy ester § with high yield and
50% syn-diastereoselectivity (Table 3). However, the
use of a chiral diamine instead of the achiral ligand
dbea showed only a moderate “matched-mismatched”
effect that did not significantly improve the de (vide in-
fra).

Finally, various imines (6a—d), which could not be re-
duced by the [ZnEt,/dbea] system in toluene, were che-
moselectively reduced by the same catalytic system in
methanol (Scheme 4, Table 4).

Optimization of the Catalytic System

Nature and Amount of the Hydrosilane, Affecting the
Importance of Competitive Processes

The ratio PMHS/substrate proved to be an important
parameter for the process optimization. In a few cases,
the stoichiometric amount of reducing agent, i.e.,
1.0 equiv. of PMHS vs. C=0 (C=N), was sufficient for
a complete reduction (Table 1, entries 2, 4, 6; Table 2,
entry 15). However, in most cases, excess PMHS (2-5
equivs.) was necessary, in particular for the enolizable
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ketones 1i and 11 (Table 2, entries 24, 35). In the same
line, the reduction of some imines, e.g., 6d, occurred
readily using only a slight excess of PMHS, whereas
for other imines, e.g., 6¢, the complete reduction re-
quired a larger amount (up to 4 equivs.) of PMHS (Ta-
ble 4, entries 51 and 52).

In the case of -keto esters and 3-keto amides, three
explanations can be proposed for the need of extra
equivalents of PMHS and limited conversion. (i) The
formation of an [acac-Zn] complex may consume part
of the catalyst, as suggested in the case of 3-diketones
(vide supra). However, we have observed that, after a
first stop of the conversion, the addition of two extra
equivalents of PMHS always enabled the reduction to
go to completion; this indicates that the precursor of
the active catalytic species was still active and the reac-
tion did not proceed because PMHS was lacking. Dis-
carding the hypothesis of catalyst deactivation by -
keto acid derivatives is also suggested by the observa-
tion that the reduction of the a-keto ester 1g proceeded
readily in the presence of an equimolar amount of 1i. (ii)
The catalyst system may also be operative in the dehy-
drogenative silylation of the ketone (via the enol) to
give asilyl enol ether (not observed by NMR) that would
hydrolyze back in methanol to the enol/ketone (and pol-
ymeric methoxysilyl species), hence consuming PMHS
“inefficiently”; however, in some additional experi-
ments, preliminarily prepared silyl enol ethers, e.g.,
PhCH(OSiMe;)CHj;, did not hydrolyze readily under
the catalytic conditions in methanol, so casting doubt

on this hypothesis. (iii) More likely, since the [Zn-di-
amine] system is also active in the dehydrogenative cou-
pling of PMHS and MeOH (Scheme 1), the efficiency of
the reduction process depends on the relative kinetics of
the C=0O (C=N) reduction vs. MeOH silylation. In fact,
we have observed that lowering the MeOH/toluene ra-
tio enabled to improve the conversion of 1i with two
equivalents of PMHS (Table 2, entry 25).

Other silanes could be equally used in place of PMHS.
The reduction of acetophenone (1a) and methyl phenyl-
glyoxylate (1g) proceeded rapidly when monomeric hy-
drosilanes such as PhSiH,, Ph,SiH,, Et,SiH, were em-
ployed.'® Thus, no acceleration effect linked to the
use of polymeric PMHS was observed.”¥ However,
the availability, low price and low toxicity of PMHS, as
compared to the monomeric silanes, largely justify its
use as the reductive agent in this alternative procedure.

Nature and Amount of Metal Catalyst Precursor

A screening of various catalyst precursors for the reduc-
tion of acetophenone (1a) in a protic solvent disclosed
Zn" as the preferred metal, but also Co™ showed a
comparable activity. Conversely, Mn"V, Fe™ and Cu™
seemed inappropriate, as no or poor conversions were
observed in the same conditions (Table 5, entries 54—
59). Zn alkoxides such as EtZnOMe and Zn(OMe),!""!
proved as valuable as ZnEt, and other dialkylzincs for
the reduction of 1a, providing the same activity and

Table 5. Screening of metal catalyst precursors for hydrosilylation with PMHS in methanol.[”!

Entry Catalytic precursor Ketone Time!™ [h] Yield 2 [mol %]
(ee, configuration)®
54 Co(2-EH ),/vitride 1g 2 >99 (38, R)
55 Cu(OTI), 1g 2 0(-)
56 Mn(2-EH),/vitride 1g 2 14 (nd)
57 Fe(2-EH), 1g 2 22 (nd)
58 Zn(2-EH),/vitride 1g 1 >99 (28, R)
59 ZnEt, 1g 1 >99 (30, R)
60 Zn(i-Pr), 1g 1 >99 (33, R)
61 ZnPh, 1g 1 >99 (31, R)
62 Zn(2-EH),/vitride 1a 2 50 (40, S)
63 ZnEt, 1a 2 >99 (48, S)
64 Zn(i-Pr), 1a 2 >99 (48, S)
65 ZnPh, 1a 1 >99 (48, S)
66 EtZnOMe 1a 1 >99 (48, S)
67 Zn(OMe), 1a 1 >99 (48, S)
68 Zn(OMe ), 1a 1 37 (47, )
1a 72 82 (49, S)
69 Zn(OH), 1a 1 15 (45, 8)
1a 72 >99 (48, S)

[2] Unless otherwise stated, 1/[M]/dbea=50:1:1, [1]=0.85 M, PMHS =2.0 equivs., MeOH/toluene =80/20.

[*] Reaction time not optimized.

[l Data into parentheses refer to ees obtained using (R,R)-ebpe (8a) as the ligand.

41 1a/Zn(OMe),/( R,R)-ebpe (8a)=500/1/1.

Adv. Synth. Catal. 2005, 347, 289-302 asc.wiley-vch.de
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enantioselectivity (vide infra, Table 5, entries 66 and 67).
It should be underlined that the strict exclusion of water
in the [ZnEt,/diamine]/MeOH system, although en-
hancing the reaction rate, was not a requisite: as a matter
of fact, the reduction of 1a still proceeded readily when 5
vol % H,O was added to the solution (85% conversion
after 1 h). A most interesting consequence of this obser-
vation is the possibility to use the cheap zinc hydrox-
ide!'” to promote the reduction, although at the expense
of the rate (entry 69). With this regard, it is known that in
alcohol solution the hydroxy-Zn species (less active or
inactive) are in equilibrium with alkoxy-Zn species.!'"!

Although experiments were routinely carried out us-
ing 2.0 mol % of ZnEt, as the catalyst precursor, the re-
duction of methyl phenylglyoxylate (1g) using as low as
0.5 mol % of [Zn/dbea] was complete within 75 min.
ZnEt,, which has no catalytic activity alone, may also
act as a scavenger of catalyst poisons;*!in fact, a sub-sto-
ichiometric amount of dbea, as low as 0.2 mol %, suf-
ficed to activate 1 mol % of ZnEt, and a total conversion
of 1g was obtained within 2 h. In these conditions, the
TOF was relatively high: 340 h~! at 85% conversion
(Figure 1).

Nature of the Diamine Ligand — Asymmetric Reduction

In order to evaluate the enantiodiscriminating proper-
ties potential of the catalytic system, several chiral di-
amines were tested in association with ZnEt, (Figure 2).
Unfortunately, the reductions in the protic solvent often
led to alcohols with lower enantiomeric excesses (ees)
than those obtained by the aforementioned two-step
procedure in toluene (Tables 1 and 2).° For instance,
using N,N'-ethylenebis(1-phenylethylamine) (ebpe,
8a), acetophenone (1a) was reduced to 1-phenylethanol
(2a) with 48% ee, while 76% ee was obtained in toluene

100 -
80 4
— 60 4
)
z
aQ ——1mol% L*, 2 mol% [Zn]
© 40 A
-o-0.5 mol% L*, 2 mol% [Zn]
—4—0.33 mol% L*, 1 mol% [Zn]
201 — 0.2 mol% L*, 1 mol% [2n]
0 +4& T T T T T T |
0 20 40 60 80 100 120 140

time [min]

Figure 1. Reduction of 1g in MeOH/toluene 80:20: L*=
dbea, [1g]=0.85 M, PMHS =2.0 equivalents.

294 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Table 1, entries 1 and 3). Other ketones, e.g., trifluoro-
acetophenone (1c¢) and methyl phenylglyoxylate (1g),
were reduced with similar enantioselectivities in toluene
and in the presence of methanol (Table 1, entries6 and 7;
Table 2, entries 14 and 16). Particularly, the reduction of
1g proceeded very rapidly even with the sterically bulky
ligands 11a—c¢, and did not seem affected by the chloride
function present in the ligand framework of 8¢ (Table 6,
entry 72). As for the reductions in toluene, the ligands
bearing an ethylene bridge in their framework usually
led to better results than the propylene-bridged ligand
9 (entry 74). Nevertheless, variation of either the li-
gand/Zn ratio or the ligand structure did not improve
significantly the ees in the reduction of 1g. This very
moderate impact of a chiral diamine ligand on the ster-
eoselectivity is also consistent with the scarce influence
on the diastereoselectivity of the reduction of the chiral
O-hydroxy-B-keto ester 4 (vide supra, Scheme 3, Ta-
ble 3).

Nature and Amount of the Alcohol

The alcohol used as co-solvent plays a major role in the
reaction. Even a small amount of methanol was suffi-
cient to induce simultaneously a better activity and a sig-
nificant change in the enantioselectivity. Thus, using
only 2.8 equivalents of MeOH vs. acetophenone (1a),
this was reduced with 40% conversion and 56% ee after
1 h; this result should be compared with the 10% conver-
sion and 76% ee obtained in toluene (Table 7, entries
79-81). Using more than 10 equivalents of MeOH, no
change in the catalyst performance occurred, and simi-
lar reactivity and selectivities were observed when the
reactions were conducted in pure MeOH. Methanol
proved to be the best alcohol, leading in most cases to
better chemoselectivity and higher reaction rate with re-

Ph/—NH HN—\Ph R NH HN—\R >,NH HN—
Ph Ph
dbea (RR)y8a-d (RR)-9
a R=Ph
b R = 1-naphthyl
€ R=4-Cl-CgH,
d R=Cy

Ph Ph

R R
LR AN aN N,

(15,25)-a(S,S)11a - ¢
a R=n-Bu
b R=Ph
¢ R=2-MeO-CgH,

12: (R,R)-dpen

Figure 2. Diamine ligands used in this study.
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Table 6. Reduction of 1g using various diamine ligands."!

Entry Ligand Time™ [h] Yield 2g [mol %] ee 2g of [%],
(configuration)
70 (R.R)-8a 0.3 >99 34 (R)
71 (R.R)-8b 1 >99 22 (R)
72 (R.R)-8c 1 >99 28 (R)
73 (R.R)-8d 1 >99 2(S)
74 (R.R)-9 1 >99 9 (R)
75 (R,R)-10 4 >99 30 (R)
76 (18,28)a(S,S)-11a 1 >99 28 ()
77 (15,28)a(S,S)-11b 2 >99 13 (S)
78 (18.28)a(S.,S)-11¢ 18 >99 21 (S)

(2] 1 g/ZnEt,/L*=50/1/1, [1 g] =0.85 M, PMHS =2.0 equivs., MeOH/toluene = 80/20.

[®] Reaction time not optimized.

Table 7. Influence of the MeOH/toluene ratio in the enantioselective reduction of ketones using (R,R)-ebpe (8a)."

Entry Ketone MeOH [%] (equivs. vs. C=0) Time!® [h] Yield 2 [mol %] ee of 2 [%],
(configuration)
79 1a 0 (0) 1 10 76 ()
80 1a 10 (2.8) 1 0 56 ()
81 1a 80 (18) 1 ~99 48 ()
82 1a 100 (22) 1 >99 48 (5)
83 1g 0 (0) 4 69 28 (R)
84 1g 10 (2.8) 1 40 35 (R)
85 1g 80 (18) 1 >99 34 (R)

(2] 1/ZnEt,/8a=50/1/1, PMHS =2.0 equivs.
[®] Reaction time not optimized.

spect to ethanol or even more encumbered alcohols such
as tert-butyl alcohol (Table 2, entries 27, 30, 31).1' The
reductions of ketones containing ethoxycarbonyl moiet-
ies in MeOH were plagued by partial transesterification
of that function, but this side reaction was not observed
for tert-butoxycarbonyl groups.'"”! Consequently, ethyl
ester-containing substrates are preferably reduced in
EtOH, although with slightly lower activity and chemo-
selectivity. Alternatively, one can work in MeOH over a
longer reaction time, so recovering the methyl esters by
a complete transesterification.

Mechanistic Investigations

Some experimental observations should be taken into
account in order to understand the mechanism of the
catalytic reduction. First of all, the great influence of
the solvent on the performances of [Zn-diamine] cata-
lyst combinations suggests a role of methanol either in
the catalytic cycle and/or in modifying the nature of
the catalytic species, probably through the formation
of methoxy-Zn species. This hypothesis is supported
by the ready alcoholysis of dialkylzinc, ZnR,, species
in methanol and lack of influence of such ZnR, precur-
sors in catalysis. In fact, reductions of various substrates
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proceeded quantitatively within 1 h whatever the R sub-
stituent; also, the absolute configurations of the prod-
ucts, as well as the enantioselectivity of the reductions,
were not modified (Table 5, entries 59-61, 63-65).
Moreover, pre-formation of a [Zn-diamine] species is
not a prerequisite to obtain an active catalyst; as a matter
of fact, the conversion, reduction rate and enantioselec-
tivity were equal whatever the order of introduction of
diamine, PMHS and substrate. All these elements dem-
onstrate that the [Zn-diamine]-MeOH system is not the
same as the corresponding toluene system, and that dif-
ferent mechanisms and/or active species are operative in
these processes.

Synthesis of Model Zinc Complexes

Because of the high activity of catalyst systems based on
[Zn(OMe),/diamine] combinations (Table 5, entries 67
and 68), we considered the [(diamine)Zn(OMe),] com-
plexes as probable intermediates/precursors of the ac-
tive catalytic species. Monomeric [(diamine)Zn(OR),]
compounds have been scarcely reported in the litera-
ture, we are only aware of a bipyridine-phenolate-zinc
complex.”*?! In spite of many efforts, we could not iso-
late species of this type, nor observe them by variable
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dbea 13 P
MeOH
(2 equivs. vs. Zn) Et-Zn-OMe MeOH Zn{OMe),
_— + —_— +
toluene-ds dbea CoHg
-78 °Cto RT

Scheme 5.

temperature NMR spectroscopy in the usually per-
formed catalytic reactions. Careful addition of MeOH
(2-10 equivs.; —60 to 5°C) to the dimeric alkyl(ami-
no-p-amido) complex [EtZnNBn(C,H,)NHBn], [13],
which we previously isolated from the [ZnEt,-dbea]
combination in toluene,'” resulted in the rapid decoor-
dination of the diamine and concomitant precipitation
of Zn(OMe),. An NMR monitoring showed that in
this case the reaction was proceeding through the inter-
mediacy of EtZn(OMe) species and was complete with-
in 20 min at 5 °C (Scheme 5). It was not possible either to
coordinate a 1,2-diamine [dbea, ebpe (8a)] onto Zn
starting from Zn(OMe), or even EtZn(OMe). The diffi-
culty in isolating coordination complexes from
Zn(OMe), is possibly due to the strong tendency of
the latter material to form insoluble aggregates,'’ as
evidenced by its poor solubility in methanol and metha-
nol/toluene mixtures.*”!

To obtain models of these potential intermediates, we
envisioned that a more electron-withdrawing alkoxy
group such as CF;CH,O or an aryloxy group should dis-
favor the aggregation of the corresponding ZnOR/
ZnOAr species, eventually resulting in a higher tenden-
cy to form stable [(diamine)Zn(OR),] complexes. In
fact, this strategy led us to the effective synthesis of
the new species 15a,b and 16a,b from both the achiral di-
amine dbea and the chiral one ebpe (8a), by addition of
the diamine to the zinc dialkoxide and/or careful alco-
holysis of the appropriate EtZn complexes 13/14
(Scheme 6). By using the bulky 2,6-di-tert-butyl-p-cresol
(BHT) for the alcoholysis of the EtZn precursors, the re-
action selectively produced the heteroleptic mono-aryl-
oxide complexes 17a,b (Scheme 6). It is noteworthy that
17b did not react further with an excess of BHT, even
during several hours at 50°C. The complexes 15-17
were characterized by elemental analysis, 'H and
3C NMR spectroscopy.*!

Catalytic and Stoichiometric Reactivity of the Model
Zinc Complexes

All the isolated (chiral) complexes, when tested in the
hydrosilylation of acetophenone (1a) with PMHS in
methanol, proved to be as effective and enantioselective
catalyst precursors as the combinations produced in situ
from methanol, ZnEt, and the corresponding diamine li-
gand. This indicated that the same catalytic species were
operative in the two systems.

Since the complexes 15-17 appeared to be valuable
models for mechanistic studies, we became interested
in evaluating their reactivity towards methanol and, in

Ph —\ JPh
JNH  NHZ
Zn(OCH,CF>) R R
n HCF3)
toluene, -40 °C Phj- ‘R
15a,b NH OCH,CF,
15b [ N
NH OCH,CF,
2 CF,CH,OH Ps
Ph. ,—\ Ph Ph” TR
toluene, -60 °C )*NH HNJ;‘ toluene, -40 °C 15a,b
zZn - o
Phw\R /7 Bt CEt toluene, -60 °C
B N
NH 17b t-Bu 14 2 4-MeCqH,OH Phﬁ_\R
~ 7
[ ~-Zn - tBu OH  Ph 16b N Ji ]
NH B e
A ° 17a NH 16a i
ph” R (BHT) tBu | Et Ph ng o
] 12 . [ 2 4-MeC4H,OH
t-Bu - N
NO. N Ph” TR
17a,b toluene, -60 °C ) “Zn toluene, -60 °C
Lo 16a,b
Ph Et HN ,
aR=H aR=H
b:R=Me 13 Ph b:R = Me

Scheme 6. Model complexes prepared for catalytic studies.
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particular, verifying if the alkoxide/aryloxide ligands
can be displaced by a methoxy group. As a matter of
fact, the mixed alkyl-aryloxide complex 17a reacted rap-
idly with one equivalent of methanol to give a mixture of
complexes,” whereas the bis(alkoxy) complexes 15a
and 16a proved totally unreactive, even upon prolonged
heating at 50 °C with an excess of methanol.

The reactivity of zinc dialkoxides Zn(OMe), and
Zn(OCH,CF;), and the corresponding dbea complexes
15a,b towards hydrosilanes was next investigated. The
monomeric silanes PhSiH;, Ph;SiH and HSi(OEt),,
rather than PMHS, were chosen for these studies in or-
der to facilitate the spectroscopic studies (NMR, IR)
and the formation of isolable complexes. All the bis(alk-
oxide) complexes appeared very reactive towards hy-
dride donors under gentle conditions (—40 to +25°C;
toluene, pentane or methanol as solvent), but the result-
ing zinc complexes were found to be quite sensitive and
it was difficult to isolate them in a pure form, hampering
in most cases their unambiguous authentication. Two
relevant examples are as follows: The reaction of
Zn(OCH,CF;), with 0.33 equivs. of PhSiH3, i.e., 1 equiv.
of Si—H vs. Zn, in toluene or pentane led to two products,
a zinc complex 18 and a siloxane 19, isolated in 47% and
38% yields, respectively (Scheme 7). Complex 18 is in-
soluble in common aprotic NMR solvents (THF-dg,
toluene-dg, dichloromethane-d,) and was tentatively as-
signed to the mixed hydrido-alkoxy complex of empiri-
cal formula “H—Zn—OCH,CF;”®! on the basis of ele-
mental analysis, an hydrolysis experiment and FTIR;
the latter featured a broad band at 1600—1500 cm '
that can be attributed to v(Zn—H).”! The siloxane 19
was recovered from the supernatant solution and char-
acterized by "H, C, "F NMR and ES-MS. The reaction
of PhSiH; with [(dbea)Zn(OCH,CF;),] (15a) under the
same conditions only gave toluene-soluble products. 'H,
BC and "F NMR spectroscopy indicated the formation
of the same siloxane 19 (ES-MS) and the conversion
of 15a to another complex 20 having a coordinated
dbea ligand (Scheme 8). The 'H and "C resonances of
20 are very close to those of 15a: particularly, alow inten-
sity signal at 8 =4.50, emerging from a broad signal
which does not sharpen upon cooling or heating, may in-
dicate the formation of a hydride species [(dbea)Zn-
(H)(OCH,CF;)] (Scheme 8). It is known that 'H NMR
resonances for Zn—H in benzene-d; appear at ca. 0=
4.4—4.6 ppm, but in some instances could not be ob-
served.™ However, 20 could not be isolated in a pure

Zn(OCH,CF,), [H-Zn-OCH,CF;] 18

toluene-dg
* — +
H3SiPh CF3CHZQ QCHZCFg
(0.33 equivs.) Ph=Si—0O~Si-Ph 19
CF5CH,0 OCH,CF,
Scheme 7.
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form. Also, when the reaction of 15a was investigated
by using a slight excess of PhSiH; (1 equiv. vs. Zn, i.e.,
3 equivs. of Si—H), the formation of a black deposit, pre-
sumably zinc dust, and evolution of gas (H,) were imme-
diately observed, and the diamine dbea and siloxane 19
were isolated.

Possible Mechanisms for the [Zn-Diamine]-Catalyzed
Hydrosilylation in Methanol

Since the methanolysis rates of some isolated silyl ethers
were very slow under our reaction conditions and do not
account for the high activity observed in catalytic reduc-
tions (vide supra), pathways similar to those proposed
for the reduction of ketones by PMHS in toluene!*
can be, in principle, discarded. We thus propose two dif-
ferent mechanisms, in both of which the role of PMHS is
to generate a [(diamine)Zn(H)(OR)] species 22
(Scheme 9). This putative hydride, whose formation in
stoichiometric reactions of [(diamine)Zn(OR),] precur-
sors with monomeric hydrosilanes could not be demon-
strated (vide supra), might act as the reducing agent of
the carbonyl group to give 23 through the four-mem-
bered transition state Ty; subsequent methanolysis by
MeOH would liberate the corresponding alcohol and re-
generate the initial [(diamine)Zn(OR),] precursor 21
(mechanism A). Such a mechanism is similar to that as-
sumed by Buchwald et al. for the reduction of ketones
using a Ti catalyst in the presence of MeOH.P! Alterna-
tively, from the same [(diamine)Zn(H)(OR)] species 22,
a concerted hydride transfer to the carbonyl group can
be considered, through a six-membered intermediate/
transition state Ty which features an NH - - - O=C hydro-
gen bond,”” and leads directly to the alcohol (mecha-
nism B); then methanolysis of the [(amide-amine)-
Zn(OMe)] species 23 would regenerate the [(diami-
ne)Zn(OR),] precursor 21. The neat drop in activity of
catalyst systems based on tertiary diamines ( <20% con-
version of 1a with 2 equivs. of PMHS) can be explained
by the at least partial occurrence of such a mechanism.

rPh
PhSiH, (0.33 equivs.) H_ BN
— /Zn/ j + 19
toluene- N
Ph J CF,CH,G HN
CF,CH,0_ HN Ph
- j 20

/N
CF,CH,0 FiN Ph

kph \. PhSiH; (1 equiv.) HN
Zn + H, + ] + 19

toluene-d
15a s HN

dbea Ph

Scheme 8.
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Scheme 9. Possible mechanisms for the reduction of ketones in methanol.

Conclusion

We have described a new effective catalyst system,
which is generated from simple zinc precursors, com-
mercially available secondary diamines and PMHS,
and allows the direct reduction of a large variety of ke-
tones and imines in methanol-toluene mixtures. In con-
trast with previous zinc-based hydrosilylation systems,
this procedure is operative in a protic, neutral medium
and the active species appears robust, even in the pres-
ence of significant amounts of water. Moreover, various
functional groups are tolerated and the reactions pro-
ceed fast under mild conditions. These features make
this reduction procedure a valuable tool for organic
chemists. Preliminary mechanistic investigations dem-
onstrate that this catalyst system differs from the corre-
sponding zinc-diamine systems in toluene, and indicate a
role of the alcohol co-solvent in the in situ production of
the active catalyst. Low to moderate enantioselectivities
are obtained in typical substrate reductions using opti-
cally pure 1,2-diamines. A better definition of the active
catalytic species, which is presumably a hydrido-alkoxy-
zinc complex, shall hopefully contribute in the near fu-
ture to the choice of better chiral ligands for the asym-
metric version of this reaction.

Experimental Section

General

Catalytic reactions and complexes syntheses were performed
under nitrogen using standard Schlenk techniques or in a

298 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

glove-box. Methanol was dried over Mg, other alcohols were
dried over CaH,, freshly distilled and degassed by freeze-
thaw-vacuum cycles before use. Toluene and pentane were
freshly distilled from Na/K amalgam and degassed before
use. Ketones were distilled over CaH, and degassed before
use. PMHS (Aldrich) was degassed before use. ZnEt, (1.1 M
solution in toluene) was purchased from Aldrich and used as
received. 2-Ethyl hexanoate complexes were kindly provided
by Sicanor SA. Zn(OMe),, Zn(OCH,CF;),, Zn(OH), were
prepared according to known procedures.””! N,N'-Dibenzyl-
ethylenediamine (dbea) was purchased from Aldrich and dis-
tilled from KOH before use. Diamines 8a—d,"! 9,1 and 11a—
¢ were prepared following reported procedures and strictly
purified by distillation or column chromatography and subse-
quent recrystallization. Diamine 10 was kindly provided by
Prof. A. Alexakis (University of Geneva). Diamine 12 was pur-
chased from Aldrich and used as received. Complex 14 was
prepared as described in the literature.”!

'H, BC and F NMR spectra were recorded on AC-200 and
AC-300 Bruker spectrometers at 293 K unless otherwise stat-
ed; 'H and "C chemical shifts are reported in ppm downfield
from SiMe, and were determined by reference to the residual
solvent peaks; ’F NMR spectra were referenced externally
to neat BF;-Et,0; all coupling constants are reported in Hz.
The ees of the alcohol products were determined by GLC or
polarimetry analysis and their absolute configuration deter-
mined by comparison with authentic samples. GLC analyses
were performed on Chrompack CP 9001 apparatus equipped
with a flame ionization detector and a BPXS (25 m x
0.32mm, SGE) or a chiral Chirasil-DEX CB (25 m x
0.25 mm, Chrompack) column. Optical rotations were meas-
ured on a Perkin Elmer 343 polarimeter at 25°C in a 1-dm
cell. IR spectra were recorded on a Nicolet 510 FTIR spectro-
photometer in a KBr cell and are expressed by wave number
(cm ™). Elemental analyses (C, H, N) were performed by the
Microanalytical Laboratory at the Institute of Chemistry of
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Rennes and are the average of two independent determina-
tions.

Zn-Diamine-Catalyzed Asymmetric Hydrosilylation of
Acetophenone by PMHS; General Procedure
(Table 1, entry 1)

To a solution of (S,5)-8a (14.7 mg, 0.055 mmol) in freshly distil-
led toluene (0.5 mL), were added ZnEt, (50 uL of a 1.1 M sol-
ution in toluene, 0.055 mmol), then acetophenone (0.32 mL,
2.75 mmol), PMHS (0.36 mL, 5.50 mmol, 2 equivs.) and finally
methanol (2.5 mL). The solution was stirred at room tempera-
ture and the reaction was monitored by quantitative GLC. The
enantiomeric purity of 1-phenylethanol was assessed by GLC
on a Chirasil-DEX CB column (110°C, 0.7 bar). When the
same reaction was carried out on a preparative scale, no ali-
quots were sampled and the final mixture was concentrated un-
der vacuum and subjected either to column chromatography,
yielding spectroscopically pure 1-phenylethanol in more than
95% isolated yield.

Reduction of }-Keto Amide 1q and Isolation of the
Pure Corresponding f-Hydroxy Amide

To a solution of dbea (54.2 mg, 0.22 mmol) in freshly distilled
toluene (2.0 mL), were successively added ZnEt, (0.20 mL of
a 1.1 M solution in toluene, 0.22 mmol), a solution of 1q
(2.00 g, 11.3 mmol) in MeOH (12.0 mL), and finally PMHS
(1.46 mL, 22.6 mmol). The resulting solution was stirred with
a magnetic stir bar and the reaction was monitored by GLC.
After completion of the reaction, volatiles were removed un-
der vacuum to give a colorless oil which was triturated with
pentane (10 mL). The B-hydroxy amide 2q precipitated and
was separated off from the liquid phase containing the silicon
residues, washed with a minimal amount of pentane, and dried
under vacuum to leave a spectroscopically pure white powder;
yield: 1.94 g (96%).

Reduction of Functionalized Ketones and Recovery of
Soluble Alcohols

Other functionalized ketones were reduced as described
above. To isolate the final alcohol product, the solution was
concentrated under vacuum leaving a colorless pasty residue.
The latter was either subjected to distillation (for light alcohols
such 2a—c¢, 2m, 2n) or (for higher alcohols) washed with a min-
imal amount (ca. 1 mL) of cold pentane to remove most of sil-
icon products and then subjected to a column chromatography
to recover the alcohol product.

[ZnEt(dbea)], (13)

Diethylzinc (193 mL of a 1.1M solution in toluene,
21.2 mmol) was added dropwise to a solution of dbea
(5.00 mL, 21.2 mmol) in toluene (5 mL) cooled at —20°C.
The resulting suspension was stirred with a magnetic stir bar
for 20 min at —20°C, and then for 1h at 25°C. Volatiles
were removed under vacuum to give a yellow oil which was tri-
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turated with pentane (10 mL). The resulting precipitate was
separated off from the liquid phase, washed with pentane
(2 x10 mL) and dried under vacuum to give 13 as a white pow-
der; yield: 5.05 g (71%). Colorless crystals of 13 suitable for X-
ray diffraction were grown from a toluene/pentane (1:1) solu-
tion at —30°C."Y""H NMR (toluene-dg, 323 K): §=7.20 (d, /=
7.9 Hz, 4H, arom.), 7.30-6.90 (m, 16H, arom.), 6.76—6.72 (m,
4H, arom.), 3.56 (d, J=6.5 Hz, 2H, NCHH-Ph), 3.44 (d, J=
7.0 Hz, 4H, NHCH,Ph), 2.75 (m, 4H, NCHHPh + CHHNBn),
2.55 (m, 6H, CH,NHBn + CHHNBn), 1.64 (t, J=7.9 Hz, 6H,
CH,CH;), 142 (m, 2H, NH), 048 (q, J=79Hz, 4H,
CH,CH;); 'H NMR (toluene-ds, 298 K): 6=7.44 (d, J=
7.5 Hz, 4H, arom.), 7.23 (t, J=7.5 Hz, 4H, arom.), 7.10-6.90
(m, 8H, arom.), 6.70 (m, 4H, arom.), 4.20-4.0 (br s, 4H),
3.60-3.20 (bs, 4H), 3.0-2.30 (br s, 8H), 1.69 (t, J=8.1 Hz,
6H, CH,CHs;), 1.40 (br s, 2H, NH), 0.52 (q, /=8.1 Hz, 4H,
CH,CH,;); BC{'H} NMR (toluene-ds, 298 K): 6=144.4 (C
arom.), 128.8 (C arom.), 128.2 (C arom.), 126.6 (C arom.),
60.9 (NCH,-Ph), 532, 49.2 (CH,-NH-Bn), 15.1 (CH,CHS,),
—1.1 (CH,CH,); 'H NMR (toluene-d, 253 K, major series of
signals): 6=7.52 (d, J=7.3 Hz, 4H, arom.), 7.29 (t,/=7.6 Hz,
4H, arom.), 7.20-7.0 (m, 8H, arom.), 6.60 (m, 4H, arom.),
4.20 (d, J=14.9 Hz, 2H, NCHHPh), 3.98 (d, J=14.9 Hz, 2H,
NCHHPh), 3.65 (dd, J=4.4 and 13.65 Hz, 2H, NHCHHPh),
3.05 (dd, J=3.7 and 13.65 Hz, 2H, NHCHHPh), 2.91 (d, J=
7.3 Hz, 2H, CHHNBn), 2.48 (m, 4H, BaNHCHH, 2.20 (m,
2H, BnNHCHH), 1.87 (t, J=8.1 Hz, 6H, CH,CHs;), 0.63 (q,
J=8.1Hz, 4H, CH,CHj;); (minor series of signals): 6="7.50
(d, J=17.6 Hz, 4H arom.), 7.43 (d, J=7.6 Hz, 4H, arom.), 7.35
(q, /=73 Hz), 6.50 (d, J=6.8 Hz, 4H, arom.), 4.68 (d, J=
16.1 Hz, 2H, NCHHPh), 4.33 (d, J =163 Hz, 2H, NCHHPh),
4.08 (s, 1H), 3.86 (d, J=15.4 Hz, 2H), 3.73 (s, 1H), 3.52 (d,
J=6.3 Hz), 0.80-0.70 (m, 6H, CH,CH); *C{'H} ONMR (tol-
uene-dg, 253 K; major series of signals): 6 =144.0 (C arom.),
128.8 (C arom.), 128.1 (C arom.), 126.5 (C arom.), 60.6
(NCH,Ph), 519 (CH,NBn), 512 (NHCH,Ph), 483
(CH,NHBn), 15.4 (CH,CH3), — 1.1 (CH,CHj;); (minor series
of signals): 6=143.8 (C arom.), 143.6 (C arom.), 60.2
(NCH,Ph), 54.4, 54.0, 53.7, 50.9, 50.5, 48.9 (CH,NHBn), 15.6
(CH,CH;), 15.3 (CH,CH;); anal. caled. for C;HyN,Zn,
(667.52): C64.77,H7.25,N 8.39; found: C 64.28, H7.41, N 8.67.

[Zn(dbea)(OCH,CF;),] (15a)

A solution of dbea (0.45 mL, 1.89 mmol) in toluene (15 mL)
was added dropwise to a suspension of Zn(OCH,CF;),
(500 mg, 1.89 mmol) in toluene (15 mL) cooled at —60°C.
The resulting suspension was stirred with a magnetic stir bar
for 30 min at —40°C, and then for 20 min at 25°C. Volatiles
were removed under vacuum to give a white solid which was
triturated with pentane (10 mL). The resulting precipitate
was separated off from the liquid phase, washed with pentane
(2 x5 mL) and dried under vacuum to give 15a as a white pow-
der; yield: 474 mg (49%); '"H NMR (toluene-dg): §=7.30-7.0
(m, 10H, arom.), 4.10 (br s, 4H, OCH,CF;), 3.60 (s, 4H,
NHCH,Ph), 2.33 (s, 4H, CH,NHBn); 'H NMR (toluene-dy,
343 K): 6=7.40-7.0 (m, 10H, arom.), 4.09 (q, J=9.2 Hz, 4H,
OCH,CF,), 3.62 (s, 4H, NHCH,Ph), 2.39 (s, 4H, CH,NHBn);
BC{'H} NMR (toluene-ds): 8=137.4 (C arom.), 128.8 (C
arom.), 1282 (C arom.), 126.6 (C arom.), 129.8 (q, YJcr=
281.5Hz, CF;), 653 (q, *Jcrp=329Hz, CH,CF;), 53.7
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(NHCH,Ph), 47.4 (CH,NHBn); “F{'H} NMR (toluene-dy):
0= —72.40; anal. calcd. for C,H,N,O,F:Zn (503.79): C
47.68, H 4.80, N 5.56; found: C 47.60, H 4.60, N 5.19.

[Zn((S,5)-ebpe) (OCH,CF;),] (15b)

The same procedure as for complex 15a was used, starting from
diamine (S,5)-ebpe (8a) (153 mg,0.57 mmol). Removing of the
volatiles and triturating with pentane gives 15b as a colorless
oil; yield: 120 mg (39%); '"H NMR (toluene-dg): =7.30-7.0
(m, 10H, arom.), 4.30 (br s, 4H, OCH,CF;), 3.65 [br s, 1H,
NHCH(Me)Ph], 3.48 [br s, 1H, NHCH(Me)Ph], 2.36 (s, 2H,
CH,NH), 2.10 (br s, 2H, CH,NH), 1.48 (s, 3H, CH;), 1.18 (m,
3H, CH;); 'H NMR (toluene-ds, 353 K): §=7.30-7.0 (m,
10H, arom.), 4.25 (q, J=9.2 Hz, 4H, OCH,CF;), 3.61 [br s,
2H, NHCH(Me)Ph], 2.30 (br s, 4H, CH,NH), 1.33 (br s, 6H,
CH,); *C{'H} NMR (toluene-ds): $=146.9 (C arom.), 141.5
(C arom.), 129.3 (C arom.), 128.4 (C arom.), 127.5 (C arom.),
126.9 (C arom.), 654 (q, Jcz=76.3 Hz, CH,CF;), 58.8
[NHCH(Me)Ph], 51.4 [NHCH(Me)Ph], 47.9 (CH,NH), 46.2
(CH,NH), 24.9 (CH,), 22.6 (CHj;); CF; signals overlapped
with signals of aromatic carbons and were not unambiguously
determined; YF{'H} NMR (toluene-dg): 6= —72.0, —72.3.

[Zn(dbea)(4-MeCH,0),] (16a)

A solution of p-cresol (195 mg, 1.80 mmol) in toluene (10 mL)
was added dropwise under nitrogen to a solution of complex 13
(301 mg, 0.45 mmol, 0.90 mmol Zn) in toluene (10 mL) cooled
at —60°C. The resulting solution was stirred with a magnetic
stir bar for 30 min at —40°C, and then for 30 min at 25 °C. Vol-
atiles were removed under vacuum to give a white solid which
was triturated with pentane (10 mL). The resulting precipitate
was separated off from the liquid phase, washed with pentane
(2 x5 mL) and dried under vacuum to give 16a as a white pow-
der; yield: 289 mg (61%); '"H NMR (toluene-dg): §=7.25 (d,
J=17.0 Hz, 4H, 4-MeC,H,0, arom.), 7.20-7.0 (m, 10H, dbea,
arom.), 6.75 (s, 4H, 4-MeC¢H,O, arom.), 3.72 (m, 4H,
NHCH,Ph), 2.60 (br s, 2H, NH), 2.23 (s, 6H, CH;, 4-MeC,H,O),
2.10 (s, 4H, CH,NHBn); “C{'H} NMR (toluene-dy): §=164.0
(C-O-Zn), 138.4 (C arom.), 130.7 (C arom.), 129.3 (C arom.),
129.0 (C arom.), 128.6 (C arom.), 128.4 (C arom.), 127.6 (C
arom.), 1254 (C arom.), 120.5 (C, 4-MeCH,0), 52.6
(NHCH,Ph), 44.5 (CH,NHBn), 20.7 (CH;, 4-MeC¢H,O);
anal. calcd. for C;H3,N,0,Zn (520.00): C 69.29, H 6.59, N
5.39; found: C 69.06, H 6.74, N 5.23.

[Zn((S,5)-ebpe)(4-MeC:H,0),] (16b)

The same procedure as for 16a was used starting from complex
14 (231 mg, 0.59 mmol). Removal of the volatiles and tritura-
tion with pentane gave 16b as a colorless oil; 120 mg (37%);
"H NMR (toluene-dg): 8=7.30-6.80 (m, 18H, arom.), 3.65
[m, 2H, NHCH(CH;)Ph], 2.18 (m, 6H, CH;, 4-MeC¢H,O +
4H CH,NH), 1.39 [m, 6H, NHCH(CH,)PhJ; *C{'H} NMR
(toluene-dg): 6=162.2 (C-O-Zn), 161.5 (C-O-Zn), 141.6 (C
arom.), 130.3 (C arom.), 129.2 (C arom.), 128.3 (C arom.),
1274 (C arom.), 120.9 (C arom., 4-MeC,H,0), 120.1 (C
arom., 4-MeC¢H,0), 59.1 [NHCH(CH;)Ph], 45.9 (CH,NH),
23.1 and 20.6 (CH; diamine and 4-MeC¢H,O); anal. calcd. for
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C,HyN,0,Zn (548.06): C 70.13, H 6.99, N 5.11; found: C
69.86, H 7.24, N 4.98.

[ZnEt(dbea)(0-2,6-1-Bu,-4-MeC H,)] (17a)

One-pot procedure: Diethylzinc (11.6 mL of a 1.1 M solution in
toluene, 12.8 mmol) was added dropwise to a solution of dbea
(3.00 mL. 12.7 mmol) in toluene (30 mL) cooled at —20°C.
The resulting solution was stirred with a magnetic stir bar for
30 min at —20°C, for 20 min at 25°C and then concentrated
under vacuum to ca. 20 mL and cooled at —60°C. A solution
of BHT (2.80g. 12.7 mmol) in toluene (30 mL) cooled at
—60°C was then added dropwise to the zinc solution. The result-
ing mixture was stirred for 15 min at 60 °C and allowed to warm
up slowly to 25°C. Volatiles were removed under vacuum to
give a white powder that was triturated with pentane
(15 mL). The resulting precipitate was separated off from the
liquid phase, washed with pentane (2 x 15 mL) and dried under
vacuum to give 17a as a white powder; yield: 6.71 g (99%). Crys-
tals for X-ray diffraction of 17a were grown from toluene/pen-
tane (1/1) at —30°C. 'H NMR (toluene-dg): 8=7.21 (s, 2H,
arom., O-2,6--Bu,-4-MeCsH,), 7.10-6.90 (m, 10H, arom.
dbea), 3.65 (br s, 4H, NHCH,Ph), 2.68 (br s, 2H, CH,NHBn),
245 (s, 3H, CH,;, 0O-2,6-t-Bu,-4-MeC¢H,), 2.10 (s, 2H,
CH,NHBn, overlapped with toluene resonances), 1.69 (s,
18H, t-Bu), 1.48 (t, /=8.0 Hz, 3H, CH,, Et), 0.48 (q, J=
8.0 Hz, 2H, CH,, Et); "C{'H} NMR (toluene-dy): 8=164.3
(Carom., C-O-Zn), 137.1 (C arom.), 128.7 (C arom.), 128.2
(C arom.), 125.8 (C arom.), 121.0 (C arom., O-2,6-t-Bu,-4-
MeCyH,), 52.2 (NHCH,Ph), 44.3 (CH,NHBn), 35.4 (CHj;,
BHT), 31.2 (CHs, -Bu), 21.8 (C, t-Bu), 13.9 (CH;, Et), — 1.4
(CH,, Et); anal. calcd. for C;3;H,N,OZn (554.15): C 71.52, H
8.73, N 5.06; found: C 71.13, H 8.94, N 5.14.

[ZnEt((S.S)-ebpe)(0-2,6-1-Bu,-4-MeC.H,)] (17b)

The same procedure as for 17a was used, starting from isolated
complex 14 (104 mg, 0.26 mmol). Removal of volatiles and trit-
uration with pentane gave 17b as a white powder; yield: 42 mg
(28%); '"H NMR (toluene-dg): =723 (s, 2H arom, BHT),
7.10-6.90 (m, 10H arom, ebpe), 3.72 [m, 2H, NHCH(CH,)Ph],
2.86 (brs, 2H, CH,NH), 2.45 (s, 3H, CH; BHT), 1.93 (br s, 2H,
CH,NH), 1.74 (s, 18H, CH3, -Bu), 1.49 (m, 6H, CH;, diamine +
3H, CH,, Et), 1.20 (brs,2H, NH), 0.58 (q,/=8.0 Hz, 2H, CH,,
Et); ®C{'H} NMR (toluene-ds): §=164.2 (C-O-Zn), 141.9 (C
arom.), 137.0 (C arom.), 129.3 (C arom.), 128.3 (C arom.),
127.4 (C arom.), 126.9 (C arom.), 125.8 (C arom.), 120.8 (C
BHT), 56.8 [NHCH(CH;)Ph], 42.2 (CH,NH), 35.5 (CHj,,
BHT), 31.5 (CH;, t-Bu), 21.7 (CHj;, diamine), 13.7 (CH;, Et),
3.6 (CH,, Et).

Reaction of Zn(OCH,CF;), with PhSiH;

PhSiH; (62 pL, 0.50 mmol) was added dropwise to a suspen-
sion of Zn(OCH,CF;), (400 mg, 1.52mmol) in pentane
(5 mL). The resulting suspension was stirred for 48 h at 25°C.
A white precipitate formed, which was filtered off, washed
with pentane (2 x5S mL) and dried under vacuum to afford a
white powder (18, “HZnOCH,CF;”); yield: 122 mg (47%);
IR (Nujol): v=1600-1500 (br, Zn—H), 1422 (s, OMe), 1422
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(C—F), 1363 (s, O—CH,), 1116 (vs, C—O); anal. calcd. for ZnC,
H;O0F; (165.5): C 14.51, H 1.81; found: C 16.68, H 1.79.

A 85mg (0.514 mmol) sample of 18 produced 10.5 mL
(0.429 mmol) of gas (H,) at 25°C, 1 atm when hydrolyzed
with acidified water. Removing of volatiles from the filtrate
gave a colorless oil, identified according to ES-MS as the silox-
ane 19; yield: 60 mg (38%); 'H NMR (toluene-ds): §=7.50 (d,
J=7.3Hz, 2H, arom.), 7.10 (d, J=7.3 Hz, 3H, arom.), 3.67
(g, /=83 Hz, 6H, CH,CF;); “C{'H} NMR (toluene-dg): 8=
135.0 (C arom.), 132.32 (C arom.), 129.3 (C arom.), 128.7 (C
arom.), 128.4 (C arom.), 127.5 (C arom.), 124.1 (q, Ycp=
2786 Hz, CF;), 614 (q, *Jcr=368Hz, CH,CF;);
YF['H} NMR (toluene-dy): = —71.86; MS (electrospray, di-
rect introduction): m/z =622 (M).

Reaction of [Zn(dbea)(OCH,CF;),] (15a) with PhSiH;

1) Reaction with 1 equiv. of PhSiH;: In the glove-box, PhSiH;
(12.5 uL, 0.10 mmol, 1.0 equiv. vs. Zn) was added to a solution
of [Zn(dbea)(OCH,CF;),] (15a) (51 mg, 0.10 mmol) in tol-
uene-dg (ca. 1.0 mL) placed in an NMR tube. Upon addition
of the silane, a fine white precipitate formed immediately
and gas evolution was observed. A grey deposit formed after
afew hours which was filtered off on a short celite bed. Remov-
al of volatiles from the clear filtrate gave a yellow oil that was
analyzed by NMR as a mixture of free dbea and an unidentified
silylated species. "H NMR (toluene-dg): §="7.50 (d,J=6.4 Hz,
2H, arom., SiPh), 7.30-6.90 (m, 10H arom., dbea+ 3H arom.,
SiPh), 4.49 (s, weak), 4.18 (s, weak), 3.68 (q, J=8.3 Hz, 4H,
OCH,CF;), 3.56 (d, J=6.3 Hz, 4H, NHCH,Ph, dbea), 2.49
(br s, 4H, CH,NHBn, dbea), 1.09 (br s, 2H, NH, dbea);
BC{'H} NMR (toluene-dg): 8=141.5 (C arom.), 135.0 (C
arom.), 132.2 (C arom.), 129.3 (C arom.), 128.8 (C arom.),
128.7 (C arom.), 128.4 (C arom.), 128.3 (C arom.), 127.48 (C
arom.), 126.9 (C arom.), 128.1 (q, 'Jor=246.6 Hz, CF;), 61.4
(g, Ycrp=36.9 Hz, OCH,CF;), 54.2 (NHCH,Ph dbea), 49.3
(CH,NHBn dbea); ’F{'"H} NMR (toluene-ds): = —71.80.

2) Reaction with 0.33 equivs. of PhSiH;: In the glove-box,
PhSiH; (4.5 pL, 0.037 mmol, 0.33 equivs. vs. Zn) was added
to a solution of [Zn(dbea)(OCH,CF;),] (15a) (56 mg,
0.109 mmol) in toluene-ds (ca. 1 mL) placed in an NMR tube.
A white cloudiness formed transiently with the addition of
the silane, but no precipitate was observed. 'H NMR (tol-
uene-dg): 6=7.50 (d, J=6.0 Hz, 2H, arom., SiPh), 7.30-6.90
(m, 10H, arom., dbea+3H, arom., SiPh), 4.50 (s, 1H, Zn-H
[20]?), 4.0 (br s, 4H, OCH,CF; [20]), 3.65 (q, /=8.3 Hz, 4H,
OCH,CF; [19]), 3.55 (d, J=6.3 Hz, 4H, NHCH,Ph [20]), 2.3
(br s, 4H, CH,NHBn [20]); “C{'H} NMR (toluene-d;): §=
135.0 (C arom.), 128.7 (C arom.), 128.2 (C arom.), 125.4 (C
arom.), 125. 4 (q, Jcrp=268.7Hz, CF;), 654 (q, Jcr=
33.4 Hz, OCH,CF; [20]), 61.4 (q, /cr=36.9 Hz, OCH,CF,
[19]), 53.8 (NHCH,Ph [20]), 46.6 (CH,NHBn [20]);
F{'H} NMR (toluene-dy): = —71.84.
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