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Abstract

The reactivities of the two stable diamino carbenes 1,3-di-fert-butylimidazol-2-ylidene (1) and 1,3-di-terz-butylimidazolin-2-yli-
dene (2) toward hydrogen, oxygen, water and carbon monoxide were investigated. The carbenes do not react with O, or CO but
are attacked by water to give the respective hydrolysis products ‘Bu—N=CHCH,-N(CHO)'Bu (7) and ‘Bu—NH-CH,CH,—-
N(CHO)'Bu (8). While 2 is hydrolyzed instantaneously, the aromatically stabilized 1 reacts only very slowly and can be handled
in air for brief periods of time. The carbenes 1 and 2 are unreactive towards H, alone but can be catalytically hydrogenated to
the respective aminals 2,3-dihydro-1,3-di-tert-butylimidazole (5) and 1,3-di-terz-butylimidazolidine (6). The reaction products were
characterized by single crystal X-ray crystallography, multinuclear NMR spectroscopy (‘H, '3C, '70), IR spectroscopy and DFT
methods. The extent of aromatic delocalization in 1 was investigated through isodesmic hydrogenation reactions at the
B3LYP/6-31G(d)//B3LYP/6-31G(d) level. At this level of theory, the ‘carbene oxide’ (2,3-dihydro-imidazol-2-one) retains ca. 50%
of the aromatic delocalization energy of the carbene. The oxidation of the diamino carbenes to the ‘carbene oxides’ (ureas) is
calculated to be exothermic by — 79.1 kcal mol~! (1) and — 86.4 kcal mol —! (2). The oxygen affinity of the carbenes resembles
that of trimethylphosphine ( — 79.7 kcal mol ~') and triethyl phosphite ( — 88.6 kcal mol —!) and is significantly higher than that
of CO (— 67.6 kcal mol—!). The aminals 5 and 6 are structurally related to Thauer’s hydrogenase (TH,/TH*) but do not show
hydrogenase activity. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The structurally characterized imidazol-2-ylidenes re-
ported by Arduengo et al. [1,2] constitute the first [3]
stable carbenes. They are stabilized electronically by an
aromatic sextet [1-5] and, unlike the more recently
obtained carbenes 2, [6,7] do not require additional
steric stabilization through bulky substituents on nitro-
gen (Scheme 1) [7].

Derivatives of 1 like the benzoanellated benzimida-
zol-2-ylidenes [8] and the 4-aza-imidazol-2-ylidene [9],
and even the open-chain diamino carbene (‘Pr,N),C:

* This paper was presented at the Canadian Society for Chemistry
Conference, May 27-May 31, 2000, Calgary, Alberta. Part 10, see
Ref. [34].

* Corresponding author. Tel.: + 1-905-8285335.

E-mail address: mdenk@credit.erin.utoronto.ca (M.K. Denk).

[10] have been described as stable, colorless solids.
Stable aminooxy- and aminothio carbenes have been
described by Alder et al. [11]. With one notable excep-
tion [1h], all stable carbenes have been described as air
sensitive but the precise reason for this behavior has
remained unclear.

2. Results and discussion

2.1. Reactivity

In our previous studies on the synthesis, structure
and bonding of carbenes 1 and 2 [4,7] and the isostruc-
tural silylenes [4,12], germylenes [4,13], and phosphe-
nium cations [14] the compounds were handled with
inert gas techniques due to their apparent air sensitiv-

0022-328X/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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ity. It seemed obvious to assume that these subvalent
compounds will readily be oxidized by O, or other
oxidizing agents. An investigation of the stable carbe-
nes 1 and 2 has presented us with a different picture.

We found, much to our surprise, that the carbenes 1
and 2 are inert towards oxygen. The stable carbenes 1
and 2 are not only inert towards oxygen [15] but are
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Scheme 1. Stable carbenes (1, 2) and their reaction products (3—8).
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Scheme 2. Synthesis of 3 and 4. (i) 2.2 equivalents Li, THF; (ii) one
equivalent C1-COOEt, THF, —LiOEt; (iii) two equivalents n-BulLi,
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Scheme 3. Hydrolysis and hydrogenation of stable carbenes 1 and 2.

also unreactive towards other oxidizing agents. They do
not react with CuO, Cu,O or HgO, even after pro-
longed heating. Clean oxidation to the respective ureas
3 and 4 was observed with NO (Scheme 2).

The ‘air sensitivity’ of 1 and 2 is due to the attack of
water, which leads to ring opening to give the for-
mamides 7 and 8. While 2 is instantly hydrolyzed by
moist THF or by brief exposure to air, hydrolysis of the
aromatically stabilized carbene 1 requires days to be-
come noticeable and months to be completed. As a
result of this difference in reactivity, carbene 1 can be
handled in air for brief periods of time, while 2 requires
the usual inert gas techniques.

The hydrolysis of 1 and 2 can, in principle, proceed
through a polar, stepwise mechanism (attack of H* or
OH ™ as initial step) or as insertion of the carbene into
H,O. In the case of the conveniently slow hydrolysis of
1, the reaction rate was not affected by the addition of
catalytic amounts of HCI or NH;. Addition of HCI
merely leads to the formation of the imidazolium salt
[IH]*Cl— which is entirely inert towards hydrolysis
under ambient reaction conditions. In the light of these
results, it is unlikely that protonation of the carbene or
nucleophilic attack by OH~ are rate determining steps
of the hydrolysis. Most likely, the reaction with water
proceeds via an insertion mechanism.

Conflicting results have been reported for the reactiv-
ity of imidazol-2-ylidenes towards carbon monoxide
[16]. While Lyashchuk et al. have reported the isolation
of the corresponding diamino-ketene 1=C=0O from mix-
tures of 1 and CO [16b], Arduengo et al. have ruled out
the formation of this compound as a result of ab initio
calculations [16a]. In agreement with Arduengo’s find-
ings, we were unable to observe the formation of any
reaction products in mixtures of 1 and CO. Carbene 2,
which should be more likely to undergo reaction with
CO as a result of its lack of aromatic stabilization, was
also found to be inert towards CO.

Hydrogenation energies obtained from DFT calcula-
tions (see below) indicate that the insertion of carbenes
1 and 2 into H, should be exothermic (Scheme 6). In
the absence of a catalyst, both carbenes are inert to-
wards hydrogen but addition of catalytic amounts of
palladium or platinum leads to slow hydrogen uptake
and to the clean formation of the 1,1-addition products,
the aminals 5 and 6 (Scheme 3). The CC-double bond
present in 1 is unreactive under these conditions (1 atm
H,, room temperature).

The aminals 5 and 6 show surprisingly different
chemical reactivity. While 6 is not attacked by air or
moisture under ambient conditions, 5 is decomposed
even by trace amounts of oxygen to give a resinous,
insoluble material. Under strict exclusion of air, 5 is
thermally stable and can be stored indefinitely. This
leads us to conclude that 5 is catalytically polymerized
by traces of oxygen. It is interesting to note that the
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Scheme 4. Hydrogenation products (5, 6) of stable carbenes (1, 2) and their relationship to Thauer’s hydrogenase (TH*/TH,).

closely related compound 3 which contains the same
1,2-diamino-ethene unit but is stabilized by the amide
resonance and aromatic delocalization, is air stable.
The high reactivity of 5 must thus be linked to the
presence of the unstabilized, electron rich 1,2-diamino-
olefin moiety.

The aminals 5 and 6 are not only of interest in their
relationship to the carbenes 1 and 2, but are also
structurally related to Thauer’s metal-free hydrogenase
(TH* [TH,) [17]. This remarkable, naturally occurring
aminal reacts with protons in a fashion that is reminis-
cent of the behavior of compounds with negatively
polarized ‘hydridic’ hydrogen like silanes and boranes.
This reactivity leads to the intriguing question whether
TH,, the hydrogenated form of Thauer’s hydrogenase,
and related aminals like 5 or 6 do in fact have hydridic
structures Sa ([IH]"H ™) or 6a ([2H]*H ). Precedence
for these structures are the ionic imidazolium chlorides
[IH]*Cl~ and [2H]*Cl~ (Scheme 4).

The NMR data of 5 and 6 do not offer any evidence
for the presence of the ionic or crypto-ionic structures
but are in good agreement with covalent bonding. The
computationally obtained structures of SH and 6H are
likewise covalent and give no indication for ionic struc-
tures 5a or 6a.

While the possibility of a hydridic structure can thus
be ruled out, 5 or 6 may still resemble Thauer’s hydro-
genase in their reactivity in acting as hydride donors.
The possible hydrogenase type reactivity of 5 and 6 was
examined by reacting the respective carbenium salts
[1H]+C1~ [18] and [2H] T Cl—, [19] which correspond
to TH*, with H,. Both salts were found to be com-
pletely inert under 1 atm of H, even after the addition
of pyridine or 4-dimethylaminopyridine as auxiliary
bases (no formation of 5 or 6). The ability of Thauer’s
hydrogenase TH,/TH™ to reversibly transfer hydride
ions is thus not a function of the aminal skeleton per se,
but is the result of the rather specific steric and elec-
tronic fine tuning of TH, and TH™. These experimental

observations confirm earlier predictions derived from
the computational investigation of simplified models of
TH, and TH™ [17¢,d].

2.2. Synthesis

Carbene 2 was obtained from the corresponding
thiourea by reduction with potassium in THF [7a],
carbene 1 from the imidazolium salt [IH]*CI~ through
deprotonation [18]. The imidazol-2-one 3 has been pre-
viously obtained by carbonylation of 1,4-di-tert-butyl-
1,4-diaza-1,3-butadiene with Fe(CO); or Fe,(CO), [20].
The reaction has been reported to give a rather complex
product mixture from which 3 could only be obtained
after chromatographic separation in unspecified yield.
Vrieze and Staal obtained 3 in an analogous fashion by
using only catalytic amounts of Fe,(CO), and high
pressures of CO, but isolation of 3 still required HPLC
separation [21].

We were interested in a high yield synthesis of 3 that
would avoid lengthy separation procedures and found
that reduction of the easily accessible 1,4-di-fert-butyl-
1,4-diaza-1,3-butadiene with two equivalents of lithium
and subsequent reaction with ethyl chloroformate af-
fords 3 in good yield as the only product (Scheme 2).

The saturated imidazolidine-2-one 4 was obtained via
the dilithio salt of N,N’-di-tert-butylethylenediamine
and ethyl chloroformate. Use of the dilithio salt is
necessary, because the reaction of the free amine with
chloroformate leads to the biscarbamic acid ester 9.
The imidazolidines 5 and 6 are accessible through cata-
lytic hydrogenation of the respective carbenes 1 and 2
(Pd, 1 atm H,). Alternative routes that do not require
the carbenes as starting materials are the condensation
reaction of N,N’-di-tert-butylethylenediamine with
formaldehyde (formation of 6) and the reduction of the
imidazolium chloride [1H]*Cl~ [18] with LiAlH,. (for-
mation of 5).
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2.3. Structure and bonding

Compounds 1, 3, 4 and 8 were studied through single
crystal X-ray crystallography [22,23]. The structure of 2
has been previously reported [7a]. Figs. 1-4 show OR-
TEP [23] presentations for the molecules, experimental
details of the structure determination are listed in the
supplementary material. The similarity of the n-systems
in the carbenes 1 and 2 and their ‘oxides’ 3 and 4 is
reflected by the similarity of the respective bond dis-
tances and bond angles. For a discussion of the NMR

Fig. 1. Molecular structure of (‘BuNCH=CHN‘Bu)C (1) in the solid
state. ORTEP [23] view, thermal ellipsoids are at the 50% probability
level. Selected bond distances [pm] and bond angles [?]: C(1)-N(1)
136.6(2), C(1)-N(2) 136.6(2), N(1)-C(2) 138.0(2), N(2)-C(3)
138.0(2), N(1)-C(4) 148.9(2), N(1)-C4) 149.2(3), C(2)-C(3)
134.1(2), N(1)-C(1)-N(2) 102.19(12), C(1)-N(1)-C(2) 112.57(12),
C(1)-N(2)-C(3) 112.20(12), N(1)-C(2)-C(3) 106.23(14), N(2)-
C(3)-C(2) 106.81(14), C(4)—N(1)-C(2) 123.53(13), C(8)-N(2)-C(3)
125.74(12), C(4)-N(1)-C(1) 123.74(12), C(8)-N(2)-C(1) 122.04(13).

Fig. 2. Molecular structure of (‘BuNCH=CHN’Bu)C=0 (3) in the
solid state. ORTEP [23] view, thermal ellipsoids are at the 50%
probability level. Selected bond distances [pm] and bond angles [°]:
O(1)-C(3) 123.7(3), C(3)-N(1) 138.1(3), C(3)-N(2) 137.5(3), N(1)—
C(1) 139.1(3), N(2)-C(2) 139.1(3), C(1)-C(2) 133.4(3), N(2)-C(4)
148.7(3), N(1)—C(8) 148.6(3), N(1)-C(3)-N(2) 106.0(2), C(3)-N(1)—
C(1) 108.9(2), C(3)-N(2)-C(2) 108.8(2), N(2)-C(2)-C(1) 108.4(2),
N()-C(1)-C(2) 107.9(2), C(2)-N(2)-C(4) 127.5(2), C(1)-N(1)—
C(8) 127.2(2), C(3)-N(1)-C(8) 123.9(2), C(3)-N(2)-C(4) 123.7(2).

Fig. 3. Molecular structure of (‘BuNCH,—CH,N'Bu)C=0 (4) in the
solid state. ORTEP [23] view, thermal ellipsoids are at the 50%
probability level. Selected bond distances [pm] and bond angles [°]:
0O(1)-C@3) 122.7(2), C(3)-N(1) 138.3(2), C(3)-N(2) 137.7(2), N(2)—
C(8) 148.9(2), N(2)-C(2) 145.8(2), N(1)~C(1) 146.2(2), N(1)~C(4)
148.6(2), C(1)-C(2) 150.7(2), O(1)-C(3)-N(1) 125.57(14), O(1)—
C(3)-N(2) 125.35(14), C(3)-N(2)-C(8) 122.47(12), C(3)~N(1)~C(4)
122.42(12) C(3)-N(1)-C(1) 108.38(12) C(3)-N(2)-C(2) 108.98(12),
N(1)-C(1)~C(2) 102.59(12), N(2)—~C(2)~C(1) 102.10(12).

Fig. 4. Molecular structure of ‘BuN(CH=0)CH,-CH,NH'Bu (8) in
the solid state. ORTEP view, thermal ellipsoids are at the 50% proba-
bility level. Selected bond distances [pm] and bond angles [°]: O(1)—
C(11) 123.63(17), C(11)-N(1) 134.14(18), C(1)-N(1) 147.29(17),
N(1)-C(2) 149.38(18), C(1)-C(6) 152.5(2), C(6)-N(2) 145.86(18,
N(2)-C(7) 148.27(18), O(1)-C(11)-N(1) 123.98(14), C(11)-N(1)-
C(2) 124.51(12), C(1D)-N(1)-C(1) 116.65(12), N(1)-C(1)-C(6)
114.15(12), C(6)-N(2)-C(7) 117.45(12).

data and for ab initio calculations [24,25] see below.

Consistent with aromatic delocalization, 1 and 3 have
planar ring geometries whereas 2 and 4 are puckered,
with slightly pyramidal geometries at the nitrogen
atoms (Table 1). The carbenes are characterized by
small N-C—N bond angles. The short C(II)-N bond
distances imply significant double bond character. The
C-0O bond distance in 3 appears slightly elongated
versus 4 (123.7 versus 122.7 pm). While consistent with
the contribution of mesomeric structure 3b (compare
spectroscopic differences below) the difference is small
compared with the standard deviations.
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2.4. Infrared and nuclear magnetic resonance spectra

The polarization of the CO double bond by the
aromatic m-system in 3 is reflected by the IR and NMR
data of 3 and 4. The C=O stretching frequency of 3
(1685 cm~1') is significantly lowered versus 4 (1705
cm 1) [26,27]. The 3C and "O-NMR shifts of the
carbonyl groups (Table 2) in 3 and 4 also show signifi-
cant differences. Compound 3 shows an additional
shielding of the carbonyl carbon atom (Ad = 8.9 ppm in
CeDg, 9.5 ppm in CD;CN) due to the aromatic stabi-
lization of the partial positive charge in mesomeric
structure 3b. The "O-NMR spectrum of 3 shows a
strong shielding of the oxygen atom relative to 4 (Ad =
35 ppm in C¢Dg, 38 ppm in CD;CN). The polarization
of the carbonyl group by the aromatic sextet is also
noticeable from the melting points of the two com-
pounds (3: 117°C, 4 64°C). A co-sublimation experi-
ment showed that 3 is significantly less volatile than 4.
The chemical shifts of the ring protons reflect the fact
that 1 is more aromatic than the urea 3.

Table 1

3. Computational studies

The structures (Table 2) and energies (Table 3) of the
model compounds 1TH-6H were calculated [24] at the
B3LYP/6-31G(d) level. The final energies were cor-
rected by the addition of zero point energies (ZPE) and,
where indicated, thermal energies (298.15 K). The vi-
bratory energies were scaled by 0.9804, the scaling
factor recommended for B3LYP/6-31G(d) calculations
[25].

The structures of 1IH-4H are in good agreement with
the experimental structures of 1-4. The equilibrium
geometries of 1H-4H show planar (1H, 3H, 4H) or
close to planar (2H) ring geometries. Compounds SH
and 6H have strongly pyramidalized nitrogen atoms
which gives rise to a series of isomers that are charac-
terized by syn- or anti- orientation of the NH bonds
(Scheme 7).

The isomers were studied individually by choosing
starting geometries with the H-N—-N-H dihedral an-
gles frozen at 0° or 180°. The restriction was then lifted

Selected spectroscopic data of stable carbenes (1, 2) and the respective ureas (3, 4)

Chemical shift (ppm) 1 3 3 2 4 4
C¢Dg C¢Dg CD;CN C¢Dg C¢Dg CD;CN
'H N-CH= 6.79 5.96 6.34
N-CH, 3.04 2.67 3.14
C(CHs;), 1.51 1.42 1.46 1.36 1.32 1.27
13C >C:/>C=0 212.9 152.7 1533 238.3 161.6 162.8
70 >C=0 215 209 250 247

Table 2

Experimental (1-4) and calculated (IH-6H) structures of heterocycles (CH),(NR,)E and (CH,),(NR,)E at the B3LYP/6-31G(d) level; R =‘Bu
(1-4), H (1H-6H); E=CH, (5, 5H, 6, 6H), >C: (1, 1H, 2, 2H) or C=0 (3, 3H, 4, 4H)

1H 1 3H 3 syn-SH  anti-5SH 2H 2 [7a] 4H 4 anti-6H  syn-6H

N-E 1372 136.6(2) 139.3 138.1(3) 147.1 148.4 1354  134.83(13) 1394 138.3(2) 148.17 147.1
136.6(2) 137.5(3) 147.3 143.73(13) 137.7(2) 148.15

N-C(IV) 139.3  138.0(2) 139.5 139.13) 1477 142.1 147.8 147.64(14) 145.8 146.2(2) 147.31 147.7
138.0(2) 139.1(3) 144.5 147.54(14) 145.8(2) 147.31

c-C 1356  134.1(2) 1352 1334(3) 1574 133.8 1542 151.2(12) 154.4  150.7(2) 153.90 157.4

E=X 122.2 123.7(3) 121.7  122.7(2)

N-E-N 99.9  102.19(12)  102.8 106.0(2) 108.6 105.6 103.9  106.44(9) 106.4 109.07(12)  108.74 108.6

N-C-C 105.5 106.23(14) 107.2 107.9(2)  106.0 110.9 100.9 101.34(9) 100.9 102.59(12)  103.81 106.0

108.4(2) 110.6 100.96(9) 102.10(12)  103.81

R-N-C 123.9  123.53(13) 127.0 127.2(2) 108.2 109.8 121.2 120.53(8) 120.8  120.90(12)  108.12 108.2
125.74(12) 127.5(2) 113.8 120.53(8) 118.86(12)  108.12

E-N-C 114.6  112.57(12) 1114 108.9(2) 103.2 103.2 116.0  112.51(8) 110.6  108.38(12)  105.63 103.2
112.20(12) 108.8(2) 103.2 112.91(8) 108.98(12)  105.63

E-N-R 121.5  125.74(12) 121.6 123.7(2) 107.7 112.6 120.8  123.10(8) 116.1 122.42(12)  108.38 107.7
123.53(12) 123.9(2) 109.9 123.37(9) 122.47(12)  108.38

Point group C,, C, C,, C, (o C, C, C, C, C, C, C,
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Energies (in kcal mol~!) of the model compounds 1H-6H at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level, converted to kcal mol~! with 1
Hartree = 627.51 kcal; zero point energies (ZPE*) were multiplied with a scaling factor of 0.9804 [25] (ZPE* = 0.9804:ZPE)

E, ZPE Ey, (298.15 K) Ey (Eq+ZPE¥) Engg 15 (Eg+ Ey)
1H —141921.86 44.75 47.16 —141877.99 —141875.62
2H —142678.02 59.05 62.02 —142620.13 —142617.22
3H —189165.95 47.44 50.58 —189119.43 —189116.36
4H —189930.51 63.18 66.38 —189868.57 —189865.43
anti-5H —142682.78 59.27 62.01 —142624.67 —142621.99
syn-SH —142682.19 59.12 61.91 —142624.23 —142621.49
anti-6H —143454.35 74.83 77.84 —143380.99 —143378.03
syn-6H —143452.43 74.93 77.89 —143378.97 —143376.07
H,C: —24551.80 10.42 12.20 —24541.88 —24539.84
H,C=0 —71829.55 16.83 18.63 —71813.05 —71811.29
F,C: —149143.19 4.36 6.24 —149139.41 —149137.07
F,C=0 —196403.10 8.87 10.94 —196394.41 —196392.37
H, —737.63 6.37 7.85 —731.38 —729.93
CcO —71102.82 3.16 4.64 —71099.72 —71098.27
CO, —118336.43 7.27 8.94 —118329.30 —118327.66

and the geometries were fully optimized without sym-
metry restrictions at the B3LYP/6-31G(d) level. Both
isomers of SH and 6H represent local minima.

3.1. Aromatic stabilization energies and hydrogenation
energies

Evidence for the extent of aromatic stabilization in
carbenes 1 and related species has been obtained from
spectroscopic [4] and computational [5] investigations.
However, the effect of aromatic delocalization can also
manifest itself in significant structural changes. For the
isoelectronic phosphenium cations 12 [14] and 13 [14],
the additional aromatic delocalization operating in 12 is
strong enough to change the overall bonding situation.
While 13 exists as a covalent chlorophosphane, 12 is an
ionic phosphenium chloride (Scheme 5) [14].

We have previously used ab initio calculations to
quantify the extent of aromatic stabilization through
isodesmic hydrogenation reactions and have obtained
aromatic stabilization energies (ASEs) for the hetero-
analogs of 1, the silylenes [12], germylenes [13a], and
phosphenium cations [14] (Scheme 5). We now use the
same approach to study the oxygen affinity of the
carbenes 1 and 2 and the extent of aromatic delocaliza-
tion operating in 1 and 3 (Schemes 6 and 8).
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Scheme 5. Aromatic stabilization energies (in kcal mol ~ ') derived
from isodesmic hydrogenation reactions for diamino carbenes 1 and
isoelectronic species 10—13.

The aromatic stabilization energies (ASEs) of com-
pounds 1H and 3H are derived from the hydrogenation
reactions a—c. Comparison of equations a and ¢ shows
a significant aromatic stabilization of the carbene 1H
(ASEjg9,5 = |a — ¢| = 14.44 kcal mol~'). As expected,
the delocalization energy of the carbene 1H is dimin-
ished by the introduction of the exocyclic CO double
but the urea 3H still retains a significant aromatic
delocalization energy (ASE,g,5=[b—¢/=6.97 kcal
mol 1),

The hydrogenation reactions of carbenes 1H and 2H
to the respective aminals 5SH and 6H are both exother-
mic (Scheme 7). This rules out the synthesis of carbenes
through the 1,1-elimination of H, from aminals, but the
magnitude of the reaction energies suggests that the
reaction might become feasible as a transfer hydrogena-
tion process with a suitable hydrogen acceptor.

3.2. Oxophilicity of diamino carbenes

In principle, stable carbenes like 1 or 2 should be
powerful deoxygenating agents with significant syn-
thetic potential. Transient carbenes have been shown to
act as potent deoxygenating agents towards oxiranes
[28], and ureas [29] in recent studies by Warkentin and
Lusztyk [28] and by Jackson [29]. Particularly notewor-
thy is the deoxygenation of ureas by fluorene-9-ylidene
reported by Jackson et al. [29] because it constitutes the
first example of an oxygen transfer reaction from a
stabilized carbene to an unstabilized carbene. The rapid
reaction of unstabilized carbenes with oxygen in cryo-
genic matrices has been studied by Sander et al. [30].
The reluctance of carbenes 1 and 2 to react with oxygen
is surprising in this context and leads to the question
about the thermodynamic potential of carbenes to act
as deoxygenating agents.
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Scheme 6. Aromatic stabilization energies (in kcal mol ') derived
from isodesmic hydrogenation reactions for diamino carbenes 1 and
ureas 3; B3LYP/6-31G(d)//B3LYP/6-31G(d) level [24,25].
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Scheme 7. Geometrical isomers of SH and 6H. Relative energies at 0
K (298.15 K) in kcal mol ~!: syn-5H = 0 (0), anti-5SH = 0.44 ( + 0.50);
syn-6H = +2.02 (+ 1.96), anti-6H 0 (0).

The thermodynamic ability of subvalent compounds
to act as deoxygenating agents has been reviewed by
Holm and Donahue [31] who have tabulated experi-
mental heats of formation to establish a thermody-
namic scale of increasing oxygen affinity (Eq. (1), Table
4). For covalent compounds, the extremes of the ox-
ophilicity scale are defined by the pairs O,/O,
(AH,g5 ;5= + 34 kcal mol ') [31] and Me;Si—SiMe,/
Me;Si—O-SiMe; (AHLo5,5= — 99.0 kcal mol ~ 1) [31].
Compared to hexamethyldisilane, carbon monoxide,
the only divalent carbon compound listed, is only a
moderately strong deoxygenating agent (AH,og,5s=
—67.6 34 kcal mol~!) [31]. We were interested to
compare the oxophilicity of the carbenes 1 and 2 with
that of other subvalent compounds like CO, phosphi-
nes, etc.

t X+ 120, —= X=0 (1)

The oxophilicity of the carbenes 1 and 2 is defined
through the reactions 1H 4+ 0.50,—-3H and 2H +
0.50, —>4H (Scheme 8). To avoid the inaccuracies that
result from the comparison of open shell systems
(triplet oxygen) with closed shell systems (1H, 2H), the
oxophilicities of 1H and 2H were not derived directly
from reactions of the singlet carbenes 1H and 2H with
triplet oxygen but rather from the reactions of 1H and
2H with CO, (formation of CO). The reaction energies
for the oxidation of the carbenes with triplet oxygen
were obtained by adding the reaction equation CO +
0.5 O,—CO, and its experimentally determined reac-
tion enthalpy [31,32].

The calculations show that the reactions of the carbe-
nes 1H and 2H with O, to give the respective ureas 3H
and 4H are both strongly exothermic. The lack of
reactivity of 1 and 2 towards O, must therefore have
kinetic reasons [15].

The computational reaction energies show, that the
carbenes 1H and 2H are stronger deoxygenating agents
than carbon monoxide and should accordingly be able
to reduce CO, to CO. The oxophilicity of the aromati-
cally stabilized carbene 1H (— 79.1 kcal mol — ") closely
resembles that of trimethylphosphine (E= — 79.7 kcal
mol ~ ') [26,27], while carbene 2H which lacks aromatic
stabilization shows a reaction energy of — 86.4 kcal
mol ~!. This makes 2H as oxophilic as triethyl phos-
phite, (EtO);P: (E = — 88.6 kcal mol~!). The oxygen
affinity of the carbenes H,C: and F,C: was calculated in
the same manner. Both carbenes are more oxophilic
than the highly stabilized carbenes 1H and 2H (Table

Table 4
Selected experimental [31] and computational (1H, 2H, H,C:, F,C:)
enthalpies of oxygen transfer reactions

X X0 AHog.15
0, 0O, +34.1
CsHsN Cs;H;NO —12.6
NO NO, —13.6
Me,S Me,S=0 —-27.1
CcO Cco, —67.6
[CN]~ [OCN]~ —-709 @
Me,P Me,P=0O —-79.7
1H 3H —79.1°
2H 4H —86.4°
(EtO);P (EtO),P=0 —88.6
F,C: F,C=0 —93.0°
Si,Me, (Me;Si),0 —-99.0
H,C: H,C=0 —109.5°
Mg MgO —144°¢
Ca CaO —152°¢

2 In aqueous solution.
® This study.
¢ Solid phase.



M.K. Denk et al. /Journal of Organometallic Chemistry 617-618 (2001) 242253 249

H
| I
N, N,
g [ pi+coe — [ p=0 + co -11.35
N N
' I
H H
1H 3H
H H
| I
N, N,
h E £+ COp — [p:o + CO -18.82
N N
I |
H H
2H 4H
i CO + ',0p — 0=C=0 -67.62
H H
| |
N\ N\
g+ [p: + ', 0p —» [p:o -79.1
N N
! |
H H
1H 3H
H H
| I
N\ N\
h+i E,c:+ %0p —- [p:o -86.4
N N
| I
H H
2H 4H

Scheme 8. Reaction energies (in kcal mol ~') for oxygen transfer
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4). As would be expected, singlet methylene, which
lacks inductively or mesomerically stabilizing sub-
stituents, is the carbene with the highest oxygen affinity
and indeed the highest oxygen affinity of all molecular
deoxygenation agents listed in Table 4. The oxygen
affinity of singlet methylene is only surpassed by that of
metals like magnesium or calcium. The data suggest
that it should be possible to reduce ureas like 3 or 4 to
the respective carbenes with molecular deoxygenating
agents like hexamethyldisilane (E,, = — 99 kcal mol —!)
and niobium trichloride (E,, = — 93.8 kcal mol~!) but
that the reduction of formaldehyde to methylene is only
possible with strongly oxophilic metals like magnesium
or calcium.

The reduction of ureas by carbenes has recently been
previously observed by Jackson et al. [29] with photo-
chemically generated fluorene-9-ylidene as oxygen ac-
ceptor. Our attempts to obtain the respective carbenes 1
or 2 from the ureas 3 and 4 and reducing metals like
magnesium, potassium or sodium [7a], in analogy to
the successful reduction of thioureas, have so far been
unsuccessful [33]. We were also unable to observe the
thermodynamically possible oxygen exchange reaction
between 1 and 4 (Eq. (2)). Heating mixtures of 1/4 or

2/3 did not produce any cross-over products even after
five months of heating at 150°C.

‘Blu ‘Br IBIJ IBIJ
j [:p - [:pzo =fe= [:}; + [:}::o
tBIu ‘BIu tBIu tBIu
1 4 2 3 @

4. Conclusion

In the absence of catalysts, the carbenes 1 and 2 are
inert towards triplet oxygen but can be oxidized to the
corresponding ureas 3 and 4 in the presence of catalytic
amounts of CuCl or with NO. At the B3LYP/6-31G(d)
level, the oxidation of 1 and 2 is strongly exothermic:
the oxygen affinity of the carbenes 1 and 2 is compara-
ble to that of phosphines and phosphites and is sub-
stantially higher than that of CO. The air sensitivity of
the stable diamino carbenes 1 and 2 is due to hydroly-
sis. At room temperature, the aromatically stabilized
carbene 1 hydrolyzes only very slowly (weeks); the
non-aromatic carbene 2 hydrolyzes instantaneously.
The hydrolysis reactions are not catalyzed by acids or
bases. Both carbenes give 1,1-hydrogenation products
(aminals) with H, in the presence of platinum as
catalyst.

5. Experimental

Melting points were recorded in sealed capillaries and
are uncorrected. EI mass spectra were determined at an
ionizing voltage of 40 eV or 70 eV as indicated. NMR-
spectra were recorded on a Varian Gemini 200 ('"H), a
Bruker 500 MHz (*C) or a Varian 400 MHz ("O)
NMR spectrometer at room temperature. The spectra
are referenced versus TMS (‘H and '*C, internal), H,O
(170, external) or CH;—NO, (°N, external). IR spectra
were recorded on a Nicolet FT-IR spectrometer. N,N'-
di-tert-Butyl-diazabutadiene [20,21], 1,3-di-tert-
butylimidazolin-2-ylidene (2) [7a] and [IH]TCl— [18]
were obtained by published procedures. Lithium (1%
Na), N,N’-di-tert-butylethylenediamine and #n-BuLi
were obtained from Aldrich and used as received. For
details on the single crystal X-ray structure determina-
tions see supplementary material. All operations were
carried out under inert gas unless indicated otherwise.

5.1. 1,3-di-tert-Butylimidazol-2-ylidene (1)

The synthesis uses n-butyllithium instead of ‘BuOK
as previously reported [4a]. For NMR data in THF-d;
see Ref. [4a]. In a 100 ml Schlenk flask, 1,3-di-tert-
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butylimidazolium chloride [18] (2.0 g, 9.3 mmol, one
equivalent) is suspended in 15 ml dry THF. A 1.6 M
solution of n-butyllithium in #n-hexane (5.8 ml, 9.3
mmol, one equivalent) is added dropwise over a pe-
riod of 30 min. The reaction mixture warms up and is
stirred until the gas evolution ceases. The crude reac-
tion mixture is transferred to a sublimation flask and
the solvent evaporated in vacuo. The carbene is iso-
lated by sublimation at 40—-50°C/1 Torr (oil bath tem-
perature) in the form of large colorless prisms. Yield
1.34 g (80%). '"H-NMR (C¢Dy): 6 1.51 [s, CH;], 6.79
[s, NCH]; "C-NMR (C(Dy): ¢ 31.5 [q, CH,,
J(CH)=126.6 Hz, 3J(CH)=4.4 Hz], 558 I[s,
C(CH,),, 2J(C,H) =12.1 Hz, *J(C,H) = 3.6 Hz], 115.0
[d, NCH, 'J(C,H)=185.3 Hz, 2J(C,H)=13.2 Hz,
212.9 [s, N,C]; '"'N-NMR (C(Dy) 6 — 167.6; EI-MS
(70 eV, pos. ions): m/z (rel. int.%): 181 (48) [M]*,
125 (13), 111 (10), 95 (10), 82 (3), 69 (100), 57 (32), 41
(20); IR (Nujol, KBr) v (cm ~'): 3107 w, 3072 w, 1547
w, 1384 m, 1321 m, 1279 w, 1237 vs, 1181 m, 1136 m,
1103 m, 1033 w, 984 w, 966 m, 850 w, 829 m, 720 vs,
697 m, 632 s.

5.2. 1,3-di-tert-Butylimidazol-2-one (3)

N,N'-di-tert-Butyldiazabutadiene [31,32] (5.05 g, 30
mmol) dissolved in 30 ml of anhydrous THF is stirred
with 2.2 equivalents of finely cut lithium wire (1% Na,
66 mmol, 46 mg) for § h. If the deep red color of the
diazadiene dianion is not observed within minutes af-
ter the addition of the lithium, the reaction can be
started by brief sonication. The resulting dark red
solution is cooled to — 30°C (formation of colorless
precipitate) and one equivalent of ethyl chloroformate
(3.26 g, 2.87 ml, 30 mmol) dissolved in 10 ml of THF
is added over a period of 5 min (heat evolution). The
resulting yellow—orange solution is diluted with 50 ml
of toluene and filtered under exclusion of air and
moisture. After removal of the solvents the residue is
sublimed at 130°C oil bath/0.1 Torr to give 65% (3.8
g) of pure 3. 'H-NMR (C¢Dy): 6 1.42 (s, 18 H, CHy;),
5.96 (s, 2 H, =CH); '"H-NMR (CD;CN): § 1.46 (s, 18
H, CH,), 6.34 (s, 1 H, NCH); *C-NMR (C(Dy): &
28.2 (q, 'J=125.7 Hz, CH,), 54.3 (s, C(CH,),), 106.4
(dd, 'J=192.1 Hz, 3J=9.0 Hz, NCH), 152.7 (s,
C=0); *C-NMR (CD;CN): ¢ 28.3 (q, 'J=125.7 Hz,
CH;), 55.1 (s, C(CHy);), 107.6 (dd, 'J=192.1 Hz,
2J=9.0 Hz, NCH), 153.3 (s, C=0); "O-NMR (C;Dy):
6 +215; YO-NMR (CD;CN): § +209; EI-MS (70
eV, pos. ions) m/z (rel. int.%): 196 (25) [M]*e, 140
(24), 125 (4), 84 (100), 57 (20); HR-MS: obs. 196.1580,
calc. 196.1576, fit = 2.4 ppm; m.p. 117°C; FT-IR (Nu-
jol, CsI) v (em~1): 1685 s, 1366 s, 1306 w, 1261 m,
1231 m, 1163 w, 1097 m, 1022 m, 801 m, 722 w, 662
w, 631 w.

5.3. 1,3-di-tert-Butylimidazolidine-2-one (4)

To a stirred solution of N,N’-di-tert-butylethylenedi-
amine (5.0 ml, 24 mmol) in 100 ml of n-hexane are
added two equivalents of 2.5 molar n-BuLi in n-hex-
ane. The reaction mixture is boiled to reflux until the
evolution of n-butane ceases. The solution turns yel-
low and a white solid precipitates. The reaction mix-
ture is cooled to —20°C and one equivalent of ethyl
chloroformate (2.61 g, 2.30 ml, 24 mmol) dissolved in
10 ml of n-hexane is added dropwise under stirring.
The reaction mixture is boiled for 2 h, cooled to room
temperature and filtered through a medium porosity
glass frit. The filtrate is evaporated in vacuo and the
residue purified by sublimation (100°C oil bath/0.1
Torr) to afford 3.6 g (75%) of pure 4. Colorless crys-
tals, m.p. 64°C. 'H-NMR (C¢Dy): 6 1.32 (s, 18 H,
CH,), 2.67 (s, 4 H, NCH,); 'H-NMR (CD;CN): ¢
1.27 (s, 18 H, CH;), 3.14 (s, 4 H, NCH,); *C-NMR
(C¢Dg): 6 27.4 (q, 'J=125.7 Hz, CH;), 404 (t, 'J=
141.8 Hz, NCH,), 52.8 (s, C(CH,);), 161.6 (s, C=0);
BC-NMR (CD,CN): 6 27.6 (q, 'J=125.7 Hz, CH,),
41.1 (t, 'J=141.8 Hz, NCH,), 534 (s, C(CH,),),
162.8 (s, C=0); "O-NMR (C¢Dg): 6 + 250; "O-NMR
(CD;CN): 6 + 247; EI-MS (70 eV, pos. ions) m/z (rel.
int.%): 198 (9) [M] ", 183 (55), 142 (3), 127 (100), 86
(10), 70 (8), 57 (19); HR-MS: obs. 198.1729, calc. =
198.1732, fit= —1.7 ppm; FT-IR (KBr) v (cm~'):
2751 s, 2729 s, 2667 s, 1710 s, 1699 s, 1402 m, 1271 s,
1244 s, 1104 w, 1096 w, 1030 w, 946 w, 802 m, 739 m;
FT-IR (Nujol, NaCl) v (cm~1'): 1710 s, 1699 s, 1271 s,
1244 s, 1225 s, 1104 w, 1097 w, 1030 w, 946 w, 802 m,
770 m, 740 w, 722 s.

5.4. 1,3-di-tert-Butyl-4,5-dehydro-imidazolidine (5)

1,3-di-tert-Butyl-2,3-dihydro-imidazolium  chloride
[TH]CI [18] (2.38 g, 10.98 mmol, one equivalent) is
suspended in 12 ml THF and 3 ml of a freshly pre-
pared solution of LiAlH, (0.21 g, 549 mmol, 0.5
equivalent) in 12 ml THF is added dropwise under
constant stirring (gas evolution). After 5 min, the solu-
tion is decanted from the insoluble material with a
syringe and the solvent evaporated in vacuo. The
crude product (0.27 g) is spectroscopically pure L'CH,.
Attempts to distill the compound lead to a non-
volatile, greyish solid that is insoluble in common sol-
vents. 'H-NMR (C(Dy): 6 1.00 ppm [s, CH;], 4.26 [s,
NCH,N], 549 [s, NCH]; C-NMR (CiDg): 6 27.0
ppm [q, 'J(C,H) =125.2 Hz, *J(C,H) =4.3 Hz, CH;],
52.8 [s, C(CH;);], 66.5 [t, 'J(C,H)=145.0 Hz,
NCH,N], 116.3 [d, J(C,H)=181.7 Hz, 2J(C,H) =
11.0 Hz, NCH]; FT-IR (Nujol, NaCl) v (cm~'): 1652
w, 1616 m, 1553 w, 1539 w, 1370 m, 1286 w, 1258 m,
1202 s, 1173 w, 1152 w, 1124 m, 1096 w, 1026 w, 871
vw, 808 w, 723 w, 639 m.
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5.5. 1,3-di-tert-Butylimidazolidine (6)

Paraformaldehyde (6.76 g, 225 mmol) is added to
N,N’-di-tert-butylethylenediamine (38.69 g, 225 mmol)
under water cooling. The reaction mixture is stirred
until all the paraformaldehyde is consumed. The crude
reaction product is dissolved in 20 ml of dry diethyl
ether, dried over MgSO, and isolated after filtration
and removal of the solvent in vacuo as a colorless oil
(36.9 g, 89%). '"H-NMR (C¢Dg): 6 1.09 ppm [s, 18H,
CH;), 2.75 [s, 4H, NCH,C], 3.67 [s, 2H, NCH,N];
'H-NMR (CDCl,): § 1.07 [s, 18H, CH;], 2.83 [s, 4H,
NCH,C], 3.56 ppm [s, 2H, NCH,N]; 3C-NMR (C¢Dy):
0 26.1 ppm [CH;], 46.0 [NCH,C], 52.0 [C(CH,),], 63.3
[NCH,N]; FT-IR (neat, NaCl) v (cm~'): 2968 s, 2872
s, 2822 s, 1654 w, 1473 m, 1463 m, 1392s, 1360 s, 1275
s, 1251 s, 1225 s, 1211 s, 1158 m, 1104 w, 1086 w, 1037
m, 922 w, 861 w, 820 m, 743 w; EI-MS (70 eV, pos.
ions) m/z (rel. int.%): 184 (15) [M]*., 183 (97), 127
(30), 113 (100), 98 (8), 84 (30), 71 (89), 57 (28).

5.6. 1,4-di(tert-Butyl)-4-formyl- 1,4-diaza-but-1-ene (7)

In a 50 ml Schlenk flask, degassed water (23 pl, 23
mg, 0.13 mmol) is added to a solution of 1,3-di-zert-
butylimidazol-2-ylidene (1, 230 mg, 0.13 mmol) dis-
solved in 10 ml of THF. The color of the solution
changes from colorless to yellow over a period of 1-2 h
but NMR spectra ("H, C¢Dg) of the reaction mixture
taken after 24 h showed only signals for the unreacted
carbene. The mixture was monitored for 3 months, at
which point the 1,3-di-fert-butylimidazol-2-ylidene had
been completely hydrolyzed to 7. '"H-NMR (CDCly): §
1.16 ppm [s, 9H, CH;], 1.36 [s, 9H, CH;], 4.15 [d,
NCH,], 7.44 [t, HC=N], 8.53 [s, HC = O]; 'H-NMR
(CeDg): 0 0.88 [s, 9H, CH;], 1.08 [s, CH;], 4.16 [d, CH,],
7.53 [t, N=CH], 8.44 [s, O = CH]; *C-NMR (C(Dy): ¢
29.4 ppm [s, CH;], 29.5 [s, CHj], 45.9 [s, CH,], 54.9 [s,
C(CHs;);], 56.7 [s, C(CHsy)4], 155.8 [s, C=N], 161.0 [s,
C=0]; FT-IR (neat, NaCl): v (cm~"') 2969 br, 1736 m,
1651 br, 1473 br, 1425 br, 1378 br, 1274 s, 1207 br,
1064 m, 1031 m, 996 m, 937 m, 872 m, 829 w, 810 w,
752 w, 702 w; EI-MS (70 eV): m/z (rel. int.%): 198 (10)
[M]*+°, 141 (8), 127 (21), 115 (41), 99 (23), 97 (24),
85(14), 69 (24), 59 (72), 57 (100).

5.7. N-Formyl-N,N'-di-tert-butylethylenediamine (8)

43 pl of distilled water (43 mg, 2.4 mmol) was added
to a solution of 1,3-di-tert-butyl-4,5-dihydro-imidazol-
2-ylidene (2, 0.43 mg, 2.4 mmol) dissolved in 6 ml of
THF, the mixing was accompanied by heat evolution.
The solution was stirred for 30 min and the solvent
removed in vacuo. The white crystalline residue is
sublimed at 60°C/1 Torr. '"H-NMR (CcDy): 6 0.85 [s,
9H, NH-C(CH,);], 1.02 [s, 9H, O=CH-N-C(CH,);],

2.74 [t, 2H, NHCH,], 3.33 [t, 2H, CH,N(CHO)], 8.41
[s, 1H, HCOJ; 3C-NMR (C¢Dg): 6 29.2 [HNC(CH,);],
294 [O=CH-N-C(CH,);], 42.3 [NHCH,], 43.1
[CH,N(CHO)], 50.0 [HNC(CH,),], 54.2 [O=CH-N-
C(CH,),], 161.1 [HCO]; "N{'H}-NMR (C(Dy): § —
243.8 [N(CHO)], —314.4 [NC(CH,),]; FT-IR (nujol,
NaCl) v (em~1"): 1643 s, 1563 w, 1516 br w, 1364 sh s,
1311 m, 1297 sh w, 1284 w, 1264 w, 1231 m, 1211 m,
1198 s, 1138 m, 1098 m, 1052 m, 1032 m, 1018 m;
CI-MS (i-butane, pos. ions) m/z (rel. int.%): 282 (2),
201 (100), 183 (9), 173 (2), 145 (10), 128 (20), 111 (4), 99
(19), 86 (23), 69 (13); EI-MS (70 eV, pos. ions) m/z (rel.
int.%): 201 (50), 185 (1), 128 (11), 100 (1), 86 (6), 72 (9),
57 (13), 42 (18), 31 (100).

5.8. N,N'-bis-tert-Butyl-N,N'-di(carbomethoxy )-
ethylenediamine (9)

N,N'-di-tert-butylethylenediamine  (6.39 g, 37.1
mmol) and triethylamine (5.13 ml) are dissolved in 100
ml of n-hexane. Methyl chloroformate (2.86 ml, 37.1
mmol) is added at room temperature and the mixture
boiled to reflux for 2 h. The crude reaction mixture
consists of unreacted N,N’-di-tert-butylethylenediamine
and 9 (1:1 ratio by 'H-NMR). Filtration of the solu-
tion, evaporation of the solvent and sublimation af-
fords pure 9. 42% yield; m.p. 79°C; '"H-NMR (C¢Dy): ¢
1.41 (s, 18H, CH;), 3.29 (s, 4H, NCH,), 3.43 (s, 6H,
OCH,); *C-NMR (C¢Dy): 6 29.3 (q, 'J=126.3 Hz,
CH,;), 45.1 (t, 'J=140.0 Hz, NCH,), 51.5 (q, U=
145.4 Hz, OCH,), 56.1 (s, C(CH;);), 156.2 (s, C=0).

6. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC nos. 140765 for compound 1,
140766 for compound 3, 141246 for compound 4 and
141247 for compound 8. Copies of this information
may be obtained free of charge from The Director,
Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge, CB2 1EZ, UK (Fax: + 44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or www: http:/
/www.ccdc.cam.ac.uk).
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