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Alkali and Alkaline-Earth Metal Ketyl Complexes: Isolation, Structural
Diversity, and Hydrogenation/Protonation Reactions

Zhaomin Hou,*!*! Xueshun Jia,'*! Akira Fujita,”! Hiroaki Tezuka,™ Hiroshi Yamazaki,!"!

and Yasuo Wakatsuki*[?!

Abstract: The use of hexamethylphos-
phoric triamide (HMPA) as a stabilizing
ligand allowed successful isolation of a
series of structurally characterizable al-
kali metal and calcium ketyl complexes.
Reaction of lithium and sodium with
one equivalent of fluorenone and reac-
tion of sodium with one equivalent of
benzophenone in THF, followed by
addition of two equivalents of HMPA,
yielded the corresponding ketyl com-
plexes 1, 2, and 11, respectively, as u-
ketyl-bridged dimers. If one equivalent
of HMPA was used in the reaction of
sodium with fluorenone, a further ag-
gregated complex, the u;-ketyl-bridged
tetramer 3, was isolated, whereas anal-
ogous reaction of benzophenone with
sodium afforded the trimeric ketyl com-
plex 13, rather than a simple benzophe-
none analogue of 3. In the reaction of
potassium with fluorenone, the use of
two equivalents of HMPA gave the
tetramer 4, rather than a dimeric com-
plex analogous to 1 or 2. Compared to
the tetrameric sodium complex 3, there
is an extra HMPA ligand that bridges

Introduction

two of the four K atoms in 4. When
0.5 equiv of HMPA was used in the
above reaction, complex 5, a THF-
bridged analogue of 4, was isolated. In
the absence of HMPA, the reaction of
sodium with an excess of fluorenone
yielded the tetrameric ketyl complex 6,
in which two of the four Na atoms are
each terminally coordinated by a fluo-
renone ligand, and the other two Na
atoms are coordinated by a THF ligand.
Two bridging THF ligands are also
observed in 6. Reaction of 1,2-bis(bi-
phenyl-2,2'-diyl)ethane-1,2-diol (7) with
two equivalents of LiN(SiMes), or
NaN(SiMe;), in the presence of four
equivalents of HMPA easily afforded 1
or 2, respectively, via C—C bond cleav-
age of a 1,2-diolate intermediate. The
reaction of calcium with two equivalents
of fluorenone or benzophenone in the
presence of HMPA gave the corre-
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sponding complexes that bear two in-
dependent ketyl ligands per metal ion.
In the presence of 3 or four equivalents
of HMPA, the fluorenone ketyl complex
was isolated in a six-coordinate octahe-
dral form (10), while the benzophenone
ketyl complex was obtained as a five-
coordinate trigonal bipyramid (13). The
radical carbon atoms in both benzophe-
none ketyl and fluorenone ketyl com-
plexes are still in an sp?-hybrid state.
However, in contrast with the planar
configuration of the whole fluorenone
ketyl unit, the radical carbon atom in a
benzophenone ketyl species is not co-
planar with any of the phenyl groups;
this explains why benzophenone ketyl is
more reactive than fluorenone ketyl.
Hydrolysis of 2 or 11 with 2N HCI
yielded the corresponding pinacol-cou-
pling product, while treatment of 2 or 11
with 2-propanol, followed by hydrolysis,
gave the pairs fluorenone and fluorenol
or benzophenone and benzhydrol, re-
spectively. A possible mechanism for
these reactions is proposed.

Metal ketyl species, formed by one-electron reduction of
ketones or aldehydes with reducing metals, represent one of
the most important kinds of intermediates in organic chem-
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istry.l» 2 These highly reactive and synthetically useful species
have received continuous attention from a broad range of
chemists since their discovery more than 100 years ago.
Although extensive studies have been carried out so far in this
area, structurally characterized examples of metal ketyls
remain rare owing to their extremely high reactivity, which
makes them difficult to isolate.’! Isolation and structural
characterization of new metal ketyl complexes continue to be
of great importance and interest for understanding the nature
of this important class of species.

Alkali and alkaline-earth metal ketyls are among the best
known and most widely used ketyls.[- 25¢ 3 4l Because they are
so well known and synthetically very useful, we carried out a
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systematic study on the isolation and structures of a series of
alkali and alkaline-earth metal ketyl complexes, as part of our
recent research project on structurally well-defined metal —
ketyl complexes.P2et-1 Herein, we report on lithium, sodium,
potassium, and calcium benzophenone and fluorenone ketyl
complexes (benzophenone ketyl = diphenyl ketyl, fluorenone
ketyl = biphenyl-2,2'-diyl ketyl). X-ray analyses of these
complexes have revealed unprecedented structural features
of metal ketyl complexes. Hydrogenation/protonation of
some of these ketyl complexes have shed new light on the
mechanistic aspects of the reduction of ketones with dissolv-
ing metals. A portion of this work has been communicated
previously.Bell

Results and Discussion

Alkali metal fluorenone ketyl complexes: Reaction of one
equivalent of lithium chips with fluorenone in THF, followed
by addition of two equivalents of hexamethylphosphoric
triamide (HMPA), easily afforded the lithium fluorenone
ketyl complex 1 as brown crystals (Scheme 1).F] An X-ray

,,Li/o\ HMPA
Li
HmpA” \O/ ~

1, brown

THF 2 equiv HMPA  HMPA
i+ 0 :
room temp., 7 h 73%

o

HMPA

Scheme 1. Isolation of the dimeric lithium fluorenone ketyl complex 1.

analysis has shown that 1 adopts a centrosymmetric dimeric
structure, in which the two Li atoms are bridged by two
identical fluorenone ketyl ligands and each of the two Li

Table 1). This dimeric structure seemed to be the most

atoms is also coordinated by two HMPA ligands (Figure 1 and y, . <j?© Lh
room temp., 4
)
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Figure 1. X-ray crystal structure of 1 (with 30 % thermal ellipsoids).
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Table 1. Selected bond lengths [A] and angles [°] of 1.

Li(1)-0(1) 1.953(12)  Li(1)-O(1") 1.976(12)
Li(1)-0O(2) 1972(12)  Li(1)-O(3) 1.925(12)
o(1)-C(1) 1.288(8)

O(1)-Li(1)-0(1") 90.6(5) O(1)-Li(1)-0(2) 114.4(6)
O(1)-Li(1)-0(3) 114.0(6) O(1')-Li(1)-0(2)  115.6(6)
O(1')-Li(1)-0(3) 114.1(6) 0(2)-Li(1)-0(3) 107.7(6)
Li(1)-O(1)-Li(1") 89.4(5) Li(1)-0(1)-C(1) 134.3(6)
Li(1)-0(1)-C(1) 135.7(6) Li(1)-0(2)-P(1) 146.2(5)
Li(1)-O(3)-P(2) 168.1(5)

favorable form for the HMPA-coordinated lithium fluore-
none ketyl complex. The use of one equivalent of HMPA also
yielded the bis(HMPA)-coordinated dimeric complex 1 as the
only isolable product, while further addition of HMPA to a
THF solution of 1 did not give a monomeric complex. The
C(1)-O(1) bond length in 1 (1.288(8) A) is in the 1.27-1.32 A
range of the C—O (ketyl) bond lengths found in other metal
ketyl complexes,®! which is longer than the C—O double bond
of free fluorenone (1.220(4) A) and shorter than the C—O
single bond found in a samarium fluorenoxide complex,
[Sm(OC,3H,)(OC4H,Bu,-2,6-Me-4),(HMPA),]
(1.404(8) A).M

Similar reaction of sodium chips with one equivalent of
fluorenone and two equivalents of HMPA yielded the
analogous dimeric sodium fluorenone ketyl complex 2 as
brown crystals (Scheme 2), which is isostructural with the

2 equiv HMPA HMPA/,.Na/O\ WHMPA
81% 7 Na
HMPA' \O/ NUMPA
S
oRy
2, brown
HMPA
HMPA \Q
o
1 equiv HMPA O o/f NQAHMPA
78% 0 O------ Na

o

o /) HMPA

,

oy
3, greenish-brown

HMPA

Scheme 2. Isolation of dimeric (2) and tetrameric (3) sodium fluorenone
ketyl complexes.

lithium complex 1 (Figure 2 and Table 2). When one equiv-
alent of HMPA was used in this reaction, the tetrameric, ys-
ketyl-bridged sodium complex 3 was isolated as greenish-
brown crystals in 78 % yield (Scheme 2). Complex 3 possesses
an Na,O, cubane core, in which each Na atom is coordinated
by one terminal HMPA ligand (Figure 3 and Table 3). The
formation of 3 can formally be viewed as dimerization of two
molecules of 2 by removal of one of the two HMPA ligands on
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Figure 2. X-ray crystal structure of 2 (with 30 % thermal ellipsoids).

Table 2. Selected bond lengths [A] and angles [°] of 2.

Na(1)-0(1) 2292(5)  Na(1)-O(1') 2.316(5)
Na(1)-0(2) 2236(4)  Na(1)-0(3) 2.199(5)
o(-c(1) 1.275(7)

0O(1)-Na(1)-0(1") 91.9(2) 0(1)-Na(1)-0(2) 123.3(2)
0(1)-Na(1)-0(3) 106.9(2) O(I')-Na(1)-0(2)  112.6(2)
0(1)-Na(1)-0(3) 108.9(2) 0(2)-Na(1)-0(3) 111.2(2)
Na(1)-O(1)-Na(1’) 88.1(2) Na(1)-0(1)-C(1) 134.7(4)
Na(1)-0(1)-C(1) 133.4(4) Na(1) -O(2)-P(1) 151.5(3)
Na(1)-0(3)-P(3) 163.0(4)

Figure 3. X-ray crystal structure of 3.
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Table 3. Selected bond lengths [A] and angles [°] of 3.

Na(1)-0(1) 2290(14)  Na(1)-O(1") 2.315(15)
Na(1)-0(2) 2.418(17)  Na(1)-0(3) 2.129(19)
Na(2)-0(1) 2453(18)  Na(2)-0(2) 2.328(15)
Na(2)-0(2) 2290(16)  Na(2)-O(4) 2.171(19)
o(1)—C(1) 127(3) 0(2)—C(14) 1.30(3)
O(1)-Na(1)-0(1) 89.6(5) 0(1)-Na(1)-0(2) 90.0(6)
0(1)-Na(1)-0(3) 135.7(7) O(1')-Na(1)-0(2) 90.0(6)
O(1')-Na(1)-0(3)  119.5(7) 0(2)-Na(1)-0(3) 120.0(7)
0(1)-Na(2)-0(2) 88.3(6) 0(1)-Na(2)-0(2) 89.8(6)
0(1)-Na(2)-0(4) 130.7(7) 0(2)-Na(2)-0(2) 89.7(6)
0(2)-Na(2)-0(4) 118.7(7) O(2)-Na(2)-0(4)  127.4(7)
Na(1)-O(1)-Na(1’)  90.4(5) Na(1)-O(1)-Na(2) 90.9(6)
Na(1)-O(1)-Na(2)  89.4(6) Na(2)-0(2)-Na(2)  90.3(6)
Na(1)-0(2)-Na(2) 90.8(6) Na(1)-0(2)-Na(2)  90.8(6)
Na(1)-0(1)-C(1) 136.3(12) Na(1")-0(1)-C(1) 131.3(12)
Na(2)-0(1)-C(1) 100.7(13) Na(1)-0(2)-C(14)  102.2(12)
Na(2)-0(2)-C(14)  126.0(12) Na(2)-0(2)-C(14)  140.5(12)
Na(1)-0(3)-P(1) 163.5(12) Na(2)-0(4)-P(2) 150.1(11)

each Na atom. It is noteworthy that this dimerization is not
pinacol-coupling of the ketylsP% but further aggregation of
the ketyls through Na-O(ketyl) interactions. Addition of
four equivalents of HMPA to the tetrameric complex 3 in
THF easily gave the dimeric complex 2. But further addition
of HMPA to a THF solution of 2 did not afford a monomeric
ketyl complex. The HMPA-dependence of the reaction,
leading to formation of either dimeric complex 2 or tetrameric
complex 3, is in sharp contrast with what was observed in the
case of lithium fluorenone ketyl. This difference may result
from the different ion sizes of lithium and sodium.

In contrast with lithium and sodium fluorenone ketyls,
potassium fluorenone ketyl always adopted a tetrameric
structure. A bis(HMPA)-coordinated dimeric potassium com-
plex analogous to 1 and 2 was not obtained when two
equivalents of HMPA was added to a THF solution of
potassium fluorenone ketyl, but instead the tetrameric com-
plex 4, which bears one terminal HMPA ligand on each K
atom, was isolated in 75% yield (Scheme 3). Furthermore,

o : \
‘ 1/
2 equiv HMPA O O K.,
—_— J / "HMPA
75% K. o

= THF

room temp., 4 h

0.5 equiv HMPA

5, dark brown
72% based on HMPA
(36 % based on K)

Scheme 3. Isolation of potassium fluorenone ketyl complexes 4 and 5.
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reflecting the larger ion size of potassium, an additional
bridging HMPA ligand is also bonded to two of the four
potassium atoms, and the K,O, cubane core in 4 is thus more
distorted than the Na,O, core in 3 (Figure 4 and Table 4). This

Figure 4. X-ray crystal structure of 4.

K,O, cubic skeleton was obtained even when less than one
equivalent of HMPA was employed. As shown in Scheme 3,
addition of 0.5equiv of HMPA to a THF solution of
potassium fluorenone ketyl afforded 5, a THF-bridged
analogue of 4 (Figure 5 and Table 5), whereas formation of
a further aggregated complex was not observed.

Although the use of HMPA as a stabilizing ligand was
essential to isolate a structurally characterizable metal ketyl
complex in most of the above reactions, single crystals of the
HMPA-free, tetrameric ketyl complex 6 could also be isolated
when an excess of fluorenone was employed in the reaction
with sodium in THF (Scheme 4). In contrast to the HMPA-

Table 4. Selected bond lengths [A] and angles [°] of 4.

Figure 5. X-ray crystal structure of 5.

coordinatedtetrameric complexes 3-5, two of the four Na
atoms in 6 are each terminally coordinated by a fluorenone
and the other two Na atoms are coordinated by a THF ligand
(Figure 6 and Table 6). In addition, the Na atoms in 6 are also
bridged in pairs by a THF ligand whose oxygen atom is sitting
on a crystallographic C, axis. As far as we are aware, complex
6 represents the first example of a ketone-coordinated ketyl
complex, and is also a rare example of a complex bearing
bridging THF ligands.!®!

Deprotonation of an appropriate 1,2-diol, followed by C—C
bond cleavage of the resultant diolate, the reverse process of a
normal pinacol-coupling reaction,% could also be used for
the synthesis of a ketyl complex. As shown in Scheme 5,
reaction of 1,2-bis(biphenyl-2,2'-diyl)ethane-1,2-diol (7) with
two equivalents of LiN(SiMe;), or NaN(SiMe;), in the
presence of four equivalents of HMPA easily afforded the
ketyl complex 1 or 2, respectively, through C—C bond
cleavage of the 1,2-diolate intermediate 8.3%] Although this

K1-01 2.837(10) K1-02 2.715(9) K1-04 2.785(10) K1-05 2.576(11) K1-09 2.778(10) K2-O1 2.714(10)
K2-02 2.740(9) K2-03 2.830(10) K2-06 2.574(10) K2-09 2.744(10) K3-02 2.678(10) K3-03 2.629(10)
K3-04 2.774(10) K3-07 2.541(11) K4-O1 2.587(10) K4-03 2.727(10)

K4-04 2.688(11) K4-08 2511(11) O1-Cl 1.276(16) 02—Cl4 1.278(16)

03-C27 1.286(16) 04—C40 1.285(16)

O1-K1-02 963(3)  OI1-KI-04 800(3) OI-KI-05 142.8(4)  O1-KI1-09 704(3)  02KI-04 856(3)

02K1-05 1209(4)  O02KI-09 782(3)  O04KI-05 101.7(3)  O4KI-09 1441(3)  O5KI-09 114.1(4)

O1-K2-02 987(3) OI1-K2-:03 796(3) O1-K2-06 142.6(4)  O1-K2-09 728(3)  02K2-03 80.7(3)

02-K2-06 1188(4)  02-K2-09 784(3)  03-K2-06 1050(4)  O3-K2-09 142.1(3)  06-K2-09 112.7(4)

02K3-04 865(3)  02K3-07 1265(4)  03-K3-04 89.0(3) 02K3-03 857(3) 03K3-07 1137(4)

04-K3-07 1394(4)  O1-K4-03 838(3)  OI1-K4-04 864(3)  OI1-K4-08 112.6(4)  03-K4-04  838(3)

03-K4-08 1327(4)  O4-K4-08 1341(4) KI-O1-K2 778(3) KI-Ol-K4 97.13) K2-O1-K4 101.2(4)

K1-02-K2  794(3)  KI1-02K3 957(3)  K2-02K3 971(3)  K2-03-K3 960(3) K2-03-K4  950(3)

K3-03-K4 90.5(3)  KI-O4K3 9203)  KI-O4K4 960(4)  K3-O4-K4 883(3)  KI-09K2 783(3)

K1-05-P1 1641(7)  KI-O1-Cl 111.08)  K2-O1-Cl 131.59)  K4-O1-Cl 1235(8)  K1-02-Cl4 143.4(9)

K2-02-Cl4 131.1(8)  K3-02-Cl4 989(8)  K2-03-C27 1123(8)  K3-03-C27 141.0(8)  K4-03-C27 112.1(8)

K1-04-C40 1259(9)  K3-04-C40 1192(9)  K4-04-C40 1253(9)  K2-O6-P2 1680(7)  K3-O7-P3  160.2(7)

K4-08-P4 1585(8)  KI-O9-P5 127.7(6)  K2-O9-P5  144.9(6)

Chem. Eur. J. 2000, 6, No. 16
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Table 5. Selected bond lengths [A] and angles [°] of 5.

K1-01 2.643(10) K1-03 2776(11) K1-04 2.839(10) K1-05 2.539(12) K1-09 3.007(15) K2-O1 2.758(10)
K2-02 2.804(10) K2-03 2.687(10) K2—-06 2.547(13) K209 2.922(15) K3-0O1 2.769(10) K3-02 2.656(10)
K3-04 2.668(10) K3-07 2.566(11) K4—02 2.726(10) K4-O3 2678(9) K4-04 2.618(10) K4-08 2.511(11)
01-C1 1291(16) 02—Cl4 1285(17) 03-C27 1281(16) 04—C40 1.299(17)
O1.K1-03 96.1(4) OI-KI-O4 843(3)  OL-KI-O5 1194(4)  O1-KI-09 718@4)  03-K1-O4  803(3)
03-K1-O5 128.9(4) 03-K1-09  73.3(4) 04-K1-0O5 134.4(4) 04-K1-09  141.8(4) 05-K1-09  83.7(4)
01.K2-02  833(3) OI-K2-03 955(4)  O1-K2-06 129.1(4) OI.K2-09 717(4)  02-K2-O3  85.4(3)
02K2-06 1277(4)  O2K2-09 1469(4)  O3-K2-06 1227(4)  03-K2-09 760(4)  06-K2-09  85.4(4)
O1.K3-02 859(3) OI-K3-04 852(3) OL-K3-07 1348(4)  02-K3-04  88.6(3 02K3-07 1272(4)
04-K3-07 120.6(4)  02-K4-03 872(3)  O2-K4-O4 882(3)  02-K4-O8 140.1(4)  O3-K4-O4  862(3)
03-K4-08 111.8(4)  O4-K4-08 1263(4) KIL-OI.K2 873) KI-OLK3 964(3)  K2-O1-K3  94.4(3)
K2-02K3 959(4)  K2-02-K4 91.8(3)  K3-02K4 894(3) KI-O3K2 816(3) KI-O3K4 96.7(3)
K2-03-K4 955(3)  KI-O4-K3 942(3) KIL-O4K4 9653) K3-O4K4 9154)  KI-O9K2  74.0(4)
KI-O1-Cl 137509) K2-01-Cl 1344(9) K3-O1-Cl  99.6(8)  K2-02-Cl4 988(8)  K3-02-Cl4 141.1(9)
K4-02-Cl4 1257(9)  KI-03-C27 1189(9)  K2-03-C27 1472(9)  K4-03-C27 106.1(8)  KI1-O4-C40 99.0(8)
K3-04-C40 130.7(8)  K4-04-C40 1332(9)  KI-O5-P1 151.3(7) K2-06-P2 153.1(8)  K3-O7-P3  150.6(7)
K4-08-P4  173.5(8) K1-09-C77 125.5(13) K1-09-C80 107.5(14) K2-09-C77 106.4(13) K2-09-C80 131.0(13)
OF
Q OQ
“a e}
Na 7 L / o/: Na/"io(j
) K room temp., 4 h CO : |7
0.67 equiv 5 85% O \\o ------- /Na'w,, G
\ Na o]

Oy

6, dark-green

Scheme 4. Isolation of an HMPA-free sodium fluorenone ketyl complex 6.

approach does not offer an advantage over the reduction
method for the synthesis of an alkali metal ketyl complex such
as 1 or 2, it may provide a particularly useful route to metal
ketyls whose metal species are not good electron-transfer
agents but are available as deprotonation agents (or bases).l

Calcium fluorenone ketyl complexes: In contrast to the one-
electron reducing alkali metals, the reaction of calcium metal,
a two-electron transfer agent, with two equivalents of
fluorenone and two equivalents of HMPA in THF gave the
monomeric bis(ketyl) complex 9 in 79% yield (Scheme 6).

Table 6. Selected bond lengths [A] and angles [] of 6.

Figure 6. X-ray crystal structure of 6 (the lattice solvent C4H, is omitted
for clarity).

Complex 9 possesses an octahedral structure, in which the
central Ca''ion is coordinated in frans form by two fluorenone
ketyl, two THF, and two HMPA ligands (Figure 7 and

Na(1)-0(1) 2413(10)  Na(1)-O(2) 2.298(10)
Na(1)-O(4) 2556(11)  Na(2)-O(1) 2.327(10)
Na(2)-0(5) 2330(15)  Na(2)-O(6) 2.667(14)
o(1)-C(1) 1286(17)  O(2)-C(14) 1.294(18)
0(1)-Na(1)-0(2) 86.4(4) 0(1)-Na(1)-0(2) 82.3(4)
0(2)-Na(1)-0(2) 97.0(4) 0(2)-Na(1)-0(3) 116.6(4)
0(2')-Na(1)-O(4) 75.1(3) 0(3)-Na(1)-0(4) 78.7(4)
0(1)-Na(2)-0(5) 131.5(5) 0(1)-Na(2)-0(6) 775(3)
0(1')-Na(2)-0(6) 75.4(3) 0(2)-Na(2)-0(5)  110.9(5)
Na(1)-O(1)-Na(2) 96.1(4) Na(1)-O(1)-Na(2) 91.8(4)
Na(1)-0(2)-Na(2) 96.8(4) Na(1)-0(4)-Na(l')  72.6(4)
Na(2)-0(1)-C(1) 139.8(8) Na(2')-0(1)-C(1) 117.3(8)
Na(1)-0(2)-C(14)  122.1(9) Na(1)-0(3)-C(27)  146.0(11)
Na(1)-0(4)-C(40)  116.1(7) Na(1)-0(4)-C(40)  118.2(7)
Na(2)-0(6)-C(46)  120.8(12) Na(2)-0(6)-C(46)  114.0(12)

Na(1)-0(2) 2434(10)  Na(1)-O(3) 2.335(11)
Na(2)-0(1') 2452(10)  Na(2)-0(2) 2.376(10)
0(3)-C(27) 1.22(3)

0(1)-Na(1)-0(3) 131.1(4) 0(1)-Na(1)-0(4) 150.2(4)
0(2)-Na(1)-0(4) 77.5(3) 0(2')-Na(1)-0(3) 131.1(4)
0(1)-Na(2)-0(1") 97.6(4) 0(1)-Na(2)-0(2) 85.4(4)
0O(1)-Na(2)-0(2) 83.9(4) 0(1)-Na(2)-0(5) 128.4(5)
0(2)-Na(2)-0(6)  150.9(4) 0(5)-Na(2)-0(6) 98.0(5)
Na(2)-O(1)-Na(2)  79.4(4) Na(1)-0(2)-Na(1’) 79.4(3)
Na(2)-0(6)-Na(2) 69.9(4) Na(1)-O(1)-C(1) 118.0(8)
Na(1)-0(2)-C(14)  142.9(9) Na(1')-0(2)-Na(2') 94.3(4)
Na(2)-0(5)-C(42)  129.9(16) Na(2)-0(5)-C(45) 127.7(18)
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4 HMPA

OH O MN(SiMe3),
O HO —H’\-‘r(g:-;\ﬂes)z
7

Scheme 5. Formation of ketyl complexes 1 and 2 by C-C bond cleavage of the pinacol compound 7 via 8.

(0]
2 equiv HMPA THF.... | _wHMPA
THF, room temp.  HMpPA~ |a\THF
overnight o

79%

X
)

=

9, dark brown

HMPA

= S
@ 2 (L0 —
X =

[¢]
3 or 4 equiv HMPA HMPA,,,C\ wHMPA
| 2 Or % equiv AP a
THF, room temp.  HMPA” | “STHE
o

overnight
84%

10, dark brown

Scheme 6. Isolation of calcium complexes 9 and 10 bearing two independ-
ent fluorenone ketyl ligands.

Figure 7. X-ray crystal structure of 9 (only one of the two independent
molecules is shown for clarity)

Table 7). Upon further reaction with HMPA, one of the two
THEF ligands in 9 was replaced by an HMPA ligand, leading to
formation of 10 (Scheme 6, Figure 8 and Table 8). Complex 10
could also be prepared in 84 % yield by direct reaction of
calcium with two equivalents of fluorenone and three
equivalents of HMPA in THF. Further replacement of the
THF ligand in 10 by HMPA did not occur when four or more
equiv of HMPA was used, apparently owing to steric
hindrance of the HMPA ligand."!

Chem. Eur. J. 2000, 6, No. 16
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Benzophenone ketyl com-
plexes: The reaction of benzo-
phenone with one equivalent of
sodium and two equivalents of
HMPA yielded the sodium ben-
zophenone ketyl complex 11 as
blue crystals; it adopts a dimer-
ic structure similar to its fluor-
enone analogue 2 (Scheme 7,
Figure 9 and Table 9). Howev-
er, when one equivalent of HMPA was used in this reaction,
the trimeric complex 12, rather than a simple benzophenone
analogue of the tetrameric complex 3, was obtained
(Scheme 7 and Figure 10).1'1 Similarly, the reaction of calcium

e
o
N\ HMPA

HMPA

M =Li (1), Na (2)

Table 7. Selected bond lengths [A] and angles [°] of 9.

Ca(1)-0(1) 2208(15)  Ca(1)-0O(2) 2.323(15)
Ca(1)-0(3) 2447(18)  Ca(2)-O(4) 2.221(16)
o(1)—C(1) 1.33(3)

O(1)-Ca(1)-0(1')  180.0 0(1)-Ca(1)-0(2) 89.2(6)
0(1)-Ca(1)-0(2') 90.8(6) 0(1)-Ca(1)-0(3) 88.7(6)
0(1)-Ca(1)-0(3') 91.3(6) 0(2)-Ca(1)-0(2)  180.0
0(2)-Ca(1)-0(3) 89.2(6) 0(2)-Ca(1)-0(3) 90.8(6)
0(3)-Ca(1)-0(3)  180.0 Ca(1)-0(1)-C(1) 171.9(13)
Ca(1)-0(2)-P(1) 165.7(10) Ca(1)-0(3)-C(20)  125.1(17)
Ca(1)-0(3)-C(23)  121.2(18)

Figure 8. X-ray crystal structure of 10.

with two equivalents of benzophenone in the presence of 3 or
four equivalents of HMPA in THF yielded the five-coordinate
trigonal bipyramidal complex 13 (Scheme 8, Figure 11 and
Table 10), instead of a simple benzophenone analogue of the
octahedral complex 9 or 10. The radical carbon atoms in 11
and 13 are still in an sp?>-hybrid state, as in fluorenone ketyl
complexes.’Y However, the CO groups in 11 and 13 are not
coplanar with any of the phenyl rings (Tables 9 and 10). The
structural differences between 12 and 3 and between 13 and 10
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Table 8. Selected bond lengths [A] and angles [°] of 10. Table 9. Selected bond lengths [A] and angles [°] of 11.
Ca(1)-0(1) 2281(10)  Ca(1)-0(2) 223411)  Na(1)-0O(1) 2.317(6) Na(1)-0(1") 2.269(6)
Ca(1)-0(3) 2324(10)  Ca(1)-O(4) 2328(8) Na(1)-0(2) 2.260(6) Na(1)-0(3) 2261(8)
Ca(1)-0(5) 2.334(10) Ca(1)-0(6) 2.487(11) Oo(1)—-C(1) 1.299(10)
0O(1)-C(1) 1286(17)  O(2)-C(14) 1.280(18) O(1)-Na(1)-0(1") 87.8(2) O(1)-Na(1)-0(2)  1232(3)
O(1)-Ca(1)-0(2) 168.5(4) O(1)-Ca(1)-0(3) 92.6(4) O(1)-Na(1)-0(3) 1103(3) O(1)-Na(1)-0(2)  121.3(3)
0O(1)-Ca(1)-O(4) 97.6(4) 0O(1)-Ca(1)-0(5) 86.6(4) O(1)-Na(1)-0(3) 115.7(3) 0O(2)-Na(1)-0(3) 99.4(3)
0O(1)-Ca(1)-O(6) 86.5(4) 0(2)-Ca(1)-0(3) 89.6(4) Na(1)-O(1)-Na(1’) 92.2(2) Na(1)-O(1)-C(1) 131.8(5)
0(2)-Ca(1)-0(4) 93.5(4) 0(2)-Ca(1)-0(5) 89.7(4) Na(1)-O(1)-C(1) 135.8(5) Na(1)-0(2)-P(1) 150.8(4)
0(2)-Ca(1)-0(6) 82.6(4) 0(3)-Ca(1)-0(4) 92.9(4) Na(1)-0(3)-P(2) 165.6(5)
0(3)-Ca(1)-0(5) 172.1(4) 0(3)-Ca(1)-0(6) 82.7(4) O(1)-C(1)-C(2)-C(8)/Ph(C,;) dihedral angle: 24
O(4)-Ca(1)-0(5) 95.0(4) O(4)-Ca(1)-0(6) 174.1(4) O(1)-C(1)-C(2)-C(8)/Ph(Cy 13) dihedral angle: 15
0(5)-Ca(1)-0(6) 89.4(4) Ca(1)-0(1)-C(1) 158.4(10)
Ca(1)-0(2)-C(14)  169.7(10) Ca(1)-0(3)-P(1) 171.4(7)
Ca(1)-0(4)-P(2) 159.3(6) Ca(1)-0(5)-P(3) 174.5(6)
Ca(1)-0(6)-C(45)  122.0(9) Ca(1)-0(6)-C(48)  1233(11)
Ph_. Ph
¢
2 equiv HMPA HMPA,,,Na/O\Na.‘\\HMPA
roomtemp., 4h o g SHMPA
80% |
P " Ph
o 11, blue
Na + L _THF
HMPA
Ph” ph PA P
/N,a\o»\c'\Ph
. HMPA .,
HMPA \ /
v
Ph/?\Ph
12, blue

84% based on HMPA
(63% based on Na)

Scheme 7. Isolation of sodium benzophenone ketyl complexes 11 and 12.

Figure 9. X-ray crystal structure of 11.

must result from the structural difference between benzophe-
none ketyl and fluorenone ketyl; because the phenyl groups in
a benzophenone ketyl unit can rotate, this unit may become

3000
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Figure 10. X-ray crystal structure of 12.

Ph
C/'
o HMPA _CZ
I 3 or 4 equiv HMPA 0" Ph
Ca+ 2 C ————————— HMPA—Ca
ph” “ph  THF, room temp. \O
overnight HMPA \C'/Ph
|

77%
Ph
13, blue

Scheme 8. Isolation of the calcium complex 13 bearing two independent
benzophenone ketyl ligands.

sterically more demanding than a fluorenone ketyl unit. On
the other hand, the lack of planarity in the whole benzophe-
none ketyl unit also explains why benzophenone ketyl is more
reactive than fluorenone ketyl:P stabilization of the radical
through p,—m orbital interactions with the phenyl groups
becomes more difficult in benzophenone ketyl than in the
planar fluorenone ketyl.

Hydrogenation/protonation of ketyl complexes: The reac-
tions of sodium fluorenone ketyl complex 2 and benzophe-
none ketyl complex 11 with 2-propanol and aqueous HCI
were investigated, so that information on the elemental steps
of the reduction of ketones by dissolving metals could be
obtained.?! The typical reactivity of a ketyl species is
reflected in the treatment of 2 with 2N HCI which yielded
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1 o C(‘l/
é)/v L.
\O’/C(g)

HMPA, O

Na
HMPA” N\ N

2N HCI OH g
—NaCl 3 HO O

7, 100%
o

H OH
50%

H OH (0]
23%

gw

<N\ WHMPA 5 equivi PrOH 2N HCl

30 min

p=4
o

(0] HMPA

0

50%

5 equivi PrOH 2N HCI

2= . -
5 min

23% 54%

Scheme 9. Hydrogenation/protonation of sodium fluorenone ketyl com-
plex 2.

> 2N HCl HO o
o— -~ == Ph-C—C-Ph
Nacl Ph Ph
100%
Ph_._Ph
Figure 11. X-ray crystal structure of 13. C;: OH o
HMPA, _O._ HMPA -
/’Nai :Na'\ o 5eq;(|)vl;:‘;‘1rOH 2N HCI thc::fPh + . /(\:\\Ph
Table 10. Selected bond lengths [A] and angles [°] of 13. HMPA ?u: HMPA H 9%
51% o
Ca(1)-0(1) 2.187(9) Ca(1)-0(2) 2.206(10) PR " Ph
Ca(1)-0(3) 2.315(9) Ca(1)-0(4) 2.286(8) 1 on o
Ca(1)-0(5) 2.314(10) P(1)-0(3) 1.446(9) SequviPron anwcl L O
0o(1)-C(1) 1.313(14) 0(2)-C(14) 1.308(16) 5 min 0 o ph
O(1)-Ca(1)-0(2) 114.2(4) O(1)-Ca(1)-0(3) 95.0(4) 50% 50%
88;228;88; 151%842123; 88;828%:883 égggg Scheme 10. Hydrogenation/protonation of sodium benzophenone ketyl
0(2)-Ca(1)-0(5) 90.0(4) 0(3)-Ca(1)-0(4) 862(3) complex 1L
0(3)-Ca(1)-0(5) 169.8(4) 0(4)-Ca(1)-0(5) 87.1(4)
Ca(1)-0(1)-C(1) 162.5(8) Ca(1)-0(2)-C(14)160.0(10)
Ca(1)-0(3)-P(1) 165.6(6) Ca(1)-O(4)-P(2) 171.9(7)  product. On the other hand, the formation of benzhydrol or
g?i;)_c(zl(f)g()g)C(S)/Ph(c l)5 1{-311( 631 1 anel 16 fluorenol must proceed through hydrogen radical abstraction
- - - - 1hedral angle: . . .
0(1)-C(l)-C(2)-C(8)/Ph(Ci,:3) dihedral angle: 30 from 2-propanol by a ketyl radical species,?*" while the

0(2)-C(14)-C(15)-C(21)/Ph(Cys o) dihedral angle: 20
0O(2)-C(14)-C(15)-C(21)/Ph(C,;_56) dihedral angle: 30

quantitatively the pinacol-coupling product 7 (Scheme 9).
However, when 2 was stirred with 5 equiv of 2-propanol in
THF for 30 min and then hydrolyzed with 2N HCI, fluorenol
and fluorenone were obtained in a 1:1 molar ratio, whereas 7
did not form (Scheme 9). Similarly, hydrolysis of 11 afforded
only benzopinacol, while the reaction of 11 with 2-propanol
followed by hydrolysis with 2N HCI exclusively yielded
benzhydrol and benzophenone in a 1:1 molar ratio (Scheme 10).
If the reaction of fluorenone ketylcomplex 2 with 2-propanol
was carried out for a shorter time (5 min), followed by
hydrolysis with 2N HCI, a mixture of fluorenol, fluorenone,
and 7 was obtained, in which the molar ratio of fluorenol to
fluorenone was still 1:1 (Scheme 9). The higher reactivity of
benzophenone ketyl is reflected in the analogous reaction of
11 with 2-propanol under the same conditions (5 min) which
afforded only benzhydrol and benzophenone without forma-
tion of a coupling product (Scheme 10). These results suggest
that the first step in the pinacol-coupling reaction of 2 or 11 is
that of a proton (H") attacking the oxygen anion (O~) of the
ketyl unit, leading to formation of a hydroxymethyl radical
species such as 14 (Scheme 11). Subsequent rapid dimeriza-
tion of the hydroxymethyl radical yields the final 1,2-diol

Chem. Eur. J. 2000, 6, No. 16
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formation of benzophenone or fluorenone obviously requires
oxidation of the corresponding ketyl species. As shown in
Scheme 11, hydrogen radical abstraction from 2-propanol by
one of the two ketyl radicals in a dimeric ketyl complex such
as 11 or 2 would yield the mixed ketyl/diarylmethoxide 15 and
the iPrO - radical. Subsequent oxidation of the ketyl unit in 15
by the inner-sphere radical iPrO- could afford the ketone
(benzophenone or fluorenone) and 16, which, after hydrolysis,
gives the alcohol (benzhydrol or fluorenol). The formation of
benzophenone and benzhydrol, as well as that of fluorenone
and fluorenol, in an approximately 1:1 molar ratio strongly
suggests that the oxidation of the ketyl radical species in 15 by
the inner-sphere radical iPrO - should be much faster than the
hydrogen radical abstraction from 2-propanol by a ketyl
radical species. Similarly, the reaction of the calcium bis(ben-
zophenone ketyl) complex 13 with 2-propanol, followed by
hydrolysis with 2N HCI, afforded benzhydrol and benzophe-
none, possibly through the intermediates 17 and 18, as shown
in Scheme 12.

Conclusion

By using HMPA as a stabilizing ligand, we successfully
isolated and structurally characterized a series of alkali and
alkaline-earth metal ketyl complexes, including those of the
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Scheme 11. A plausible mechanism for the hydrogenation/protonation of
dimeric ketyl complexes.

2N HCl QH HO OH
ik “cac, ~ 2|_ G | T Ph-C—C-Ph
HMPA _ce Ph* "Ph Ph Ph
HMPA—c|a"‘“O e l4a 98% (isolated)
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HMPA HMPA o
| o7 TPh HPA_ e O P .
HMPA—Ca + i Pro- —Ca c
™, 1Pro fast \O PH \Ph
| ~o_ _ph - __Ph
HMPA ¢ HMPA (I:\
I "H
Ph
Ph 18
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Scheme 12. Hydrogenation/protonation of bis(benzophenone ketyl) com-
plex 13.

well-known sodium benzophenone ketyl. The structures of
these ketyl complexes are dependent on both the ion size of
the metals and the structure of the ketones. Lithium
fluorenone ketyl favors a dimeric structure (1), while potas-
sium fluorenone ketyl prefers to form tetrameric aggregations
(4 and 5). In the case of sodium, both dimeric (2) and
tetrameric (3) fluorenone ketyl complexes can be isolated
through adjustment of the ligand-to-substrate ratios. For
sodium benzophenone ketyl, a trimeric complex (12), rather
than a simple benzophenone analogue of the tetrameric 3, is
preferred, while a dimeric complex (11) is also isolable. In
contrast to the one-electron reducing alkali metals, which
yield ketyl complexes bearing one ketyl ligand per metal ion,
the reactions of calcium metal with two equivalents of ketones
afford the corresponding bis(ketyl) complexes, in which two
independent ketyl ligands are bonded to one metal ion.
Calcium fluorenone ketyl tends to form six-coordinated,

3002 ———
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octahedral structures (9 and 10), while calcium benzophenone
ketyl favors a five-coordinate, trigonal-bipyramidal form (13).
On the other hand, the formation of the ketyl complexes 1 and
2 from the 1,2-diol 7 demonstrates that deprotonation of a
pinacol followed by C—C bond cleavage of the resultant
pinacolate can constitute a new method for the synthesis of
metal ketyls. The reactions of the ketyl complexes 2, 11, and
13 with 2-propanol and/or aqueous HCI have provided
unprecedented insights into the elemental steps of the
reduction of ketones by dissolving metals.

Experimental Section

General methods: All reactions were carried out under a dry and oxygen-
free argon atmosphere by Schlenk techniques or under a nitrogen
atmosphere in an Mbraun glovebox. The argon was purified by being
passed through a Dryclean column (4—1& molecular sieves, Nikka Seiko Co.)
and a Gasclean GC-XR column (Nikka Seiko Co.). The nitrogen in the
glovebox was constantly circulated through a copper/molecular sieves
(4 A) catalyst unit. The oxygen and moisture concentrations in the
glovebox atmosphere were monitored by an O,/H,0 Combi-Analyzer
(Mbraun) to ensure both were always below 1 ppm. Samples for spectro-
scopic studies were prepared in the glovebox, and J. Young valve cells were
used for measurements. UV/Vis spectra were recorded on a Shimadzu UV-
2400PC spectrometer. ESR spectra were obtained on a Jeol JES FE 3AX
X-band spectrometer and the g value was calibrated with DPPH (2,2-
diphenyl-1-picrylhydrazyl). Elemental analyses were performed by the
Chemical Analysis Laboratory of RIKEN. Solvents were distilled from
sodium/benzophenone ketyl, degassed by the freeze —thaw method (three
times) and dried over fresh Na chips in the glovebox. HMPA was distilled
from sodium chips under reduced pressure, degassed by the freeze —thaw
method (three times) and dried over molecular sieves (4 A). 2-Propanol
was degassed by the freeze —thaw method (three times) and dried over
molecular sieves (4 A). Benzophenone and fluorenone were purchased
from Tokyo Kasei Co. and recrystallized from MeOH.

[Li(C;HgO)(HMPA),], (1): A solution of fluorenone (366 mg, 2.03 mmol)
in THF (20mL) was added to lithium shots (4-16 mesh, 14 mg,
2.03 mmol). A brown mixture was initially obtained, which changed to
dark green after being stirred at room temperature for 7 h. Addition of
HMPA (0.71 mL, 4.06 mmol) yielded a dark brown solution, which was
then stirred for 20 min. After filtration and concentration under reduced
pressure, diethyl ether was layered, to give 1 as brown crystals (808 mg,
0.74 mmol, 73 %). Reaction of 7 with two equivalents of LiN(SiMe;), in
THE, followed by addition of four equivalents of HMPA, also afforded 1 in
75% yield. UV/Vis (THF, 22°C): A=453nm (¢=6.3x10°cm~'™M!),
500nm (e=4.6x10°cm~'M™!), 518 nm (¢=4.7x10°cm 'Mm!); ESR
(THF, 22°C): g=2.0030; elemental analysis calcd (%) for Cs;HgN;,Oq.
P,Li,: C 55.04, H 8.13, N 15.40; found: C 55.08, H 8.20, N 15.58.
[Na(C;;HzO)(HMPA),], (2): A solution of fluorenone (360 mg,
2.00 mmol) in THF (20 mL) was added to fresh sodium chips (46 mg,
2.00 mmol). The color of the mixture changed immediately to brown and
finally to dark green after being stirred at room temperature for 4 h.
Addition of HMPA (0.70 mL, 4.02 mmol) yielded a red-brown solution,
which was then stirred for 20 min. After filtration and concentration under
reduced pressure, hexane was layered to give 2 as brown crystals (910 mg,
0.81 mmol, 81 %). Reaction of 1,2-bis(biphenyl-2,2"-diyl)ethane-1,2-diol (7)
with two equivalents of NaN(SiMe;), in THF followed by addition of four
equivalents of HMPA also afforded 2 in 80 % yield. UV/Vis (THF, 22°C):
A=460nm (¢=4.4x10*cm M), 530 nm (¢=6.1 x 10°cm~'Mm~!); ESR
(THF, 22°C): g =2.0030; elemental analysis calcd (%) for CsyHggN;,O4P,.
Na,: C 53.47, H 7.90, N 14.96; found: C 53.00, H 8.06, N 14.78.
[Na(C;HgO)(HMPA) ], (3): A solution of fluorenone (360 mg, 2.00 mmol)
in THF (20 mL) was added to fresh sodium chips (46 mg, 2.00 mmol). The
color of the mixture changed immediately to brown and finally to dark
green after being stirred at room temperature for 4 h. Addition of HMPA
(0.35 mL, 2.01 mmol) yielded a brown solution, which was then stirred for
20 min. After filtration and concentration under reduced pressure, hexane
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was layered to give 3 as greenish-brown crystals (597 mg, 0.39 mmol, 78 %).
UV/Vis (THF, 22°C): A=460nm (¢=10.2x10°cm~'™M™'), 530 nm (e=
16.0 x 10° cm~'m~'); ESR (THF, 22°C): g=2.0030; elemental analysis
caled (%) for C;sH,(4N,04P,Na,: C 59.68, H 6.85, N 10.99; found: C 58.82,
H 6.89, N 10.59.

[K(C;HzO)(HMPA) 1,(u-HMPA) (4): A solution of fluorenone (180 mg,
1.00 mmol) in THF (15 mL) was added to fresh potassium chips (39 mg,
1.00 mmol). The resultant brown mixture was stirred at room temperature
for 4 h, and HMPA (0.35 mL, 2.01 mmol) was then added. After being
stirred for 20 min, the red-brown solution was filtered and concentrated
under reduced pressure. Layering of diethyl ether and hexane yielded 4 as
brown crystals (332 mg, 0.19 mmol, 75%). UV/Vis (THF, 22°C): 1=
465 nm (¢=10.2 x103cm~'M'), 535 nm (¢=19.6 x 10 cm~'M~'); ESR
(THF, 22°C): g=2.0032; elemental analysis caled (%) for
Cg,H, N 500PsK,: C55.54, H 6.93, N 11.85; found: C 55.07, H 6.99, N 11.65.

[K(C;HgO)(HMPA) 1,(u-THF) (5): A solution of fluorenone (184 mg,
1.02 mmol) in THF was added to fresh potassium chips (40 mg, 1.02 mmol).
The resultant brown mixture was stirred at room temperature for 4 h, and
HMPA (0.089 mL, 0.51 mmol) was then added. After being stirred for
20 min, the brown solution was filtered and concentrated under reduced
pressure. Layering of hexane yielded 5 as dark brown crystals (152 mg,
0.09 mmol; 36 % based on K, 72 % based on HMPA). UV/Vis (THF, 22°C):
A=465nmm (¢=73 x10°cm '™M'), 535 nm (¢=13.0 x 10 cm 'm'); ESR
(THF, 22°C): g=2.0032; elemental analysis caled (%) for
CgoH,1oN,00P,K,: C57.67, H 6.78, N 10.09; found: C 56.89, H 6.81, N 10.31.

Nay(u;-C3Hg0)(CsHgO),(THF),(u-THF), (6): A solution of fluorenone
(400 mg, 2.22 mmol) in THF was added to fresh sodium chips (34 mg,
1.48 mmol). The color of the mixture changed immediately to brown and
finally to dark-green after being stirred at room temperature for 4 h. After
filtration, the solvent was evaporated to give a green crystalline product
which after recrystallization from diethyl ether afforded 6 as green crystals
(460 mg, 0.31 mmol, 85%). UV/Vis (THF, 22°C): =460 nm (& =13.6 x
103 ecm~'™M™1), 530 nm (¢=16.0 x 10°cm~'™M~!); ESR (THF, 22°C): g=
2.0030; IR (THF, 22°C): ¥, =1720 cm™'; elemental analysis calcd (%)
for CoyHgOoNa,: C 7725, H 5.52; found C 77.46, H 5.75.

Ca(C;H;0),(HMPA),(THF), (9): CH,I, (2% mol) in THF (1 mL) was
added to calcium chips (31 mg, 0.77 mmol). After the mixture was stirred
for 2 h at room temperature to activate the metal surface, HMPA (0.27 mL,
1.54 mmol) was added. Addition of a solution of fluorenone (279 mg,
1.4 mmol) in (10 mL) yielded a brown mixture within a few minutes. After
being stirred at room temperature overnight, the brown solution was
filtered and concentrated under reduced pressure. Addition of hexane
precipitated 9 (549 mg, 0.61 mmol, 79 %) as dark brown blocks. UV/Vis
(THF, 22°C): A=453nm (¢=45x10cm'M!), 490nm (e=2.6x
10° cm~'m~!); ESR (THF, 22°C): g =2.0030; elemental analysis calcd (%)
for C;sHgN4OgP,Ca: C 61.18, H 7.59, N 9.31; found C 60.65, H 7.53, N 9.76.

Ca(C;Hz0),(HMPA);(THF) (10): CH,L, (2% mol) in THF (1 mL) was
added to calcium chips (21 mg, 0.52 mmol). After the mixture was stirred
for 2h at room temperature (to activate the metal surface), HMPA
(0.36 mL, 2.08 mmol) was added. Addition of a solution of fluorenone
(189 mg, 1.05 mmol) in THF (10 mL) yielded a brown mixture within a few
minutes. After being stirred at room temperature overnight, the brown
solution was filtered and concentrated under reduced pressure. Addition of
hexane precipitated 10 (440 mg, 0.44 mmol, 84 %) as dark brown blocks.
UV/Vis (THF, 22°C): A=453nm (¢=42x10>cm 'M7!), 4990 nm (¢=
2.4 x 10° cm~'m~'); ESR (THF, 22°C): g =2.0030; elemental analysis calcd
(%) for C;gH7sNyOGP;Ca: C 57.07, H7.78, N 12.48; found: C 56.94, H 7.82, N
12.73.

[Na(C;3H,(0)(HMPA),], (11): HMPA (0.42 mL, 2.42 mmol) and a solu-
tion of benzophenone (221 mg, 121 mmol) in THF (10 mL) were
successively added to fresh sodium chips (28 mg, 1.21 mmol). The resultant
blue mixture was stirred at room temperature for 4 h, during which all
sodium chips disappeared. After filtration and concentration under
reduced pressure, hexane was layered to give 11 as blue blocks (545 mg,
0.48 mmol, 80%). UV/Vis (THF, 22°C): A=675nm (¢=5.7x
103 cm~'m~!); ESR (THF, 22°C): g =2.0030; elemental analysis calcd (%)
for CsoHy,N;,O¢P,Na,: C 53.28, H 8.23, N 14.91; found: C 53.01, H 8.29, N
15.17.

Na;(C;H,0);(HMPA), (12): HMPA (0.15 mL, 0.87 mmol) and a solution
of benzophenone (158 mg, 0.87 mmol) in THF (10 mL) were successively
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added to fresh sodium chips (20 mg, 0.87 mmol). The resultant blue mixture
was stirred at room temperature for 4 h, during which all sodium chips
disappeared. After filtration and concentration under reduced pressure,
hexane was layered to yield 12 as blue blocks (242 mg, 0.18 mmol, 63 %
based on Na, 84 % based on HMPA). UV/Vis (THF, 22°C): A=675 nm
(6=6.5x10°cm~'m™!); ESR (THF, 22°C): g =2.0030; elemental analysis
caled (%) for Cg3H,,N,0,PNa;: C 56.79, H 7.72, N 12.61; found: C 56.40,
H 793, N 12.68.

Ca(C;H,(0),(HMPA); (13): CH,], (2% mol) in THF (1 mL) was added to
calcium chips (28 mg, 0.7 mmol). After the mixture was stirred for 2 h at
room temperature to activate the metal surface, HMPA (0.36 mL,
2.08 mmol) was added. Addition of a solution of benzophenone (255 mg,
1.40 mmol) in THF (10 mL) yielded a blue mixture within a few minutes.
After being stirred at room temperature overnight, the blue solution was
filtered and concentrated under reduced pressure. Addition of hexane
precipitated 13 as blue blocks (510 mg, 0.54 mmol, 77 % ). UV/Vis (THF,
22°C): A=635nm (¢=3.8 x 10° cm~'M~"); ESR (THF, 22°C): g=2.0028;
elemental analysis calcd (% ) for C,,H;,N,OsP;Ca: C 56.09, H 7.92, N 13.38;
found: C 55.81, H 8.03, N 13.33.

A typical procedure for alcoholysis/hydrolysis of ketyls: To a solution of a
ketyl complex in THF was added 2 -5 equivalents of 2-propanol. Usually,
the typical color of a ketyl species faded gradually. then 2N HCI was added.
The mixture was extracted with diethyl ether and dried over Na,SO,. The
organic products were separated by chromatography (silica gel) and
identified by 'H NMR comparison with authentic samples. The 'H NMR
spectra of the product mixture could also be easily assigned by comparison
with authentic samples.

X-ray crystallographic studies: Crystals for X-ray analyses were obtained as
described in the preparations. The crystals were manipulated in the
glovebox under a microscope mounted on the glovebox window, and were
sealed in thin-walled glass capillaries. Data were collected on a Mac
Science MXC3 K diffractometer (20°C, Mok, radiation, graphite mono-
chromator, A =0.71073 A, -26 scan), and were corrected for Lorentzian
and polarization effects and X-ray absorption effects. Lattice constants and
orientation matrices were obtained by least-squares refinement of 25
reflections with 25° <26 <35°. Three reflections were monitored periodi-
cally as a check for crystal decomposition or movement; no significant
decay or movement was observed. The observed systematic absences were
consistent with the space groups given in Table 11. The structures were
solved by direct methods with SIR92 in the Crystan-GM software package.
Hydrogen atoms in 1 and 2 were either located from the difference Fourier
maps, or placed at calculated positions. Attempts to locate the hydrogen
atoms in other complexes were not made. Refinements against |F| were
performed anisotropically for non-hydrogen atoms and isotropically for
hydrogen atoms by the block-diagonal least-squares method. Neutral
atomic scattering factors were taken from the International Tables for
X-Ray Crystallography.""l The residual electron densities (< 1e A-3) were
of no chemical significance. Crystal data, data collection and processing
parameters are given in Table 11. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-139185-CCDC-139194. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit
@ccdc.cam.ac.uk).
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Table 11. Summary of crystallographic data for 1-6, 9—11, and 13.
1 2 3 4 5
formula CsoHgsN,O6PLi, CsoHggN1,06P,Na, Cy6Hi04N1,05P Nay CiHinN500PsK, CeoHi12N1,O0P K,
fu 1091.11 1123.21 1529.61 1773.24 1666.15
cryst syst triclinic triclinic monoclinic monoclinic monoclinic
space group P1 (no. 2) P1 (no. 2) C2/c (no. 15) P2,/n (no. 14) P2,/a (no. 14)
a[A] 10.929(1) 11.152(5) 29.195(7) 18.428(5) 22.010(5)
b [A] 11.480(3) 12.398(2) 11.938(4) 24.208(7) 24.275(5)
c[A] 13.799(2) 12.492(2) 27.942(7) 23.894(8) 17.462(4)
a[°] 113.38(1) 107.56(1)
AI°] 102.68(1) 103.11(2) 117.99(2) 112.64(2) 102.19(2)
v [°] 87.01(2) 95.53(2)
vV [A% 1549.2(5) 1598.1(7) 8599(4) 9838(5) 9120(4)
VA 1 1 4 4 4
Peatea [gem]1.17 1.17 1.18 1.20 121
26 range [°] 3-55 3-55 3-55 3-55 3-55
u [m™] 1.688 1.774 1.585 3.374 3.150
no. of reflns collcd 6903 10413 8404 18639 17448
no. of unique reflns 6395 7351 7581 17192 16055
no. of reflns for refinement (7, >x o(Z,)) 3061 (x=3) 3864 (x=3) 1640 (x=3) 8284 (x=3) 7061 (x=2)
no. of variables 447 366 267 1036 982
R 0.03 0.07 0.10 0.08 0.08
R [%] 5.60 6.64 10.49 7.93 8.58
R, [%] 5.64 6.68 11.79 8.59 9.39
6-C.H, 2[9] 10 11 13
formula CiooHgsO10Nay Co,Hi36N1,01,P,Ca, CysH7NoO4P3Ca CsoHyoN1,06P,Na, CyuH7,NyOsP;Ca
f, 1539.75 1806.24 1010.22 1127.24 942.14
cryst syst monoclinic triclinic monoclinic triclinic triclinic
space group C2/c (no. 15) P1 (no. 2) P2,/n (no. 14) P1 (no. 2) P1 (no. 2)
a[A] 20.279(5) 10.248(2) 18.771(4) 10.960(2) 10.953(2)
b [A] 18.718(5) 13.846(8) 13.876(3) 12.867(3) 11.812(2)
c[A] 21.814(6) 18.268(6) 21.883(5) 13.416(5) 22.360(5)
a[’] 94.33(4) 113.95(3) 93.09(2)
AI°] 93.33(2) 97.73(2) 90.22(2) 107.96(2) 93.36(2)
v [°] 93.96(3) 73.04(2) 108.92(2)
v [A%] 8266(4) 2553(2) 5700(2) 1614.3(9) 2724
V4 4 1 4 1 2
Peatea [g cmM3) 1.24 1.18 1.18 1.16 1.15
26 range [°] 3-55 3-55 3-55 3-50 3-55
u [em™] 0.908 2.149 2.628 1.758 2432
no. of reflns collcd 8003 9690 11126 6112 10383
no. of unique reflns 5529 8994 10046 4387 9566
no. of reflns for refinement (1, >x o(Z,)) 3556 (x=2) 3114 (x=2) 4269 (x=2.5) 2731 (x=3) 3929 (x=2)
no. of variables 510 448 604 334 559
Rin 0.06 0.10 0.08 0.05 0.06
R [%] 8.71 11.57 7.76 8.40 8.67
R, [%] 9.70 12.86 8.53 9.11 8.90
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