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CONCEPTS

New Route to a-Adducts of Homoallylic Alcohols by an Acid-Catalyzed
Stereospecific Allyl-Transfer Reaction from y-Adducts

Junzo Nokami,* Laurence Anthony, and Shin-ichi Sumidal®

~

KAbstract: Allylation of aldehydes by an allyl-transfer
reaction from the y-adducts of homoallylic alcohols has
been successfully carried out to give the corresponding a-
adducts regiospecifically. The reaction proceeds via a
hemiacetal (11), derived from an aldehyde and the
homoallylic alcohol, followed by a six-membered cyclic
transition state (2-oxonia[3.3]-sigmatropic rearrange-
ment) in the presence of a Lewis acid. Moreover, the y-
adducts are restructured into the corresponding a-ad-
ducts via a similar transition state by an acid catalyst, in
which chirality in both anti- and syn-y-adducts is stereo-
specifically transferred to the corresponding E- and Z-a-
adducts, respectively, with >98 % ee.

Keywords: alcohols - allylations - allyl complexes -
allyl-transfer - homoallylic alcohols - reaction mecha-

\nisms /

Introduction

One of the most fundamental and important reactions for
constructing carbon—carbon bonds is the allylation of alde-
hydes and ketones (carbonyls) with allylic organometallic
reagents.!! For example, Grignard and Barbier-type reactions
have been widely utilized for the allylation of carbonyls, in
which chemo-, regio-, and stereoselectivities of the desired
homoallylic alcohols are highly dependent on the nature of
the metals employed. For example, the E and Z crotylmetals 1
(R!'=CHj;; MY,=Cp,TiBr,l CrCL,’Bl AlEt,, B(OR),,”
etc) react with an aldehyde to give selectively the anti-y-
adduct 2 and syn-y-adduct 3, respectively, via a six-membered
cyclic transition state (Scheme 1). Moreover, Lewis acid
promoted reactions of less reactive crotylmetals, such as
but-2-enyltributyltin (4),[ with an aldehyde afford the syn-y-
adduct 2 selectively via an acyclic transition state (Scheme 2).
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These facts clearly indicate that allylic metals commonly react
with carbonyls at the y-position to afford y-adducts of
homoallylic alcohols predominantly, although a few excep-
tions have been reported.’)

Discussion

a-Selective allylation of aldehydes using allylic metals: Much
effort has been devoted to synthesize regioselectively a-
adducts using allylic metals. It has been discovered that the
allylic metals used for the synthesis of y-adducts are also
useful for the synthesis of a-adducts when they are used
together with some additives. For example, but-2-enyltribu-
tyltin (4)/Bu,SnCL,,"! 4/BuSnCl;,"! 4/A1Cl;—iPrOH,!' but-2-
enylmagnesium chloride/AlCl;, ' but-2-enyllithium/CeCl;, 2
4/CoCl,,I¥! but-2-enyltrimethyltin/SnCl, ¥l 4/SnCl,,1 Z-4/
BuSnCl,,!'8 etcl'”) react with aldehydes to give the corre-
sponding a-adducts of homoallylic alcohols selectively. For
some of these reactions, it is assumed that the reaction will
proceed by transmetalation of the allylic functionality from
the less reactive allylic metal 4 to the corresponding additive §
to give the y-adduct of the allylic metal (6), which is more
reactive than 4. This, in turn, reacts with aldehyde at its y-
position to give the a-adduct 7 (Scheme 3). However, one of
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Scheme 3. Reaction of 4 to give the homoallylic alcohol 7.

the main problems with this explanation is that it does not
account for cases in which the product has Z selectivity.

One further allylation reaction is the reaction of allylic
barium compounds discovered by H. Yamamoto,} which is
very different from those described above in that it gives the
a-adducts rather than y-adducts of homallylic alcohols
selectively without any additives.

a-Selective allylation of aldehydes by an allyl-transfer reac-
tion of homoallylic alcohols from ketones to aldehydes: We
have reported a conceptually new allylation of aldehydes:[®l
an allylic functionality of the homoallylic alcohol 8, derived by
allylation of acetone, is transferred to the aldehyde 9 to give
specifically the corresponding a-adduct 10 of the homoallylic
alcohol in the presence of a catalytic amount of Sn(OTf),. We
have also proposed a plausible reaction mechanism via the
hemiacetal 11 and then the oxycarbenium ion 12, that is, a
2-oxonia[3.3]-sigmatropic rearrangement (Scheme 4).[']

a RCHO
HO / 9

RN
5 e[
Sn(OTh),

g MS4A L

OH R :
/I\/\/ 7—' b OH : @ﬂ
R
@ HO \
10 >l\ -
12

Scheme 4. Plausible mechanism for the conversion of homoallylic alcohol
8 to a-adduct 10.

Abstract in Japanese:
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The reaction mechanism (proposed in Scheme 4) can be
substantiated further by the high E selectivity of the product.
This can be explained by the cyclic chairlike transition states I
and II (see Scheme 5). That is, the transition state I is

Catalysl PhCHO - M/

(B)- 10

OH
(2)-10

Scheme 5. Proposed chairlike transition states I and II in the reaction of 1
to give 10.

preferable to II due to the minimization of 1,3-diaxial
repulsion between the methyl substituent and the hydrogen
atom of the terminal olefin. Although the reaction mechanism
is not completely clear, we can assume that the reaction is
accelerated to give i) more stable cations, ii) sterically less
hindered homoallylic alcohols, and iii) thermodynamically
more stable olefins.

Conversion of y-adducts of homoallylic alcohols to the
corresponding a-adducts: Recently, we investigated the
allyl-transfer reaction further using 2-methyl-1-phenyl-3-but-
en-1-ol (13a) as an allyl donor. Based on the hypotheses i) —
iii) above, reaction of 13a with an alkanal should give the
corresponding a-adduct. The reaction of 13a (anti/syn 20/1)
with 3-phenylpropanal gave selectively the desired product
1-phenyl-5-hepten-3-ol (14a) (E/Z 33/1) in 62% yield,
although 1-phenyl-3-penten-1-ol (15a) (E/Z 17/1) was also
obtained in 29 % yield. Formation of the undesired product
15a suggested that benzaldehyde, formed during the reaction
of 13a with 3-phenylpropanal, will also react with 13a
competitively (Scheme 6). This fact prompted us to find a

— a

R
p 1 )
y RCHO OH -"OH™" | @
Ph X — |
o« sn(OTh,  pp N oh

o
13a anti/syn =20/1 (10 mol%)
R = CH,CH,Ph

D —=

ll PhCHO
OH
29% N+"OH™" | @
R/I\/\/ j
Ph ~ y 62% e

14a E/Z=33/1
15a E/Z=1711 L —

Scheme 6.

more efficient design to give the a-adducts selectively from
the corresponding y-adducts by an allyl-transfer reaction, that
is, ¥ to a conversion. A very successful approach was to
restructure the y-adducts into the corresponding a-adducts by
treatment with a small amount (10 mol %) of the correspond-
ing aldehyde in the presence of a catalytic amount of
Sn(OTf),. In this case, anti diastereoisomers (Table 1) gave
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Table 1. Conversion of y-adducts to a-adducts.l?!

OH RCHO (10 mol%) oH /(1
)\Y(\a Sn(OTf), (10 mol%) Mﬁ“‘ N0 NG
R X R
CHCl; 14¢' (R=Ph)
R 13 14 14f' (R = PhCH,CHy)
Entry y-adduct 13 T t a-adduct 14
R R! (anti/syn)®! °C  h  yield [%]€ (E/Z)P
1 a Ph Me  (20/1) 0 2 78 (491
2 b Ph Ph (35/1) 0 0576  (E)
3 ¢ Ph COEt (1/1.7) 40 40 11 (E)ie
4 d PhCH,CH, Me  (33/1) 0-25 3 89  (25/)
5 d PhCH,CH, Me (1/7.5) 25 2 90 (1/53)m
6 e PhCH,CH, Ph  (14/1) 25 1 8 (BN
7t PhCH,CH, CO,Et (1/13) 40 24 41 (E)!
8 g CHy(CH,)s Me  (12/1) 0o 2 T 1
9 g CH,(CH,), Me  (12/1) 250 9 91 (11/1)

[a] All reactions were performed with 13 (0.5 mmol), aldehyde (0.05 mmol),
and Sn(OTf), (0.05mmol) in CH,Cl, (2.5mL), unless otherwise noted.
[b] Determined by 'H NMR spectroscopy. [c] Yield of isolated product.
[d] 4% (antilsyn 1/1) of 13a was recovered. [e] 8% (anti/syn 2/1) of 13b was
recovered. [f] The Z isomer was obtained as the lactone 14¢’ (33%). [g] 19%
(anti/syn 14/1) of 13 ¢ was recovered. [h] 3% (syn) of 13d was recovered. [i] 6 %
(anti/syn 1/23) of 13e was recovered. [j| The Z isomer was obtained as the
lactone 141’ (51 %). [k] Performed with Sn(OTf), (0.15 mmol).

E olefins and syn diastereoisomers gave Z olefins predom-
inantly. The former reaction rate seemed to be faster than the
latter, as syn isomer was recovered predominantly when a
mixture of syn and anti was used for the reaction. The
difference in selectivity between anti and syn is well explained
by the six-membered cyclic transition state model, as shown in
Scheme 7. The transition state model, including the chirality,

anti-adduct +RCHO +"OH""
oH S"OH" @ 1 -RCHO
_ fast _fast 1/\/\/R
e = /@hy
= E-14d OH
anti-13d R
H
\ Q” +RCHO
H / A ‘\0 !
R = R = CH,CH,Ph R! ]
R'= CHg [ Rt Q ]
2 i P k/\/
syn adduct fast &O\YR _ Z\ s_R
/'Y\ / L Z-14d B4
R°R
R H E
\ Q@ fast  pr\ R_R
on13d KO /\/\r
= E-14d OH
L H H

Scheme 7. Stereochemistry of allyl transfer as explained by the formation
of a six-membered transition state. The absolute configurations (R and S)
are shown as R = CH,CH,Ph and R'=Me.

was confirmed by employing optically pure anti- and syn-y-
adducts, (3R ,4S5)- and (3R,4R)-1-phenyl-4-methyl-5-hexen-3-
ol (13d) (R!'=CH;, R=CH,CH,Ph in Scheme 7). The
reaction of the anti isomer (3R,4S)-13d with 10 mol% of
3-phenylpropanal and Sn(OTf),*! gave (5E,3S)-1-phenyl-5-
hepten-3-ol ((5E,35)-14d) in 82% yield with >98 % ee as a
single product. A similar treatment of the syn isomer (3R,4R)-
13d gave a mixture of (5Z)-1-phenyl-5-hepten-3-ol ((5Z)-
14d), (5E)-1-phenyl-5-hepten-3-ol ((5E)-14d), and unreacted
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(3R4R)-13d in the ratio of about 18/1/1 (by 'H NMR
spectroscopy). The chiral HPLC analysis of the mixture using
DAICELL CHIRALCELL OD showed that enantiomeric
purities of both a-adducts, (5Z,35)-14d and (5E,3R)-14d,
were >98 % ee. However, it is noteworthy that, in this allyl-
transfer reaction from syn-13d to a-adducts 14d, the ratios of
(5E)-14d were increased with diminishing the enantiomeric
purities of (5E)-14d (Table 2; Figure 1).[!l This shows the Z
product, (5Z)-14d, was not very stable under the reaction
conditions.

Table 2. Enantioselectivity of E adducts from syn adducts.

syn-13d a-adduct  Z ZIE E-14d
recovery total (>98 % ee) [% ee]
[%] yield [%]
T T
R X S R
RRYTY 4 81 I8 99
0 SE,3R)-14d
(3R4R)-13d (52,35)-15111 CE3R
90 141 67
1 80 11 53
%}Hs o R /\E/\‘?/R
REYTN o 80 18/1 L. o8
H OH -
(35:45)-13d (5Z3R)-14d GEASy14d
1 80 71 26
20 .
ZE
ratio o
10 g
%ee of E-14d 50 100

Figure 1. Plot of relationship between E/Z and enatiomeric excess of E
adducts. The absolute configurations (R and S) are shown as R=
CH,CH,Ph.

From the above results, it can be seen that a y-specific
highly enantioselective allylation by Roush’s reagent 16?2 is
very useful for the enantioselective synthesis of a-adducts by
this stereospecific allyl-transfer reaction (Scheme 8). For

CO,iPr oH 10 mav% of
RCHO and E
Sn(OTf S R
Ig 0P M)_» R/FI'\:/\ n(OTf)2 /\/\5/
A0 : On
E-16 (3R,45)-13d (5E35)-14d
(ca. 80%ee) (ca. 78%ee)
CO,iP; 10 mol% of
2iFr QH RCHO and
R Sn(OTf), SR
é -uilCO,iPr '—> R™R ~ z H
OH
(3R,4R)-13d (5Z,35)-14d
(ca. 80%ee)

(ca. 78%ee)

Scheme 8. Enantioselective a-allylation using Roush’s reagent. The abso-
lute configurations (R and S) are shown as R = CH,CH,Ph.
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example, the reaction of E-16 and Z-16 with 3-phenylpropanal
gave optically active (3R,4S)-13d (anti) and (3R4R)-13d
(syn), respectively, with good enantioselectivities (ca.
80 % ee). These, in turn, gave (5E,35)-14d and (5Z7,35)-14d,
respectively with >78 % ee by the allyl-transfer reaction using
10 mol % of 3-phenylpropanal and Sn(OTf),.2%

An alternative reaction mechanism for the a-selective allyla-
tion of aldehydes accomplished by using an allylic metal
together with additive: Further investigation of the catalyst
for this y to a conversion reaction made it clear that many
Lewis acids, such as Cu(OTf),, AgOTf, AICl;, SnCl,, (iPrO),-
TiCl,, BF;- Et,0 were effective, as well as hydrogen chloride
(Table 3).21 However, BaCl, was ineffective. Some of the

Table 3. Conversion of y-adducts to a-adducts: Effect of catalyst.l?!
OH OH

Catalyst W/
Yy N
a

Ph TN Ph
& PhCH,CH,CHO (10 mol%)

13d y-adduct CHzCl, 25°C 14d a-adduct
Run Catalyst 13d t  Yield of 14d Recovery of 13d
/mol% antilsyn® h  [%] (EIZ)®T  [%]€) (antilsyn)]
1 Sn(OTE),/10 2311 28  (251) 4
2 Sn(OT),/10 1775 29 (153) 3 (syn)
3 Cu(OTH),/10 191 48 @) 2 (@)
4 Zn(OT),/10 71 4872 (251) 16 (6/1)
5 AgOTHI10 231 958  (251) 4 (3)
6l AICL/10 251 651  (501) 39  (10/1)
7  AlClLe3 ;PrOH/33 16/1 363 (20/1) 23 (12/1)
8 SnCl,/2 331 877 (@31) 10  (4/1)
9l Bu,SnCly/100 251 2456 (331) 35 (16/1)
10 (iPrO),TiCL/100  50/1 358 (1001) 12 (201)
11  BF;eEt,0/10 1n 24 73 (1/1) 1l
12 CF,SO;H/10 181 28 A1) 1 (syn)
13 HCI100 100/1 48  (1001) 2 (ant)

[a] All reactions were performed with 13d (0.5 mmol) and 3-phenyl-
propanal (0.05 mmol) in CH,Cl, (2.5 mL) at 25 °C, unless otherwise noted.
[b] Determined by 'H NMR spectroscopy. [c] Yield of isolated product.
[d] Not detected. [e] Performed in diethyl ether (0.3 mL). [f] Performed at
0-25°C. [g] Performed in refluxing CH,Cl, (0.5 mL).

additives, used together with allylic metals for the apparently
a-selective allylations described in A, are also effective for the
y to a conversion as described in C. Therefore, we propose an
alternative reaction mechanism for the a-selective allylation
by an allylic metal together with an additive (described in A).
That is, the allylic metal reacts with aldehyde in the presence
of an additivel?* to give the common y-adducts of homoallylic
alcohols syn- or anti-selectively. Then, the syn- and anti-y-
adducts are selectively transformed into the corresponding Z-
and E-a-adducts, respectively, by the y to a conversion
described in C.

In conclusion, a new allylation reaction of aldehydes, in
addition to the Grignard or Barbier-type reactions, was
discovered. In the reaction, the allylic functionality of
homoallylic alcohol y-adducts is transferred to the aldehyde
to give the a-adducts specifically, and the E olefin selectively
via a six-membered cyclic transition state (2-oxonia [3.3]-
sigmatropic rearrangement) in the presence of an acid
catalyst. Conversion of the y-adducts of homoallylic alcohols
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into the corresponding a-adducts is very successful, exclu-
sively stereoselective (from anti to E, and from syn to Z), and
enantiospecific. The reaction products also support an alter-
native mechanism to that previously proposed for several a-
selective allylations utilizing usual allylic metals together with
additives.!
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1233-1236; k) J. S. Panek, R. Beresis, J. Org. Chem., 1993, 58, 809—
811; 1) R. W. Hoffman, V. Giesen, M. Fuest, Liebigs, Ann. Chem.,
1993, 629 -639; m) M. Nishizawa, T. Shigaraki, H. Takao, H. Imagawa,
T. Sugihara, Tetrahedron Lett., 1999, 40, 1153 -1156.1t is noteworthy
that we also obtained a 4-chlorotetrahydropyrane derivative (by an
intramolecular Prins reaction) together with an a-adduct of homo-
allylic alcohols, when a stoichiometric amount of SnCl, was used in our
allyl-transfer reaction. Therefore, we assume that the Prins reaction
will be favored by the electophilic addition of a reactive incipient
oxycarbenium ion along with enough nucleophile (e.g. Cl- from
SnCl,) to give chlorinated cyclic ethers, etc.

[20] The reaction conditions shown in Table 1 (entry 5) were applicable.

[21]

[22]

[23]

[24]

[25]

Treatment using higher concentrations (0.5M) and/or longer reaction
times (4-5 h) resulted in an increase of (E)-14d with lower optical
purity, and the incomplete consumption of the starting material, syn-
13d.

a) W.R. Roush, K. Ando, D.B. Powers, R.L. Halterman, A.D.
Palkowitz, Tetrhaedron Lett. 1988, 29, 5579 -5582; b) W. R. Roush, K.
Ando, D. B. Powers, A. D. Palkowitz, R. L. Halterman, J. Am. Chem.
Soc. 1990, 112, 6339-6348.

Hydrogen chloride (1.0 M solution in anhydrous ether; purchased from
Aldrich) was effective for this reaction.

It seems reasonable that the additives would serve as a Lewis acid for
the common allylation by an inactive allylic metal such as 4 to give the
syn-y-adduct 2 predominantly, and then as a catalyst for the allyl-
transfer reaction from y to a with Z selectively. However, the actual
catalyst for the reaction is not completely clear, because a Brgnsted
acid such as HCI also served as a good catalyst, and will be easily
formed from a Lewis acid with alcohol (substrate of the reaction) or
moisture.

Although the allyl-transfer reaction was carried out at 20—25°C with
10 mol % of Sn(OTY), to give good results, many of the previously
reported a-allylation reactions (described in A) were performed at a
lower temperature for shorter reaction times with more than
stoichiometric amounts of additives. It should be noted, however,
that the in situ formed y-adduct (Lewis acid complex) derived from an
aldehyde and an allylic metal with additive (Lewis acid), would be
much more reactive than the corresponding alcohol used in our
reaction. The complex would smoothly react with a large amount of
unreacted aldehyde, existing in the reaction mixture before the
reaction with allylic metal, to give the oxycarbenium ion. We believe
that this allyl-transfer reaction will play an important role in many a-
selective allylation reactions.
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Detecting Hydrogen Bonding by NMR Relaxation of the Acceptor Nuclei**

Alessandro Bagno,*!?] Sébastien Gerard,"! Jan Kevelam,! Enzo Menna,'*! and

Gianfranco Scorrano!®!

Abstract: The formation of hydrogen
bonds (HB) between phenol or N-meth-
yltrifluoroacetamide and several accept-
ors (pyridine, carbonyl compounds, ni-
triles, amides) in CCl, or CHCI; been
investigated through the analysis of
NMR relaxation times (7;) of the het-
eronuclei (N and 7O) directly involved
in the HB interaction. Thus, a compar-

dynamics and motional anisotropy) and
electric field gradients calculated by ab
initio methods for the acceptor mole-
cules, both isolated and in 1:1 or 2:1
hydrogen-bonded complexes. When

Keywords: ab initio calculations -
hydrogen bonding - NMR spectro-
scopy quadrupolar relaxation

other effects are properly accounted
for, there is a good agreement between
theoretical and experimental electric
field gradient (efg) changes. The notice-
able difference found between CCl, or
CHC(I, as solvents is discussed in relation
to the presence of phenol oligomers, and
the non-negligible HB donor power of
CHCl;.

ison is made between such 7, values
(corrected for changes in molecular

solvation

Introduction

Among weak interactions,['l the hydrogen bond (HB) is the
strongest, and is in fact a key process in nature.”! A typical HB
is shown in Scheme 1, where A (HB donor) is an electro-
negative atom or group bearing an acidic hydrogen, and B
(HB acceptor) is an atom with basic properties.

Hydrogen bonding deter-
mines the properties of many
condensed-phase systems (in-
cluding water), and is arguably
the strongest force governing
solvent effects on reactivity.
Hence, accounting for HB in-
teractions is required for under-
standing chemical reactivity in
polar solvents.

.
A—H+ B == A—\H>\/
B

7

Scheme 1. A typical hydrogen
bond: A (electronegative) is
hydrogen bond donor) is an
electronegative atom or group
bearing an acidic hydrogen, and
B is hydrogen acceptor.
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The energy of a HB between neutral molecules is 3—
5 kcalmol~!; HBs involving ionic species are stronger (ca.
10 kcalmol~!), the upper limit being given by HF,-
(40 kcalmol").B] The HB complex possesses a preferred
geometry[*® (Scheme 1), defined by the HB distance (r,
generally around 2 A) and the angle formed by the A—H bond
and the acceptor atom («, usually close to 180°). With certain
donor/acceptor pairs, the barrier for proton exchange may be
very low or absent. Such “low-barrier” HBs are believed to be
involved in enzymatic catalysis, and their properties are being
intensely investigated.[’]

Owing to its fundamental and practical interest, HB is
studied by a wide variety of techniques. Hence, we will just
indicate some methods that have a bearing on the present
work, and list a few recent developments with no pretence of
completeness.

Fundamental investigations of HB have been carried out
by, for example IR spectroscopy,’®'> 13 calorimetry,!*] and “F
NMR spectroscopy.l'** 134 However, when several alternative
HB sites are present, very few experimental methods provide
evidence for individual hydrogen bonds and identify the
atoms involved. The existence of a HB, and its structural
parameters, are inferred from the spatial proximity of
potential donor and acceptor moieties, as revealed by X-ray
crystallography in the solid state or, in solution, by NMR
spectroscopy through techniques based on dipolar couplings
(NOEs) between protons, or *C and PN. Solute —solvent
interactions in general have also been investigated with such
techniques.'* 31 Since these experiments exploit dipolar
relaxation, they cannot involve the observation of quadrupo-
lar nuclei (such as “N or '7O) which are, in most cases, the
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acceptors involved. Therefore, the actual acceptor site is often
indirectly estimated from other internuclear distances.

Other NMR studies are based on the variation of the
exchange rate with the solvent!'" and isotope effects.['”]
More recent works have reported on the detection of HB
through a) inter-residue '3C - N scalar coupling (transmitted
through the HB) in RNA,!'$ ] peptides® and low-barrier
HBs;"1 b) 'H chemical shift anisotropy;?! c)?H nuclear
quadrupolar coupling constants;? d) studies at very low
temperatures on systems in slow exchange conditions??! (all
methods requiring isotopically enriched materials). NMR
dipolar couplings, directly measured in the solid state, have
also been recently employed to this effect,”* which may
provide an alternative to X-ray crystallography if solid-state
HBs are investigated.

The formation of a hydrogen bond has also been studied by
means of quantum chemical calculations(’ > ¢ at the Hartree —
Fock! or correlated?! levels. In this context, we also mention
“non-conventional” HBs involving, for example negatively
charged hydrogens or & systems as acceptors, C—H groups as
donors, anti-HBs, etc. Since these often elusive but important
interactions are difficult to study experimentally,?”] a great
effort is being devoted to their theoretical investigation.?!

Theoretical methods can, in principle, completely charac-
terize the energy and structure of the HB complex, and
predict its spectroscopic properties. Generally, such calcula-
tions are carried out on simplified model systems, but the
solvent effect on HB has been recently modeled by reaction
field methods.]

One of the most interesting problems in this respect is
related to the preferential HB formation on a specific
acceptor, when more than one site is available in the same
molecule. This condition is always met in biomolecules, such
as proteins and DNA, and is the basis for their complex
secondary structures, and ultimately for molecular recogni-
tion and enzyme catalysis.

From these considerations stems the interest for any
method of investigation of HB formation based on the direct
observation of the acceptor atom. In order to develop an
approach of this kind, one should find a probe for HB
formation which should be experimentally observable and
undergo theoretically predictable changes upon formation of
the HB. In this work, we have used changes in the electric field
gradient at the acceptor nuclei to this effect. We will show how
this parameter can be observed and predicted, and how the
information it provides is related to HB formation.

Method

NMR measurements: The longitudinal relaxation of quad-
rupolar nuclei (I >%; e.g. N, 0) is almost entirely due to
the quadrupolar mechanism, which derives from the inter-
action between the nuclear quadrupole moment Q and the
electric field gradient (efg) at the nucleus.’”! The latter is
originated by any asymmetry in the local charge distribution.
The efg (dE/dr) decreases as 1/r%, and therefore in covalent
species it is largely intramolecular in origin. In the extreme
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narrowing limit the longitudinal relaxation rate is given by
Equation (1):

w238 0
137 2AF3 0
7, 10re-1" 3

where y=eQgq,/h is the nuclear quadrupolar coupling
constant, ¢q,, is the largest principal component of q, ¢=
| §xx — qyy | /9., its asymmetry parametert! and 7. the rotational
correlation time.

Since the T in solution depends on both ¢,, and &, which
cannot be separated, it is convenient to define an effective
coupling constant, y.q = y*(1+¢%3) with which calculated efg
values can be compared (see below). Then Equation (1) can
be recast as 1/7, = Ky.x7., showing that 7| depends both on
the molecular structure (y.;) and dynamics (z.). Upon HB
formation, the symmetry (and therefore the efg) at the
acceptor nucleus obviously changes, which may result in a T}
variation, normally reflected also in the line width W, .3
Previous studies carried out in our laboratory have demon-
strated that the NMR relaxation of quadrupolar nuclei can
pinpoint the most stable ionic form deriving from an acid—
base reaction on a compound bearing more than one available
ionization site, because proton transfer to or from nitrogen or
oxygen generally causes a large efg change which can be
modeled by quantum chemical calculations and is experimen-
tally detected as substantial changes in 7; of the relevant
nuclei.??

Proton transfer and HB are qualitatively similar, and in fact
the latter can be viewed as the preliminary stage for the
former, however with a longer B—H equilibrium distance and
no charge separation. Then one can legitimately expect that
HB formation entails the same qualitative changes found for
proton transfer, albeit reduced in magnitude (owing to the 1//
distance dependence of the efg). This expectation, however,
calls for a careful evaluation of all factors involved in
quadrupolar relaxation, like changes in molecular dynamics.

This dependence in Equation (1) is given by t., which is
related to the viscosity of the solution, the temperature and
the hydrodynamic volume of the species.?”! Hence, upon
formation of the HB complex 7, is expected to change, as the
motion of the complex may be slower than that of the free
acceptor. Since we carried out our experiments at constant
temperature, and we found a viscosity increase by only ca.
10 % upon addition of the donor, remaining changes in 7, are
due to changes in the hydrodynamic volume, which cannot be
accurately determined. This problem can be avoided deter-
mining directly the change in 7., by determining changes in
the dipolar relaxation rate (1/7,PP) of a suitable '*C nucleus in
the acceptor molecule, since 1/T,°P o< 7./rcy®, where ry is the
distance between the carbon of interest and a close proton.
The DD contribution to T} is obtained by the NOE factor 7,
since T\PP = T W/, Where 7. =7vu/2vc.P% Given the
decrease of the DD relaxation rate with 1/ry®, it is convenient
to observe a carbon atom directly bonded to a hydrogen, in
order to have larger NOE values and shorter T relaxation
times. Moreover, absence of independent mobility of the C—H
bond with respect to the acceptor group is required. On the
other hand, from a theoretical viewpoint the orientation of the
C—H vector should be the same as of g,, for it to have the same
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correlation time; this becomes important only if the motion is
highly anisotropic (see below). Once the dynamics contribu-
tion to the 7, change is known, we can isolate the term
depending on the electric field gradient (y.), as follows.

According to Equation (1), the efg change is yHB/y% =
(T, T\HB)(z 0/ 1B), where the free and H-bonded acceptor
are indicated with a “0” or “HB” superscript, respectively.
The change in 7., that is 7.%/7 '8, can be obtained by means of
3C NMR measurements as mentioned above, assuming that
ren is not affected by the HB (which is reasonable, considering
the relatively weak interaction occurring at a remote site), so
that 7 %/¢ 1B = T,PPHB/T,PPO The incomplete formation of HB
is accounted for observing that all NMR spectra showed
signals for one species only, which implies that B and AHB are
under fast exchange conditions. Hence, the observed relaxa-
tion rate in the presence of the donor is the average of
individual rates, weighted by the amount of free or H-bonded
acceptor. Combining these relations (see Experimental Sec-
tion for details) we obtain Equation (2), yielding the exper-
imental efg variation, which can be compared with that
predicted theoretically.

R=ES . CHBACL J 2
Xefi e 1 T?D_g 2)
14+— W_l

Quantum chemical calculations: We calculated the efg values
at the HF/6-311G(d,p) level using geometries optimized at the
same level for donors, acceptors, and HB complexes. We also
tested the performance of lower-level calculations, optimizing
the geometry of HB complexes (many of which are quite large
in size) at the HF/6-31G(d,p) level, that is running HF/6-
311G(d,p)//6-31G(d,p) calculations. Some test calculations
were also run at the DFT B3LYP/6-311G(d,p)//B3LYP/6-
31G(d,p) level.3!

The Cartesian components of the efg tensor q are easily
calculated from the ground-state wave function.* Never-
theless, this property does not converge smoothly upon
improving the method or the basis set size.[** Diagonalization
of q yields the three principal components (gyy, gy, 4,,) as the
eigenvalues, and their orientation (Euler angles with respect
to the molecular coordinate system) as the eigenvectors, from
which y.; can be evaluated [see Eq. (1) ]. All calculations were
run with Gaussian 98.1%¢!

Results

ab initio Calculations: The minimal 1:1 donor:acceptor
structure was calculated in most cases, except some carbonyl
acceptors. In fact, since the carbonyl oxygen has two lone
pairs, such acceptors can accept hydrogens from two different
donors, as investigated theoretically®”! and by X-ray crystal-
lography.’®! Hence, we also ran some calculations for 2:1
complexes of carbonyl acceptors.

Calculated efg values are reported in terms of q,,, &, and y;
for HB complexes the change x & = B/x & is also given. This
quantity will be compared with the corresponding experi-
mental values obtained from Equation (2). CF;OH was
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initially employed as a model HB donor, but was eventually
replaced by the molecules experimentally studied, namely
phenol and N-methyltrifluoroacetamide (MTA), since it
became apparent that efg changes induced by each donor
were markedly different.

The full data set, containing individual components of q at
all theoretical levels employed, as well as the data for CF;OH
systems, is provided as Supporting Information. The results
(energies, HB geometrical parameters, absolute and relative
%ot values) for HB complexes of PhOH and MTA at the
highest level of calculation are summarized in Table 1.

Extent of formation of the HB complex: The reversible
formation of an HB complex is characterized by an equili-
brium constant Ky, from which xy can be extracted. Several
quantitative HB acidity and basicity scales, built from
calorimetric or IR data, are known.l8!!l Such scales were
constructed using solutions far less concentrated than those
required for this study. Furthermore, the required data for
some compounds we have studied, for example MTA, are not
available. Hence, we determined xyp directly by means of FT-
IR measurements.'> !l Values of xy; obtained with the two
methods sometimes differ substantially. For the processing of
NMR data we used experimental FT-IR xyp values where
available, and Taft’s in remaining cases. However, the results
(in terms of y &) were found not to depend much on the
assumed xyg, Within a range of reasonable values.

Choice of model systems: Some simple organic molecules
belonging to different acceptor functionalities (pyridine,
cyano, carbonyl, and amide) were selected, the acceptor
nuclei being nitrogen and oxygen. We initially used phenol as
the donor, since many experimental studies have been done
on its HB complexes. Given the extraordinary biological
relevance of hydrogen bonds between amides, we also
employed N-methyltrifluoroacetamide (CF;CONHCHj;,
MTA) as a model donor. Its HB properties are not reported,
but a very low HB acceptor power can be inferred from the
low pKyg value of CF;CON(CHj;),.[39 FT-IR measurements
indicated that MTA is a weaker donor than phenol.

Carbon tetrachloride has been widely adopted as HB-inert
solvent®!l and was initially used as solvent, but it is a poor
solvent for MTA and its complexes, which were studied in
chloroform. Since the two solvents (CHCI; is a weak but not
negligible donor®™) were found to differ far more than
expected, some phenol complexes were also studied in CHCl,4
for comparison.

NMR measurements: Although the line width of signals of
quadrupolar nuclei is generally a good approximation to 77,
since W, (= 1/nT,*) and T, ~ T,*, the direct measurement of
T, is preferable, since line widths are more liable to errors.
Hence, for the more sensitive N nucleus we determined T}
values. The 7O nucleus presents experimental difficulties due
to its very low natural abundance (0.037%).B% Therefore,
unless the signal was relatively narrow or when we used O-
enriched material, we assumed 7, = T,*.
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Table 1. Structural parameters, energy, and electric field gradients from ab initio
calculations for donors, acceptors and HB complexes.[?!

Acceptor/Donor  E, [ 7l ald Nucleus gl y XM
free donors
PhOH 70 158.3
MTALel N 25.7
pyridine LN 374
[h] DN 23
PhOH —-7.6 2015 168.4 N 299 0.80
PhOHM —-9.8 2.015 168.3 N 248 0.77
PhOH dimer —10.0 1.707;1.953 166.9;166.0 “N 279 0.75
MTA —72 2115 170.5 N 30.2 0.81
acetonitrile UN 27.4
PhOH —5.8 2.150 174.0 N 231 0.84
MTA —6.2 2251 157.0 N 23.5 0.86
benzonitrile N 27.6
PhOH —5.8 2151 174.5 N 23.0 0.84
MTA —6.2 2249 158.5 N 234 0.85
formaldehyde 70 2184
2CHCl, —7.3 2314;2314 160.0; 160.0 O 1855 0.85
2CCl, i 1.3 3.537;3.613 i 70 2182 1.00
Acetone 70 181.2
PhOH —-7.6 1971 166.1 70 157.7 0.87
2PhOH —13.5 2.006;2.035 167.0; 160.1 0O 139.7 0.77
MTA —6.6 2.053 179.1 70 168.7 0.93
benzaldehyde 70 171.9
[h] 70 1523
PhOH —7.0 1.987 141.8 70 152.5 0.89
PhOHM —10.8 1.848 170.1 70 1358 0.89
2PhOH —17.0 2.012;2.069 170.5;149.0 O 133.1  0.77
MTA —11.8 2.049 174.7 70 1479 0.86
2MTA —17.1 2133;2.124 163.4;171.9 V0O 136.5 0.79
N,N-dimethylformamide 70 136.0
4N 27.5
PhOH (O) —8.8 1919 169.0 70 952 0.70
N 23.6 0.86
PhOH (N) —32 2339 1542 70 109.0 0.80
4N 242 0.88
2PhOH (O) —15.8 1.945;1.996 171.0;152.4 0O 85.4 0.63
N 21.0 0.76
MTA (O) —-92 1973 1742 70 90.1 0.66
4N 24.1 0.88
2MTA (O) —15.9 2.036;2.068 171.9;162.6 70O 89.9 0.66
N 21.0 0.76
N,N-dimethylbenzamide 70 117.7
4N 30.2
PhOH (O) —88 1913 172.8 70 104.0 0.88
4N 26.6 0.88
PhOH (N) —4.1 2.198 161.0 70 125.4 1.07
4N 26.8 0.89
2PhOH (O) —15.5 1.929;2.003 161.0;171.6 O 106.1 0.90
4N 232 0.77
MTA (O) —88 1.958 171.4 70 107.9 0.92
N 263 0.87
2MTA (O) —16.6 2.008;2.001 172.1;170.0 YO 99.3 0.84
N 23.6 0.78

[a] Selected data;see the Supporting Information for the full data set. Electric field
gradients and geometries calculated at the HF/6-311G(d,p) level, except where
otherwise indicated. For amide acceptors, the accepting nucleus is given in brackets.
[b] Binding energy (kcalmol™): E, = E ympiex — (EqonortEacceptor)> DOt corrected for
the basis set superposition error. [c] HB distance [A] (Scheme 1). [d] HB angle
[degrees] (Scheme 1). [e] Effective nuclear quadrupole coupling constant in MHz?
(1 MHz? =102 s72) for the given nucleus (O, '“N) in the acceptor molecule. The
following values for the nuclear quadrupole moments Q were used: “N, 2.02; 17O,
—2.558 fm2*81 [f] efg change with respect to the acceptor: y& =yHP/yS.
[g] CF;CONHCH;. Calculations involving MTA were carried out with the con-
former having the N-methyl group cis to the oxygen atom, which is more stable
than the trans one (by 7 kcalmol™); induced efg changes are very similar.
[h] B3LYP/6-311G(d,p)//B3LYP/6-31G(d,p). [i] HF/6-311G(d,p)//3-21G.
[j] Distance between CCl, and CO.
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Concentration and solvent effects on the NMR parameters of
pyridine and phenol: Decreasing the concentration of pyr-
idine in CCl, from 1.0 to 0.05M causes a small deshielding of
N (A0 =4) and T, increase (from 1.59 to 1.64 ms). The latter
change provides no evidence of any peculiar phenomenon
other than changes in viscosity. We also determined '*C T, and
NOE values for phenol and pyridine solutions, both sepa-
rately and in mixture (0.5M in CCl, and CHCl;) (Table 2).

Table 2. BC-NMR data for phenol and pyridine (0.5M in CCl, and CHCL,).

Solvent assignment o T, [s] i T\PP [s]
phenol

CCl, C-1 1553 32.8 0.9 75.0
C-2 115.6 44 1.6 53

C-3 129.8 4.5 1.4 6.3

C-4 1211 3.1 1.8 34

CHClL3 C-1 155.3 44 0.6 148 (89)
C-2 115.3 8.9 1.7 6.3 (6.3)

C-3 129.7 8.9 1.6 10.8 (6.5)

C-4 120.9 7.3 1.7 8.5 (5.1)

phenol (+py)

CCl, C-1 157.6 234 1.0 49.0
C-2 115.9 33 1.9 35

C3 129.5 32 1.9 34

C-4 119.6 2.0 2.0 2.0

pyridine

CCl e C-2 150.2 17.0 1.1 30.7
C-3 123.6 17.5 1.1 31.6

C-4 135.5 18.6 12 30.8

CHCl, C-2 149.6 14.5 1.6 18.0
C-3 123.6 14.5 1.5 19.1

C-4 135.9 12.8 15 17.0

[a] T,PP values in brackets are corrected for the lower viscosity of CHC; as
T\°P (corr.)=T\°P [p(CHCl;)/n(CCl,)]. n (CHClL;)=0.58 cP, n (CCl,) =
0.97 cP at 20°C,*l and it is assumed that their ratio is equal to that of our
solutions at 25°C.

Even though the mobility of phenol and pyridine should be
similar (judging from their similar size), the 7,°P values of
phenol are smaller than those of the corresponding carbon
atoms in pyridine, which suggests some degree of association
for phenol under these conditions. In order to improve our
understanding of the solvent effect on the association of
phenol, we also determined its 7,°P values in CCl, and CHCl;,
the latter data being corrected for its different viscosity
(Table 2).

NMR measurements on monofunctional acceptors: Pyridine/
phenol as a test case: According to FT-IR measurements,
Xy = 0.82 when both concentrations are 0.5 M. The system was
firstly investigated by measuring variations in chemical shift
and T, of the N signal for pyridine, varying the total
concentration in CCl, (from 1.00 to 0.05Mm) at a constant 1:1
pyridine:phenol ratio. A small (6 ppm) and erratic chemical
shift change, and a regular T; increase (from 0.20 to 0.39 ms)
with decreasing concentration, are found.

In a 0.5M solution, the addition of an equivalent amount of
phenol slightly shields the signal (Ad=—12), but the most
prominent spectral change is a major line broadening, W,
increasing from 216 to 911 Hz (7 decreasing from 1.59 to
0.23 ms) (Figure 1, Table 3). These spectral changes are
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Figure 1. “N-NMR spectra of 0.5M pyridine in CCl,: a) pure, b) after
addition of one equivalent of phenol.
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actually due to HB formation, since analogous experiments
using anisole (not a HB donorl®!) or 2,6-di-tert-butylphenol
(sterically hindered around the OH groupP”) showed no
appreciable variation in chemical shift and width of the “N
signal for pyridine.

The calculated efg change for the PhOH:--py complex
(Table 1) is y & = 0.80, that is HB is predicted to cause a 20 %
efg decrease at the pyridine nitrogen. A comparison of
experimental T values as such would imply the opposite
trend, since T\%T\"8=6.9. Given the large extent of HB
formation, the effect of molecular dynamics clearly prevails
over that of the efg in determining 77, that is the line
broadening observed stems from an increase of 7. (slower
molecular motion). This was checked by analyzing *C-NMR
data (Table 3). From the T,PP for pyridine C-4 and using the
calculated ry (1.076 A), we calculate 7.0=1.4 ps and 7.HB =
14 ps. Introducing these values in Equation (2), the resulting
experimental efg variation is x5 =0.69. Even though this

value does not exactly match the calculated value, it shows
that calculated and experimental efg changes are comparable.

Introducing '*C T,PP values for C-2 or C-3 in Equation (2)
x& >1 is obtained, in disagreement with the theoretical
prediction. This arises because only the motion of C-4
describes the motion of the entire complex, and hence has
the correlation time sought, while C-2 and C-3 describe also
rotations around the H-N-C-4 axis. In fact, 7.(C-4) increases
by 10 times, while 7.(C-2) and 7.(C-3) increase only by 4-5
times; this indicates that the mobility of the complex is less
reduced along those axes. This finding highlights the need to
properly select the carbon atom(s) for estimating 7, changes.

In order to evaluate the solvent effect, measurements were
run also in CHCI; for pyridine with MTA and phenol
(assuming xyp as in CCl,) (Table 3). The contribution from
dynamics was again evaluated on C-4. The data for the
remaining monofunctional acceptors are also reported in
Table 3.

Nitriles and carbonyl acceptors: Nitriles present the serious
drawback that the cyano carbon (the best choice for the
determination of 7.) has a very long T; and a low NOE value.
HB formation resulted in a 3 to 5ppm shielding of the
nitrogen nucleus. Benzonitrile was then chosen as an alter-
native, owing to the presence of at least one carbon atom (C-
4) potentially appropriate for a reliable determination of ..
For such measurements we used the xyp value found for
acetonitrile.

The same concerns about 7, determination observed for
acetonitrile again apply to the carbonyl carbon of acetone.
The O nucleus in HB complexes is more shielded (by 3 -
20 ppm) than in free acceptors. Benzaldehyde (a weaker
acceptor than acetone) was then chosen as an alternative

Table 3. “N-, 7O- and BC-NMR parameters for monofunctional HB acceptors in hydrogen-bonded systems.!?!

Acceptor/Solvent Acceptor nucleus BC

Donor Xup o T, [ms]® ass. 0 T, [s] plel T,PP [s] xR
pyridine/CCl,[! N —63 1.59 C4 135.5 18.6 12 30.8 -

phenoll® 0.82 =75 0.23 137.0 2.6 1.7 31 0.69
pyridine/CHCl, N -70 1.05 C-4 135.9 12.8 1.5 17.0 -

phenol 0.82e! -82 0.35 137.0 3.9 1.8 43 0.75

MTA 0.79 -77 0.54 136.4 6.0 1.7 7.0 0.78
acetonitrile/CCl, 4N —130 2.43 CN 1151 34.0 0.15 450 -

phenol 0.79 —135 0.82 116.0 18.4 0.16 229 1.56
benzonitrile/CCl, 4N —121 0.59 C-4 132.7 54 1.7 6.3 -

phenol 0.791h] —123 0.34 133.1 33 1.7 3.8 1.13 (1.21)
benzonitrile/CHCIl, 4N —127 0.65 C-4 132.7 7.0 1.9 7.4 -

MTA 0.79 —131 0.58 132.8 52 22 4.7 0.67 (0.72)
acetone/CCl, 70 585 7.0 cO 202.7 249 0.12 412 -

phenol 0.83 565 33 207.8 315 0.19 329 1.81
benzaldehyde/CCl, 70 574 1.95 cO 190.5 16.2 1.5 21.2 -

phenol 0.76 557 1.58 192.6 9.8 1.7 11.7 0.63 (0.64)
benzaldehyde/CHCI, 70 556 213 cO 192.3 13.9 1.7 16.6 -

phenol 0.76l¢l 548 1.93 193.2 11.3 1.7 12.9 0.80 (0.78)
MTA 0.70 553 1.98 192.7 12.4 1.8 13.4 0.83 (0.87, 0.85)

[a] Both donor and acceptor 0.5M in the specified solvent, except where indicated. [b] For '7O these are T,* values obtained from line widths, except where
specified. [c] NOE enhancement. [d] See Equation (2). Values in brackets have been recalculated with the correction for the anisotropy of motion (see
Equations (3)—(5)). When two values are given, the second one refers to the calculated complex with two donor molecules. [e] Correlation times of C-4-H,
C-3-H and C-2-H vectors, calculated assuming ¢ = 1.076, 1.077, 1.074 A are 1.4, 1.4, and 1.3 ps, respectively. [f] Correlation times of C-4-H, C-3-H and C-2-H
vectors, calculated assuming the same 7y values are 14, 4.5, and 5.0 ps, respectively. [g] Assumed equal to the value in CCly. [h] Assumed equal to the value
for CH;CN.
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along the lines seen before. We also studied the complex with
phenol and MTA in CHCl;, assuming the xyy value found in
CCl,.

Hydrogen bonds of amides: N,N-dimethylformamide and
N,N-dimethylbenzamide (DBA): The study of HB formation
on amides is complicated by the presence of both a donor
(N—H in primary and secondary amides) and an acceptor
group (oxygen), which in fact is at the basis of their
importance in biological systems.

N,N-Dimethylformamide (DMF) was chosen for modeling
amide HBs since it can only act as acceptor (supposedly via
the oxygen) and because the carbonyl carbon bears a
hydrogen. Addition of phenol (in CCl,) causes the usual
spectral changes (Table 4). Measurements were also run with
MTA in CHCl;, but unfortunately the two 7O signals are not
resolved.

N,N-Dimethylbenzamide was selected with the criteria
already discussed, and was studied in association with phenol
in CCl, and CHCl; (xyg was assumed to be 0.90, that is a
slightly lower value than for the corresponding DMF com-
plexes) and with MTA in CHCIl; (xyg=0.80 was assumed).
Given the peculiar results from the first system (see Dis-
cussion), ’O-enriched DBA was employed in order to directly
measure 7T, and hence to rule out the difference between T,*
and T7) as a possible source of error. In this case, however,
severe signal overlap in the N spectra prevented us from
obtaining a reliable 7 value.

Anisotropic diffusion in HB complexes: As we have seen, a
critical point in the interpretation of 7, changes is the
contribution of molecular dynamics. For an accurate evalua-
tion of this term, the possible anisotropy of rotational
diffusion should be considered. If molecular tumbling is
isotropic, the correlation time extracted from T,PP values

different correlation times will be measured according to the
orientation of the C—H bond used for the determination of
T,°P. In this case, only a carbon atom with a C—H bond
parallel to q,, would provide the correct 7., but this condition
is not always met (e.g., in benzaldehyde). The effect of
anisotropic motion can be corrected for in rigid aromatic
molecules, as follows. The quadrupolar relaxation rate in
anisotropically tumbling molecules is given by Equa-
tion (3):140- 41l

1
7= Kyt (A cos?¥P+Bsin?Y) 3)
1

where ¥is the angle defined by the direction of ¢,, and one of
the principal axes of rotational diffusion, and A=
[3(Dy+D,)]™, B=[3(Ds+D,)]™', where D; are the elements
of the diagonalized diffusion tensor.*!l Thus, a highly aniso-
tropic motion is characterized by an A/B ratio very different
from unity. Dipole — dipole relaxation data from *C NMR can
be used to obtain values of A and B according to Equation (4)
(Figure 2):

; = (bf myEyalA Z ri tcos?¥;+B Z 0 sin?;) 4)
T?D 0) an [4:t [ i ij [ ij ij.

where r; is the distance be-

1
tween the i-th hydrogen and

the j-th carbon, and ¥j is the 0 -
: Y

angle between the C—H vector o)
and one of the main axes of B Jz
rotational diffusion. C/\”/

Let wus consider carbon NG
atoms bonded to a single hy-
drogen. If ¢; is the angle be- 5
tween the C—H vector and an oS
arbitrary reference axis form- Figure 2. Parameters appear-

ing an angle 6 with respect to s in Equations (3)—(5) for

does not depend on the carbon atom observed. Otherwise, the principal axis of diffusion,  benzaldehyde.
Table 4. “N-, 7O- and BC-NMR parameters for polyfunctional HB acceptors in hydrogen-bonded systems.[?!
Acceptor/Solvent Acceptor nucleus BC
Donor Xus 0 T, [ms] ass. 0 T, [s] i T\PP [s] 1 &
N,N-dimethylformamide/CCl, 70 335 5.71 cO 161.2 22.0 12 36.3
N —281 1.71
phenol 0.94 70 311 2.72 CcOo 162.7 9.4 1.7 11.0 0.63
N —275 0.71 0.72
N,N-dimethylformamide/CHCl, 70 312 5.30 cO 162.4 14.9 1.6 19.0
N —276 1.91
MTA 0.85 70 bl cO 162.6 12 1.6 15
N —275 1.58 0.93
phenol 0.94 70 301 3.68 CcOo 163.0 113 1.7 134 1.02
4N —-272 1.32 1.02
N,N-dimethylbenzamide/CCl, 70 353 0.72 C-4 129.5 31 1.9 33
N — 284 0.36
phenol 0.90 70 327 0.37 C-4 129.6 2.5 1.6 3.0 1.89 (1.70)
1N —287 0.20 1.69 (1.38)
N,N-dimethylbenzamide/CHCI, 70 334 0.70 C-4 129.7 34 1.4 4.8
N —280 0.43
MTA 0.80 70 329 0.47 C-4 129.5 3.0 1.8 32 1.00
(0.96, 0.95)
14N [b]
phenol 0.90 70 322 0.73 C-4 129.2 35 1.6 4.2 0.83 (0.74)
N —278 0.33 1.17 (0.95)

[a] See footnotes [b]—[d] in Table 3. [b] Unresolved spectrum.
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and ¢, the angle between g,, and the same arbitrary axis,
Equation (4) can be rewritten as Equation (5):

2
o (1) i LA+ (B~ Apin 0,0 ©
where A, B, and 6 are parameters to be optimized by fitting ab
initio values obtained for r;, ¢;, and experimental ones for
T.PP(j). Efg changes corrected for anisotropic diffusion
(Table 4) have been calculated from Equation (5) with the
fitted A, B and, 0 values, substituting ¥;= ¢;+60 and V=
¢q+0. The complete data are available as Supporting
Information.

Discussion

Calculated geometries and electric field gradients: We will
first comment on the relative performance of the basis sets
used for geometry optimization, that is 6-31G(d,p) and
6-311G(d,p) at the HF level. For all systems reported in
Table 1, optimization with the larger basis brings an increase
in HB binding energies (by 0.1-0.3 kcalmol™!), and the
geometries (r and a) undergo changes of +0.01-0.02 A and
+0.1-0.5°, respectively. However, if the efg values are
calculated with the same basis (6-311G(d,p)) no appreciable
variation in absolute and, especially, relative efg values is
found, since y. values change by +0.2-2.0 MHz? (i.e.,
<10%), and y & values by 4+0.01-0.02. Hence, the different
level of geometry optimization has no major effect in the
calculated efg values, even if the respective geometries are
somewhat different. Correlated levels of theory (MP2 or
DFT) are known to yield shorter HB distances.l’l However,
since MP2 geometry optimizations are notoriously very
expensive, we ran some tests with a DFT method which
performs very well on HB systems at a much lower cost.!
The comparison of HF and DFT calculations on two test
systems (pyridine/phenol and benzaldehyde/phenol) has,
however, shown that, even though the geometry is somewhat
different, the efg thus calculated is, again, affected only to a
small extent.

Hence, although the relative performance of HF, MPn or
DFT methods in the understanding of HB and the calculation
of q is of interest in itself,®! for the scope of the present
investigation the choice of either basis set for geometry
optimization, as well as the theoretical method, is largely
irrelevant, since the resulting y & values are very similar.
Hereafter, for consistency we will only discuss results
obtained at the HF/6-311G(d,p)//6-311G(d,p) level.

All HBs considered herein involve neutral species, and
hence are relatively weak. However, the theoretical level
adopted is not sufficient for a reliable modeling of the HB
strength; hence, we will only mention that E, values lie
between —3 and — 16 kcalmol %

Calculated r values lie between 1.5 and 2.1 A, and a
between 150° and 180°, that is in their normal ranges.?!
However, it is worthwhile to mention that the geometry of
approach of either donor to carbonyl acceptors is frequently
off the carbonyl plane, especially with MTA. Such arrange-
ments are in fact often found in protein inter-residue HBs.?!
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HB formation causes a decrease in the calculated efg at the
acceptor nucleus, y& <1 being always predicted. Such
changes (as well as the corresponding chemical shift changes)
qualitatively match those found for analogous proton-transfer
equilibria.’> »1 Thus, both protonation and HB formation at
an amino or pyridino nitrogen entail a marked efg decrease;
however, in the former case the change is much larger, ¥ &
being 1077-102.52> 3]

Other things being equal, the calculated HB distance (r)
and y.; variation (y&) increase in the series CF;OH <
PhOH < CF;CONHCHj3;, that is theoretical predictions are
remarkably dependent on the donor molecule. Hereafter, we
will only compare experimental and theoretical results
obtained with the same donor.

Generally, NMR measurements also report y & <1, but the
decrease of y. is larger than calculated. The effect of various
experimental factors is discussed below.

Effects of solvent, donor, and anisotropy of motion on
experimental efg changes: As we have seen, changes in the
molecular dynamics (7.) constitute a major source of T
change, which in fact agrees with the relatively small efg
changes calculated for HB formation. Even after correcting
for this, experimental T;s were found to depend on other
factors, as follows.

The decrease of y.; experimentally observed upon addition
of phenol is smaller in CHCl; than in CCl,. This behavior
likely arises from the weak but non-negligible HB donor
properties of CHCl,.1®l In fact, calculations for the H,C=O .-+
(HCCl;), complex yield & =0.86 even though r is 2.3 A,
while the same calculations with CCl, (where r is much
longer) yield y& =1.00, as expected for a non-interacting
molecule. Thus, if the solvent CHCIl; hydrogen bonds to the
acceptor, the assumption of having a free acceptor breaks
down, and its y.; in the “free” state is lower than assumed.
According to this hypothesis, the measured y & would be the
ratio between the complex with phenol and a complex with
CHCI;. For example, the decrease of efg for benzaldehyde
from CCl, to CHCl; is y& =0.71, which is definitely not
negligible. If this is the case, obviously the experimental
system becomes very difficult to compare with the calculated
one, since even a 2:1 complex can hardly be expected to model
a system in which the donor is the solvent itself.

A further complication regarding phenol concerns the
probable formation of hydrogen-bonded dimers or oligomers
of the type PhOH .-« O(H)Ph. The extent of this aggregation is
also solvent-dependent, as highlighted by the analysis of 3C
relaxation data of phenol (Table 2). On going from CCl, to
CHC;, these relaxation times become longer to a different
extent for each ring carbon (3 % for C-3, 52% for C-4), which
probably indicates that phenol oligomers dissociate in CHCl;.
If the phenol dimer acts as donor, the strength of the donor
OH is enhanced by the HB between the two phenol
molecules.”?l Calculations for the (PhOH),---py complex
show a decrease of y& from 0.80 to 0.75 with respect to
PhOH -+ py. Therefore, if the actual donor is the dimer (or a
related oligomer), smaller y & values than those predicted for
1:1 complexes should be expected.
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Hence, phenol is an inherently complicated system, since in
CCl, it is largely aggregated, while in CHCl; it is less so but the
solvent is not inert. Although aggregation cannot occur for
MTA, the same concerns regarding CHC, as solvent still apply;
in neither case the system lends itself to a simple modeling.

The correction for the anisotropy of motion generally leads
to a better agreement between experimental and theoretical
data, provided that the uncorrected values also follow the cor-
rect trend. In fact, if the experimental y & >1 the assumptions
for an evaluation of the complex structure (and for the
correction itself) fail. Interesting information about the aniso-
tropy of diffusion can be derived from the ratio A/B, which
gives a quantitative indication of the motional anisotropy.

Pyridine: Experimentally (in CCl,) x& = 0.69, the calculated
value being 0.80. The values become closer if the comparison
is made with the complex with the phenol dimer (y & = 0.75).
In CHCL; x & =0.75, in excellent agreement with the complex
calculated for the phenol dimer. The measurements with MTA
provide a better agreement between experimental (y& =
0.78) and calculated (0.81) values. For free pyridine, rotational
diffusion is isotropic (A/B = 1.0), while in the phenol complex
it becomes highly anisotropic (A/B =9.5). However, correct-
ing for the anisotropy of motion does not bring any
appreciable change to the results, which indicates that the
C-4 pyridine carbon provides by itself a reliable indication of
the dynamics changes occurring upon complex formation.

Nitriles: The y §; value for CH;CN with PhOH in CCl, (1.56) is
at variance with theoretical predictions (0.84-0.86). In this
case, the discrepancy stems from the inadequacy of NMR
data, since the relevance of 7,PP data for the cyano carbon is
uncertain, due to the very low NOE. For benzonitrile too, HB
with phenol causes an efg increase (y & = 1.13) rather than the
expected decrease (0.84). For the MTA complexes the change
(0.67) is instead in fair agreement with the calculated value of
0.85. Correcting for the anisotropy of motion does not
improve the phenol results, since they lack an acceptable
starting point. For the MTA complex, the corrected y & (0.72)
is closer to the ab initio prediction.

Carbonyl acceptors: Calculated y. values for 2:1 complexes
are always smaller than for 1:1 complexes, implying a higher
symmetry at the oxygen in the former. Use of these models
reduces the difference between experimental and theoretical
data, as detailed below. Therefore, it seems that carbonyl
acceptors indeed form HBs of this type to a large extent.
For PhOH/acetone, experimental results are once more
against theoretical predictions for the reasons seen for
acetonitrile. In order to circumvent these problems, benzal-
dehyde was studied. The experimental & in CCl, (0.63) is
smaller than the calculated one (0.89), but is, at least, < 1. For
the ternary complex y& =0.77, with a smaller discrepancy.
The solvent effect is analogous to that on pyridine; hence, on
switching to CHCI; y & becomes larger (0.80) and closer to the
theoretical value for the ternary complex. y&; is even smaller
for the MTA complex (0.83). The theoretical value (0.86) is
only slightly different, and the discrepancy becomes even
smaller after correcting for the anisotropy of motion (0.87).
Considering the ternary complex we again have an excellent
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agreement, the calculated y & being 0.79 versus a corrected
experimental value of 0.85. This correction does not bring
appreciable changes in the case of phenol complexes; hence,
also in this case the dynamics of motion probed by the C-4
carbon of the acceptor seem reliable.

Amides: a) DMF: Calculated y& values for the O- and
N-bound complex with phenol are not very different (O-
bound: 0.70 for 7O and 0.86 for “N; N-bound: 0.80 for 7O
and 0.88 for “N). The calculated values for the 2PhOH---
DMF O-bound complex (0.63 for 7O and 0.76 for '“N) are
lower. Experimental y & values in CCl, (0.63 for 17O and 0.72
for 1“N) are, in fact, in excellent agreement with the latter. On
the other hand, y& values in CHCI; are very close to unity
(1.02 for O and “N).

b) N,N-Dimethylbenzamide: In CCly, x& values are >1
(1.89 for 7O and 1.69 for '“N), and hence in disagreement
with the calculated values (0.88 for both 7O and “N in the
O-bound complex). Rotational diffusion is anisotropic for the
free acceptor (A/B=2.3-2.6), but becomes almost isotropic
for the complex with phenol (A/B = 1.1). This correction leads
to a marked decrease of y &, which, however, remain >1. In
CHCl;, y.; variations are smaller, as usual (0.83 for 7O and
1.17 for ¥N), and the value for oxygen becomes <1.
Correcting for anisotropy, x& values become <1 for both
nuclei (0.74 for O and 0.95 for “N). Diffusion remains
anisotropic for the complex with MTA (A/B=2.0) but
becomes again almost isotropic with phenol (A/B =1.2). For
the complex with MTA, the agreement between experimental
(corrected for anisotropy: 0.96 for 170O) and theoretical data
(0.92) is good; the results for the ternary complex are similar.

In all cases efg changes do not differentiate well between N-
and O-HB. This is not an important issue in itself, since O-HB
in amides is well established, but suggests that the easier to
observe N nucleus can be just as useful as 7O in probing
amide HB. However, one can expect difficulties due to the
rather small efg changes, especially for the 2:1 complexes
which seem to be a decidedly better model.

Conclusion

The formation of a hydrogen bond causes readily measurable
changes in the parameters of the NMR relaxation of the
quadrupolar acceptor nucleus. Therefore, a variation of efg
can reveal not only the formation, but also some structural
characteristics of the hydrogen bond, since it depends on the
change in the symmetry of the surroundings, and hence on the
position of the bridged hydrogen. Normally a decrease in the
relaxation time is observed, but this is entirely due to an
increase in the correlation time, which can be conveniently
highlighted through 13C relaxation. When this correction can
be done in a dependable way (i.e., when suitable *C nuclei are
available) the change in electric field gradient (x&;) can be
extracted from the observed 7 change.

Experimental and calculated y&; values are compared in
Figure 3. For most acceptors there is a very good agreement,
as can be appreciated by the comparison with the unit-slope
line. This is even more remarkable if one considers the small
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Figure 3. Comparison of calculated and experimental x&; values; the line
has unit slope. Data for the acceptor nucleus, except where indicated.
Theoretical model and experimental conditions are given for each acceptor
(denoted by the boldface number). 1, DMF (via O): a) 2:1 complex with
phenol, solvent CCl,, data for '7O; b) same data for “N; c) 1:1 complex
with MTA, solvent CHCl;. 2, pyridine: a) 1:1 complex with (PhOH),,
solvent CHCl;; b) 1:1 complex with MTA, solvent CHCI;. 3, benzaldehyde:
a)2:1 complex with phenol, solvent CHCl;, correction for anisotropy;
b) 1:1 complex with MTA, solvent CHCl;, correction for anisotropy; c) 2:1
complex with MTA, solvent CHCI;, correction for anisotropy. 4, N,N-
dimethylbenzamide (via O): a)2:1 complex with phenol, solvent CCl,,
correction for anisotropy; b) 1:1 complex with MTA, solvent CHCl;,
correction for anisotropy; c)2:1 complex with MTA, solvent CHCl;,
correction for anisotropy. 5, benzonitrile: 1:1 complex with MTA, solvent
CHCI;, correction for anisotropy.

range spanned by the values (0.6-1.0). For two acceptors
(benzonitrile and N,N-dimethylbenzamide) the agreement is
much less satisfactory. At present, we can only account for these
discrepancies as due to averaging over other HB structures
(e.g., higher complexes than 1:1 or 2:1, or with different
geometries of approach) that may be present in solution but
are not correctly modeled, which further highlights the need
of properly selecting a theoretical model. Thus, the combined
theoretical/experimental approach adopted seems generally
adequate to model efg changes occurring upon HB formation,
as long as one keeps in mind the large structural variability
and the complex dynamics of these HB complexes.

We finally remark that any future application of this
method to large molecules shall cope with very broad line
widths due to their slow motion. However, as pointed out by
Germann et al.,[*! at currently available high magnetic field
strengths (>17.6 T) certain nuclear transitions of half-integer
quadrupolar nuclei give rise to relatively narrow signals,
which opens the way to an extension of the concepts
presented herein to such systems.

Experimental Section

Reagents and solvents: Commercial phenol, CCl,, CHCl;, CH;CN,
pyridine, acetone, DMF, and methyl trifluoroacetate were purified by
standard methods. O-enriched water (Yeda, O =10.4%, O =56.8%)
and remaining compounds were used as received. N-Methyltrifluoroace-
tamide (MTA) was prepared by aminolysis of methyl trifluoroacetate with
methylamine.*

Synthesis of "O-enriched N,N-dimethylbenzamide: a) "O-Enriched ben-
zoyl chloride:*] To a well-stirred mixture of PhCCl; (8 mL, 56.5 mmol) and
FeCl;-6H,0 (0.02 g, 74 umol) heated at 110°C and protected by a reflux
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condenser, 7O-enriched water (0.8 mL, 43.5 mmol) was added dropwise by
means of a syringe within 90 min. Distillation at reduced pressure yielded
PhC7OCI (5.04 g, 79% ). B.p. 70°C; GC-MS: miz (%): 144 (1), 142 (4), 141
(1), 140 ['°O — M]* (2), 108 (6), 107 (82), 106 (19), 105 (51). By comparison
with a natural abundance sample [m/z (%): 142 (1), 140 [M]* (4), 106 (7),
105 (100)], an 'O content of 11 atom % was estimated.

b) A mixture of of PhC7OCI (4.84 g, 34.4 mmol) and DMF (6.09 g,
83.3 mmol) was heated under reflux under stirring at 155°C for 3 h. The
product was distilled at reduced pressure (b.p. 80-94°C) and yielded
PhCONMe, (0.33 g, 79%).41 GC-MS: m/z (%): 151 (4), 150 (13), 149
['*O — M]* (20), 148 (50), 119 (1), 108 (1), 107 (21), 106 (12), 105 (100). By
comparison with a natural abundance sample [m/z (%): 150 (2), 149 [M]*
(16), 148 (46), 119 (1), 106 (8), 105 (100)], an 7O content of 3 atom % was
estimated.

NMR and IR measurements: *C-NMR experiments were carried out on a
Bruker AC 250 (5.9 T, 250.1 MHz for 'H, 62.9 MHz for C). N and 7O
experiments were performed on a Bruker AM 400 or Avance DRX 400
(9.4 T; 400.13 MHz for 'H, 28.91 MHz for "N, 54.24 MHz for 70). Some
“N-NMR experiments were carried out on a Bruker Avance DMX 600
(14.1'T, 43.35 MHz for "“N). All spectra were recorded at 298 K in 10 mm
tubes for N and 7O (natural abundance) spectra or 5 mm tubes for 7O-
(labelled samples) and *C-NMR spectra. Measurements in chloroform
were performed with CHCI; (N, 170O) or CDCI; (**C). Samples for *C were
degassed with three freeze—pump-thaw cycles. N and O T;s were
determined by inversion-recovery, with acoustic ringing suppression!*’]
where necessary, and *C T;s by saturation-recovery. “N- and 7O-NMR
chemical shifts are externally referenced to neat CH;NO, and H,O,
respectively. Kinematic viscosities were determined using an Ubbelohde
viscometer at 2540.01°C.

FT-IR measurements were performed on a Perkin — Elmer 1600 instrument
with a 1 mm BaF, cell (resolution 4 cm™!, 256 scans). We monitored the
phenol O—H stretching peak (ca. 3610 cm™! for the free donor, and lower
wavenumbers for the complex).l' 'l For MTA we observed the free N—H
stretching peak at 3460 cm™' for (vs. 3300 cm™' for the complex). The
complex mole fraction (xyg) was determined directly from measurements
on a solution at the concentration and ratio of interest.

Experimental procedure: The relaxation times 7 for the acceptor nuclei
(**N and 0), as well as the 7} and NOE of a suitable '*C nucleus in the
acceptor, are determined before and after adding an equivalent amount of
donor. The incomplete formation of HB is accounted for as follows. Under
fast-exchange conditions, the observed relaxation rate in the presence of
the donor is given by a weighted averages like R, = R,"x+R,"Bxyg, or R, &
2T+ B HBxyg. The observed dipolar relaxation rate is likewise given
by R,°P = RPPx;+R,PPHBy . Substituting these equations into y{8/y & =
(T,%'T,18)(z %/ HB), Equation (2) is obtained. If xyg is independently
known, for example from FT-IR measurements, Equation (2) can be
evaluated to yield y &
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Quantum Chemical Modeling of Through-Hydrogen Bond Spin — Spin
Coupling in Amides and Ubiquitin**

Alessandro Bagno*!#!

Abstract: Through-hydrogen  bond
spin —spin coupling has been investigat-
ed computationally in the formamide
dimer and in fragments of the protein
ubiquitin. The Fermi-contact term was
calculated by finite perturbation theory
with the B3LYP DFT method with
several basis sets. The distance and
angular dependence of the */yc cou-
pling constant (N—H-+O=C) in the
hydrogen-bonded formamide dimer
was firstly examined for a wide range

to the stability of the dimer. The magni-
tude of 3Jyc is relatively insensitive to
the dihedral angle between the two
amide planes, whereas values between
1-2 Hz are calculated for a variety of
arrangements, including non-linear hy-
drogen bonds, in agreement with the
shape of some occupied, low-lying mo-

Keywords: ab initio calculations -
amides - NMR spectroscopy - pep-
tides - spin-spin coupling

lecular orbitals which connect donor and
acceptor. Then, fragments of the ubig-
uitin protein (for which such coupling
constants are experimentally available)
were generated by removing from the
experimental structure all amino acids
except those involved in hydrogen bond-
ing, and coupling constants were calcu-
lated for such fragments. Although cal-
culated %/ values are sometimes over-
estimated, they generally correlate with
the corresponding experimental values.

of mutual arrangements, also in relation

Introduction

The secondary structure of biomolecules is largely dictated by
the formation of specific hydrogen bonds (HB) between, for
example, amino acid or nucleic acid residues; in peptides, the
amino acids involved may be quite far apart in the primary
structure, that is separated by a large number of covalent
bonds. Normally, the existence of a specific HB is inferred
indirectly from the spatial proximity of the donor and
acceptor moieties, as probed by X-ray crystallography or
NMR measurements.['l Hence, there is a long-standing need
for a method capable of directly probing the existence of a
HB. Very recently, scalar coupling between nuclei separated
by a HB have been successfully probed by NMR methods.
Thus, the observed '"H-"3Cd coupling in rubredoxin was
found to be mediated by a NH-.-S(Cys) HB, and “"N—-H ..
BN coupling between base pairs in DNA and RNA was
demonstrated by means of various 2D-NMR techniques.[*-!
Likewise, *C-"N couplings in proteins (Jyc, "N—H-e-.
O=13C),l681 B’N-F couplings in a collidine/HF complex!)

[a] Dr. A. Bagno
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under http://www.wiley-vch.de/home/chemistry/
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and “F-'H couplings in (HF), clusters!'”) were observed.
Whereas internucleotide couplings (3/yy) are about 7 Hz,
known interresidue couplings in proteins never exceed 1 Hz;
both require special NMR techniques, as well as isotopic
labeling, to be detected.

Of course, the determination and the understanding of such
couplings bear a considerable interest from both a funda-
mental and practical viewpoint, since they help elucidating
the nature of the hydrogen bond, and also provide a very
valuable tool for structure determination in solution, since
this interaction unambiguously singles out the atoms involved
in the HB. Hence the importance of predicting these
couplings, with the aim of understanding their origin and
their structural dependence. Given our current interest in
NMR probes for solvation and hydrogen bonding,['" 2 we
have undertaken a theoretical study of 3y couplings in a
model system (formamide dimer), and a protein in its
experimental conformation (ubiquitin) for which such cou-
plings are experimentally available.["]

Results

An excellent review on the calculation of scalar couplings by
ab initio quantum chemical methods has been recently
published.™ For light atoms, the major contribution to
spin—spin coupling is the Fermi-contact (FC) interaction.
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The latter can be reliably calculated by finite perturbation
theory (FPT), as demonstrated for boranes!'¥ and DNA base
pairs.’! Although accurate calculations have shown that for
the water dimer the paramagnetic spin—orbit term is not
negligible,™ recent calculations®! on the N-methylacetamide
dimer have emphasized that the FC term accounts for 96 % of
the total magnitude of 3/ . The effect of electron correlation,
and in particular of density functional theory, on the
calculation of coupling constants was emphasized.? * 1310
Therefore, the calculation of the FC term at a correlated
level of theory seems to be adequate for this purpose.

J coupling in the formamide dimer: The scalar coupling
between amino acids was firstly investigated in the formamide
dimer model system. Although accurate calculations have
been run on a similar system (N-methylacetamide dimer),!'"!
only a limited series of spatial arrangements of the two
molecules was considered. In particular, the possible effect of
the non-coplanarity of the two amide systems (a common
arrangement in proteins), and the relationship between
stability of the HB and the magnitude of coupling, were not
considered. Moreover, the behavior of this system was taken
to be a model of through-HB couplings in proteins, even
though the environment provided by the protein interior is
expected to play a role.

Hence, we determined the energy and spin—spin coupling
constants for the dimer of formamide in a variety of arrange-
ments, as depicted in Scheme 1. A similar study, dealing with

Hu\ /H12
r Nio
| 2
Cg\
Qs/ His
O TN
AN
Ha 90°Hs
o
C1—N;
7\
Oy He

Scheme 1. Geometry and numbering system of the formamide dimer. X7 is
a dummy atom (located at an arbitrary distance from HS5 and forming an
angle of 90° with N2), needed for the optimization in internal coordinates
to work even with a linear hydrogen bond (¢=90°). The system
represented is the planar one, i.e., with d (X7-H5-O8-C9 dihedral) =0°;
the H5-X7 vector lies in the N2-H5-O8 plane.

the interaction energy of formamide and N-methylacetamide,
emphasized that the dependence of the HB binding energy on
torsion angles is stronger than in formamide, owing to the
larger steric bulk in the former.['”)

All coupling constants are calculated for the 'H, PN, 7O,
and *C nuclei. For brevity, herein we present these results in a
graphical form only. The full data set (internal coordinate
system, energies and coupling constants as a function of r, ¥,
¢, and d) is contained in the Supporting Information. All
calculated 3Jy values are negative,’® %1 and are compared
with experimental data as absolute values.
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In the following calculations, the internal coordinates of
each individual HCONH, molecule were kept fixed at the
values resulting from a preliminary unconstrained B3LYP/6-
311G(d,p) optimization.

Firstly, the potential-energy (PES) and coupling surface was
scanned as a function of a) r (H5—O8 distance) between 1.7 and
2.1 Ain 0.1 A steps; b) y (H5-O8-C9 angle) between 135 and
180° in 5° steps; ¢) d (X7-H5-O8-C9 dihedral) between 0 and
180° in 5° steps. The angle ¢ (X7-H5-O8) was kept fixed at the
value of 79.6°, that is the value resulting from the preliminary
optimization (N2-H5-O8 angle 169.6°). In this way, the depend-
ence on the torsion angle between the two amide system
planes could be investigated. Since it became apparent that
the torsion angle d has little influence on the magnitude of the
coupling constants (see below), a new scan was run assuming a
planar system (d =0°) and examining only the influence of r,
1 (varied as before), and ¢ (varied between 30 and 150° in 30°
steps). Energy and coupling constant calculations were run
with the RB3LYP or UB3LYP method, respectively, with the
6-31G(d,p) basis set. The binding energies were calculated as
E,=2E(HCONH,) — E(dimer). Even though the scope of
this work requires only relative energies, it is useful to obtain
the basis set superposition error (BSSE) in the calculated E,
values. To this effect, we also carried out counterpoise calcu-
lations!'®! on a sample of the PES (¢ =90°, y =135°, d =60,
r=17-21A). Whereas the uncorrected binding energies
increase from —5.4 to —7.1 kcalmol~! upon increasing r, the
corresponding corrected values lie between —3.7 and
— 5.8 kcalmol~!, with a BSSE of ca. 1.5 kcalmol~! not much
dependent on r (at least in the narrow range investigated).
Hence, although HB energies should be shifted accordingly,
the BSSE will not affect the general features of the PES.

The potential-energy and coupling surfaces of the second
scan (d =0°) are collected in Figure 1 and Figure 2 as contour
maps, blue and red regions representing stabilizing/weak
coupling and destabilizing/strong coupling, respectively.

The energy and coupling information is shown together in
Figure 3, where the coupling surfaces (excluding that with
¢ =30°, which is largely repulsive) are color-coded according
to the binding energy. Thus, blue and red regions of the
surface represent stabilizing and destabilizing interactions,
respectively, for a given magnitude of the coupling constant.
From that Figure one can appreciate the bell-shaped depend-
ence of J on the angle 1, with a maximum at about 150°, and
the smooth decrease with increasing r. Given the flexibility of
this system, and hence the dependence of J on several
variables, it is not possible to reduce it to a simple functional
form like the Karplus equation. However, the families of
curves obtained can be fit to second grade polynomials against
r for all ¥ values (and vice versa), thus obtaining empirical
relationships which allow the estimation of J as a function of
the relevant geometrical parameters. A sample of such
polynomial coefficients is presented in Tables 1 and 2 for
the case ¢ =90°, d =0° in the form J(y), = ay+a, siny+a, sin’y
(r=17-21A) and J(r), =by+b, r+b,r* ( =135-180°).

We finally note that the coupling between N2 and other
nuclei in the acceptor formamide molecule beyond C8 (N10,
H11, H12) is negligible (see below for the through-HB
coupling to O).
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Some molecular orbitals
(HOMO-10, HOMO-11 and
HOMO-13) of the formamide
dimer with substantial density
in the HB region are depicted
in Figure 4. Since the system
has 24 occupied MOs, the three
above ones are fully occupied
and rather low-lying in energy
(#14, #13, and #11, respective-
ly); they also have approxi-
mately ¢ symmetry. On the
other hand, no MO having =
symmetry connects the two in-
teracting molecules.

Figure 1. Potential-energy surfaces [kcalmol~] of the planar formamide dimer (d = 0°) as a function of r [A] and

y for ¢ =30-150° (RB3LYP/6-31G(d,p)). a)—e): ¢ =30, 60, 90, 120, 150°. For clarity, axis labels (the same for all
plots) are given only on plot a). Red and blue correspond to stabilizing and destabilizing regions, respectively.

180

16840

150
140

1T

18

Figure 2. Coupling surfaces (*Jyc/Hz) of the planar formamide dimer (d=0°) as a function of r [A] and v for
¢ =30-150° (UB3LYP/6-31G(d.p)). Red and blue correspond to strong and weak coupling, respectively. See

caption to Figure 1.

o [Hz)

ik L)

Figure 3. Coupling surfaces (*/yc/Hz) of the formamide dimer for d =0°
and ¢ = 60—150° as a function of r [A] and y (UB3LYP/6-31G(d,p)), color-
coded with interaction energy (kcalmol~') according to the color bar at the
right. The foremost (blue) surface is for ¢ =60°.
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J coupling in ubiquitin: Cou-
plings in ubiquitin were firstly
investigated by examining some
weak intraresidue coupling
constants in the V17 (¥/yc),
D32 and N60 (*Jy”) residues.
i The input geometry was ob-
tained from the X-ray structure
of ubiquitin! by removing all
" amino acids except the one of
interest, and replacing the two
adjacent ones by -COCH;
1 groups, thereby retaining the
original structure and confor-
mation in the fragment studied.
J values were calculated at the
UHF or UB3LYP/6-31G(d,p)
1 levels and are reported in Ta-
ble 3; as will be detailed later,
this basis set is an optimum
trade for accuracy versus cost.
Although HF values are over-
estimated (by a factor of ca.
two), the correlation with experimental values is very good.
DFT values are much closer to experiment, but the correla-
tion is slightly worse (see Figure 5).

Input geometries for interresidue couplings were obtained
in a similar way, that is all amino acids were removed except
the two H-bonded ones, and all four adjacent residues
replaced by -COCHj; groups. In this way, not only the original
conformation is retained, but the effect of the environment is
partly introduced, which was suggested to be an important

18 21

Table 1. Polynomial coefficients for the dependence of 3/yc [Hz] on the
angle y for various hydrogen-bonding distances r [A].12

r a a a,

1.7 1.98 0.8 -32
1.8 1.48 0.6 -23
1.9 1.14 0.4 -1.7
2.0 0.82 0.5 -1.6
2.1 0.59 0.5 -12

[a] J(y)=ay+a;sinyp+a,sin*y; ¢ =90°. See text and Scheme 1 for symbol
definitions.
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Table 2. Polynomial coefficients for the dependence of 3Jy [Hz] on the
hydrogen-bonding distance r [A] for various y angles.l?!

Y by b b,

135 9.2 -72 14
140 14.8 —12.9 2.9
145 18.1 —159 3.6
150 18.9 —-16.3 3.6
155 222 —19.3 4.3
160 22.6 —19.5 4.3
165 25.8 —-22.5 5.0
170 22.7 —19.5 4.3
175 18.0 —14.3 2.9
180 25.8 —22.5 5.0

[a] J(r) =bo+b r+b,r*; ¢=90°. See text and Schemel for symbol
definitions.

Figure 4. Three occupied molecular orbitals of the formamide dimer
(RHF/6-31G(d,p)): a) HOMO-10 (MO #14); b) HOMO-11 (MO #13);
c) HOMO-13 (MO #11).

Table 3. Intraresidue scalar couplings [Hz] in ubiquitin.[!

Residue Type Exptl. Calcd (HF) Calcd (DFT)
V17 2N 0.50 1.1 -03
D32 3ne 1.32 -3.0 -24
N60 SN 1.28 -28 -19

[a] Geometries from ref. 1Y, experimental coupling constants [Hz] from
ref. 1. Calculated values at the UHF or UB3LYP/6-31G(d,p) level.

factor.l'l The performance of some method/basis set combi-
nations (which can be practical for systems of this size) was
tested on the E64—Q2 fragment (Table 4).

The DFT method leads to markedly lower values of Jyy
than with HF, but the interresidue couplings 3/yc are
essentially converged to —1.0 (HF) or —12Hz (DFT)
regardless of whether the
6-31G or 6-311G basis (aug-
mented in various ways) is used.
The values of 2/yo (N—H---O)

are essentially converged t0  ypiquitin fragment.

Calculated J[Hz]

00 02 04 06 08 10 12 14
Experimental J [Hz]

Figure 5. Calculated and experimental couplings [Hz] in ubiquitin frag-
ments at the UHF or UB3LYP/6-31G(d,p) level. Experimental data are
reported as absolute values. Intraresidue couplings (see text): HF (filled
squares, solid line), DFT (filled triangles, dotted line). Interresidue
couplings, *Jyc: HF (open squares, solid line); B3LYP (open triangles,
dotted line). The unavailable experimental value for K33—K29 has been
arbitrarily set to zero. The data points for K27—I23 are not connected with
the respective lines.

6-311G(d,p) basis. This is an important issue, since modeling a
more extended peptide portion may be feasible without
prohibitive computational costs.

In view of the expected sensitivity of the FC term to
electron correlation effects,'> 1 we ran all further calcula-
tions at the UB3LYP/6-31G(d,p) level.

The geometry of several HBs for which experimental inter-
residue couplings were available are collected in Table 5, and
plotted against experimental data in Figure 5. Notably, K33-
K29 coupling was not observed (implying a value <0.25 Hz").

Discussion

Formamide dimer: The PES of the first scan are remarkably
similar for all d values (see alsol'”l), maximum stabilization
(E, ~ —7kcalmol') being reached at r ~2.0 A and =
135-140°; the least stabilizing region lies at r=1.70—1.75 A,
with a relatively flat region between 1.8—-2.0 A for nearly
every value of 1. The values of *Jy¢ (roughly between 0.5 and
1.9 Hz) decrease smoothly with increasing r, the slope being
larger for lower vy values. Given the strong dependence on r,
the strongest coupling are expected for the least stable
arrangements (r=1.70—1.75 A, 1 = 160—180°).

The potential-energy and coupling surfaces of the second
scan (d =0°) are collected in Figure 1 and Figure 2. They are

Table 4. Method and basis set effects on the calculated values of Jisy_x (X ="H, 7O or '*C) [Hz] in the E64—Q2

71-72Hz with all methods

Donor/Acceptorl? UHF UB3LYP Exptl.
except UB3LYP/6-311G(d,p), il P
which yields a significantly 6-31G(d) 6-31G(d,p) 6-311G(dp) | 6-31G(d) 6-31G(d,p) 6-311G(d,p)

1l | 6.3 Hz). H E64"N-Q2C’

Smatler value (6.3 Hz). Howev- U —958 —92 1074 781 747 ~87.1
er, with regard to the *Jyo 2/ 71 71 72 7.1 7.1 6.3
couplings we can conclude that ¥yl -10 -10 -11 -12 -12 -11 0.8
there i.S no S.igniﬁcant advant- [a] According to this notation (after ref. ("), E64 is the N—H donor and Q2 the carbonyl acceptor. [b] Yy in the
age in using the larger  donor. [c] ¥yo in N=H - O. [d] ¥/yc in N-H... O=C.
2928 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000  0947-6539/00/0616-2928 $ 17.50+.50/0  Chem. Eur. J. 2000, 6, No. 16
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Table 5. Geometry of hydrogen bonds, experimental and calculated scalar couplings Jisy—x (X ="'H, 7O or *C)

[Hz] in ubiquitin fragments.l?!

From an examination of Fig-

ure 3 it becomes apparent that,

Donor/Acceptor  r®'  NHO angle HOC angle Torsion Secondary  HF DFT Exptlll  within the scope of the current
anglell  structure model system, one can expect J
E64"N-Q2C’ 1.84 1553 174.0 59 random coil couplings of the order of 0.5-
Vxn -922 747 1.5 Hz, the maximum values
2 . o
;NO Z(l) I; 08 being reached for r ~1.8 A
ne ) ' ' ' and 9 ~160°, where the HB
R72N-Q40C' 174 1632 141.8 47 random coil . . L o
. 911 _745 interaction is still stabilizing.
2 ]Njo 3.6 82 The picture is somewhat differ-
Une -06 09 03 ent for ¢ =60° (NHO angle
F4"N-S65C’ 1.88 165.1 169.0 24 B-sheet 150°; the foremost surface in
U —-1003 839 Figure 3), for which the de-
Ixo 6.7 7.0 .
57 pendence on ¥ is much smaller
e —-0.8 —1.0 056 dth ) ¢ )
K27"N-123C19 202 169.9 152.8 141 a-helix and the values of /are larger on
U 880 —708 the average.
2Jxo 37 3.6 Having established that
Ine -04  -04 050 through-HB couplings can in-
K33UN-K29C’ 2.03 156.8 143.5 99 a-helix deed be calculated for a model
1 _ _ . .
Ixn 882 —709 system in a reliable way (see
2Tvo 38 37 4 £y th .
T ~03  -03 [f] also ref. ), the questlon.re-
I234N-R54C’ 192 1558 1757 47 random coil mains of why such couplings
U 95 —1755 should be observable at all. In
no 5.4 5.7 fact, the three molecular orbi-
Une —-08 09 050 tals of the formamide dimer

[a] At the UHF or UB3LYP/6-31G(d,p) level. See footnotes [a]—[d] to Table 4. Geometries from ref. !°l. [b] OH
distance in A. [c] Approximate torsion angle between amide planes. [d] From ref. [7l. [¢] Lysine side chain in
protonated form (as in the experimental structure). For the neutral form, the corresponding values at same level
are: Yyy=—71.3, 2 o =3.6, 3Jyc=—0.5 Hz. [f] Not observed (<0.25 Hz).

rather different according to the value of ¢. Thus, for ¢ =30°
(in a relatively strained arrangement, since the two molecules
may be very close) most of the PES is repulsive, by 2 -37 kcal
mol~L. Although such arrangements are obviously unlikely to
be met in practice, it is of interest also to explore this part of the
coupling surface in order to set an upper limit of these coupling
constants. In fact, the strongest couplings (>4 Hz) are expected
for this arrangement. The interaction becomes weakly stabi-
lizing only when r>2.0 A, 1 > 150°. In this region, however,
3Jxc reverts to “normal” values of about 1 Hz. The general
trend is a decrease of J upon increasing r and .

The PES for ¢ =60-120° are qualitatively similar to each
other; there is no repulsive region, and the interaction
becomes more stabilizing upon increasing r, with a small
influence of 3. For ¢ =150° the PES becomes repulsive at
short (r < 1.8 A) values, presumably for the same reasons seen
for ¢=30°. The coupling surfaces show values ranging
between 0.5 and 2 Hz, and show a noticeable dependence
on . Thus, *Jy values go through a maximum at i about
150-160°, but the 1.5 Hz region (red region in Figure 3) is
broader and almost independent of 1 if ¢ = 60°, while for ¢ =
90-150° the red region lies at y > 150°. Hence, although large
J values (ca. 2 Hz) are found for ¢ =90°, y =180° (i.e., a fully
linear N—H .- O=C group),['®l similar values are also found
when the HB substantially deviates from linearity. Thus, J
values between 1.8-2.0 Hz are also found for ¢ =60-150°,
provided that r < 1.8 A and 1 >150° (red regions in Figure 2).
Therefore, a linear HB is not necessary to have strong
couplings.

Chem. Eur. J. 2000, 6, No. 16
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depicted in Figure 4 which con-
nect the two interacting mole-
cules are probably responsible
for the transmission of cou-
pling; their o symmetry (and
especially the lack of t MOs with this property) is consistent
with the scarce dependence of 3/yc on the torsion angle
between the two amide planes discussed before. The con-
nection between such observations and the bonding character
of the HB (covalent or electrostatic), however, awaits further
studies.?%

Ubiquitin: Although the magnitudes are again overestimated,
there is a good correlation (with one exception; see below)
between calculated and experimental 3/yc values. The
correlation is, however, of similar quality with both DFT
and HF methods (Figure 5). In the case of K27—-123 the
calculated couplings are much smaller than found. We
investigated the possible effect of the state of ionization of
the lysine side chain in K27 (i.e., whether as -NH, or -NH;"),
but this is not relevant in determining the interresidue
coupling, since we calculated identical values in both systems
(Table 5). Given the good performance in all other cases, at
present we cannot give an explanation in terms of errors in the
calculations. It is possible that a) the actual conformation (and
in particular the HB distance) of this part of the peptide
molecule in solution is appreciably different from that in the
solid state, or b) the experimental value should be revised
(this appears much less probable, in view of the relatively
large coupling constant observed). In either case, this problem
highlights the fact that FC calculations are sensitive enough to
furnish complementary data to experimental NMR measure-
ments.
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All experimental couplings fall within 0.3-0.8 Hz,[8 with
hydrogen bonds having r between 1.8-2.0 A and and NHO
angle between 155-170° (¢=65-80°). From the model
calculations one would expect 3/y ~1 Hz for such arrange-
ments, which is consistent with the values found (when the
overestimation is taken into account). Apparently, the failure
to detect a coupling constant for K33—K29 stems not only
from the longer HB distance (r=2.03 A), but from the value
of 1 =143.5° as well, which place this system in a region where
calculated couplings are indeed weak (0.5-0.7 Hz). In other
words, there is a definite angular dependence of J coupling
beyond the distance dependence. Accordingly, even though
Bax et al.®l could correlate the HB length with 3/, the
correlation showed considerable scatter (which was attributed
to uncertainties in the X-ray structure, but may actually be
due to the neglect of angular dependence). In fact, there is no
well-defined correlation of 3/ values!”l versus either r, y or
¢, whereas (as judged from the few available data) the two-
variable correlation of */y versus (r,) is somewhat better
than with versus (r,¢) (data not shown).

Conclusion

The calculation of the Fermi-contact term appears to be a
reliable method for the prediction and the understanding of
through-HB couplings between amide groups. By making use
of a relatively simple model system and peptide fragments in
the appropriate orientation, one can make reasonable pre-
dictions of interresidue J couplings. It is then easy to foresee a
rapid development of this area, for example a) improving the
agreement with experimental values (this may require the
inclusion of all other terms contributing to the coupling);
b) further validating the reliability of these calculations in
other cases. Eventually, the ability to establish the relationship
between coupling constants and geometrical arrangement
may provide a new type of constraint for molecular dynamics
simulations, analogous to the NOE values that are now in
common usage.

Computational Details

The Fermi-contact contribution to the scalar coupling constant between
two nuclei M an N is calculated by FPT as in Equation (1):5 1421

J <pl)>2 h (8:1[3)2 1 1B )
MN = az) 22\ 3 as VMVNA FC

where g, is the magnetic permeability of vacuum, 3 is the Bohr magneton,
a, the Bohr radius, A the applied perturbation (generally 1073 au; the
calculation is insensitive to the actual value?), y; the magnetogyric ratios
of the involved nuclei, and By the calculated Fermi-contact term in atomic
units. The calculations were run with Gaussian 98 using spin-unrestricted
HF or DFT (B3LYP)?* 2l methods (selected through the Field keyword).

Tight SCF convergence criteria were always employed, since the results
were markedly different otherwise.
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An Experimental and Ab Initio Study of the Nature of the Binding in
Gas-Phase Complexes of Sodium Ions

T. B. McMahon*"! and Gilles Ohanessian*!?]

Abstract: Fourier transform ion cyclo-
tron resonance (FT-ICR) ligand ex-
change equilibrium experiments have
been used to establish a relative scale
of sodium binding free energies of about
fifty organic molecules. Ab initio calcu-
lations yield accurate enthalpies and
entropies of complexation for a new set

erable insight into the nature of sodium
ion binding. We found that when the
binding site is a first row atom, the
sodium ion aligns with the molecular
dipole axis in order to maximize
charge —dipole electrostatic interac-
tions. Strong deviations from this behav-
ior occur when the ion is attached to a

heavier atom such as sulfur, chlorine or
bromine. For flexible molecules such as
the isomers of butyl chloride, there are
several isomers of low energy, and
differences exist between the enthalpy
and free energy orders of stability.
Finally, sodium ion affinities have been
obtained for several aromatic molecules

of 30 molecules. These calculations es-
tablish an absolute basis for the relative
experimental free energy scale. In addi-
tion, they provide structural information
for the complexes which permits consid-

sodium

Introduction

Due to the importance of sodium compounds in organic
chemistry and biochemistry, and to the use of sodium
complexes in mass spectrometric studies, there has been a
heightened recent interest in the study of the energetics of
binding of sodium ions to organic and biological molecules in
the gas phase. A compilation of experimental and computa-
tional data up to 1998 has recently been published.l'l Two
studies have also succeeded in establishing both relative and
absolute scales of sodium binding energies to organic
molecules in the gas phase.l"? The knowledge of accurate
binding interactions to many small molecules is required to
predict where, in a polyfunctional molecule, sodium cationi-
zation might occur. For example, in para-amino benzoic acid
there are three possible sites for sodium complexation: on the
amine nitrogen, on the carboxyl oxygens, or on the aromatic
ring. On the basis of the sodium ion affinities recently
determined,l? it might be predicted that sodium will
associate most favorably with the acid function in the
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which lend support to the importance of
charge —quadrupole interactions in such
cation— complexes.

molecular plane with a favorable alignment with the molec-
ular dipole moment. While several key functional groups have
been studied, the coverage has by no means been exhaustive
and several important groups would be of considerable
interest. In addition, relatively little discussion has been
directed toward a more detailed view of the nature of the
bond formed to Na*. We have therefore undertaken the
current study to extend the range of types of molecules as well
as to provide quantitative insight into the factors affecting
structure and binding energetics in sodium ion complexes in
general. Fourier transform ion cyclotron resonance (FT-ICR)
ligand exchange equilibrium experiments have been used to
establish a relative scale of sodium binding free energies of
about fifty molecules. In addition, ab initio calculations have
been carried out for a new set of 30 molecules to yield
accurate enthalpies and entropies of complexation. This then
establishes an absolute basis for the relative experimental free
energy scale. In addition, such calculations provide structural
information for the complexes which permits considerable
insight into the nature of sodium ion binding.

Experimental and Theoretical Section

Experimental details: FT-ICR experiments were carried out on a Bruker-
spectrospin CMS-47X spectrometer. Instrumentation and techniques of
FT-ICR experiments have been described in detail previously.[* 4

Metallic sodium was placed in the sample holder of a direct insertion probe
and heated to ~400°C. Ionization by 14 eV electrons in the external ion
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source resulted in the exclusive production of Na*. The sodium ion thus
generated was transferred to the FT-ICR cell where it was trapped and
allowed to react with tert-butyl chloride via elimination of HCI, yielding the
sodium ion adduct of isobutene, see Equation (1). This reaction has been
previously shown by Allison and Ridgel’! to be an effective means of
generating sodium adducts of small molecules. The Na*(i-C,H;) adduct
thus formed subsequently reacts:

Na* + -C,H,Cl — Na*(i-C,Hy) + HCl 1)
Na*(i-C,Hy) + -C,H,Cl — Na*(+-C,H,Cl) + i-C,H 2
Na*(t-C,H,Cl) + H,0 — Na*(H,0) + 1-C,H,Cl 3)

with the parent neutral to generate the sodium ion adduct of tert-butyl
chloride, Equation (2). Both reactions occur at the collision rate. Typical
variation of ion intensities with trapping time is shown in Figure 1. The

1.0
Na* + tert—butyl chloride
08 I\ gt
>
= 3
v
c
o 06
]
£ | Na( t—C4HeCl)*
) v v
.2 o 4 -
R Na(H,0)*
o L
oc
02 F
Na(i—C4Hg)*
0 1 I 1 1 1 n
0 2 4 6 8 10

Time / s

Figure 1. Variation of relative ionic abundances with reaction time for the
sequence of reactions used to generate Na* complexes. The pressure of tert-
butyl chloride is 1.3 x 1078 mbar and that of CH,, present as a thermalizing
agent, is 5.8 x 1077 mbar. The pressure of water, introduced as an impurity
in the CH, is 1.7 x 10~° mbar.

appearance of the sodium ion adduct with H,O is due to the sodium ion
transfer to water, Equation (3), introduced in the FT-ICR cell as an
impurity in CH, which was used as a thermalization reagent. The
background pressure of water in the ICR cell is on the order 2 x
10~ mbar, however, this displacement reaction also occurs at the collision
rate; this leads Na*(H,O) to become the dominant ion after 10 s. However,
when a species such as CH;CN is also added to the FT-ICR cell in
considerable excess the temporal behavior shown in Figure 2 results. Since
the CH;CN is in considerable excess and has a sodium ion affinity greater
than that of water, the Na*(i-C,Hy) reacts more rapidly than it is formed,
leading to the efficient appearance of the Na®(CH;CN) complex.
Significantly, no appreciable amount of Na*(+-C,HyCl) nor Na*(H,O) is
observed at any reaction time. If two species such as CH;CN and
(CH,;),CO, with comparable sodium ion affinities are added to the cell, a
sodium ion transfer equilibrium, Equation (4), can be established such as
that shown in Figure 3. If the ratio of pressures of CH;CN and (CH;),CO is
known, these, together with the equilibrium abundances of the two
complexes, can be used to calculate the equilibrium constant, K., for the
sodium transfer, Equation (5). Pressures of each of the neutrals were
determined using ionization gauge readings corrected for the polarizability
of the molecule involved. Previous experiments in this laboratory have
shown that this leads to very accurate pressure determinations.’! From this
equilibrium constant, the free energy change can then be calculated,
Equation (6). In this way a number of sodium ion transfer equilibrium
measurements could be carried out to permit the construction of a scale of
relative sodium ion binding free energies.

2932 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

1.0
Na*(CH,CN)

0.8}
> 06}
‘@
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£ 04t

Na*
0.2}
Na*(C,4Hg)
oo 1 1
0 2 4 6 8 10
Time / s

Figure 2. Variation of relative ionic abundances with reaction time for the
sequence of reactions used to generate Na*(CH;CN) adducts. The pressure
of tert-butyl chloride is 1.2 x 10~® mbar and 1.5 x 10~7 mbar for CH;CN.

0.8
> Na+
‘@ Na*[(CH,;),CO]
=
o 06|
=
[
Z 04
8
[ v v v
o v
02 L v Na*(CH5CN)
v
Na*(C4Hg)
o L n 1
0 2 4 6 8 10
Time / s

Figure 3. Variation of relative ionic abundances with reaction time leading
to Na' exchange equilibrium between acetone and acetonitrile. The
pressure of fert-butyl chloride is 1.2 x 10~ mbar, 1.0 x 10~ mbar for
CH;CN and 7.4 x 10-8 mbar for acetone.

Na*(CH;CN) + (CH;),CO — Nat[(CH,),CO] + CH;CN 4)

K., = Ina cny)yco) : Nat (CHSCN) (5)
Na' (CH;CN) Na*[(CH3),CO]

AG = —RTIn(K,,) ©

Experiments were also carried out in which, after equilibrium had been
established, one of the equilibrium ionic partners was isolated using rf
ejection techniques and allowed to react until equilibrium was re-
established. Following this, the other equilibrium partner was isolated
and allowed to react in the same fashion. Kinetic analysis of the resulting
curves permitted the forward and reverse rate constants to be determined.
In this way, the equilibrium constant could also be determined as the ratio
of forward and reverse rate constants. In all cases where this was carried
out, equilibrium constants in excellent agreement with those obtained from
steady state intensities were obtained. For example, the data shown in
Figure 4 for the equilibrium between the sodium complexes of benzene and
methanol were obtained.

All experiments were performed at ambient temperature which varied
from 23-25°C depending upon the day. This small variation in temper-
ature does not lead to any appreciable difference in the AG values cited.

Computational details: Sodium affinities were determined with a proce-
dure already detailed in previous papers.* ¥ Geometries of neutral and
sodium-bound molecules were first optimized at the MP2(full)/6-31G*
level. Vibrational frequencies were also obtained at this level. Test
calculations on formamide and dimethyl ether at the MP2/6-31 + G* level
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1.0 4 applying the BSSE correction might actually degrade accuracy. Our own
calculations indicate that the reason for this behavior is that the sodium
NalCH,OH]* basis brings a significant improvement in the description of the electrical
0.8 properties of the complexed molecule, which require very large basis sets
> for high accuracy. If BSSE corrections are not applied, binding enthalpies
= are generally 1.0-1.5 kcal mol ! larger than those reported in Table 1, and
S 06 -
= 3 Table 1. Ab initio calculated enthalpies, entropies, and free energies of
g complexation to the sodium cation. All values are in kcalmol~' except for
= 04 . o
© AS in cal mol~' K1
g Na(CBHG):’ Molecule AHgg AS AGis
0.2 C;H, 14.6 21.4 8.2
i-C4Hg 16.3 21.3 10.0
0 ) ) | C,H, 16.9 23.1 10.0
o 1 2 3 4 5 CH,SCH, 20.2 20.6 14.1
HBr 9.4 17.0 43
Time / s CH;Br 13.9 16.7 8.9
1.0 4 t-C,HyBr 18.1 13.8 14.0
HCl1 8.9 172 38
. CH;CI 13.7 16.9 8.7
o8 | Na(CH;0H) C,HLCl 15.9 18.8 10.3
- ’ A * A * A A n-C;H,Cl 16.4 182 11.0
= 3 i-C;H,Cl 175 17.0 124
S os n-C4HyCl 17.0 18.6 11.5
= s-C,H,Cl 17.6 17.6 124
; 3 i-C4H,Cl 16.8 19.3 11.0
Z 04 L -C,H,Cl 18.3 172 132
e Cl, 7.3 17.5 2.1
2 NalCqHg)* C4H,Cl 182 24.0 11.0
furan 17.8 22.8 11.0
02 (CH,),CCHCHO 333 216 26.9
cyclopentenone 335 22.4 26.8
CH,;CO,COCH; 39.9 25.9 322
0 5 1 ) X , . (CH,),P 252 233 183
DMSO 38.7 22.1 32.1
Time / s HO(CH,),0H 375 272 29.4
Figure 4. Variation of relative ionic abundances as a function of reaction HO(CH,);0H 39.0 271 30.9
time after isolation of each of the equilibrium partners in the Na* exchange NH(CH), 26.6 23.5 19.6
equilibrium between C4Hg and CH;OH. The pressure of tert-butyl chloride N(CH,); 262 23.6 192
is 1.5x 10 mbar, 1.9 x 10" mbar for CjH, and 3.8 x 105 mbar for ~ C2HsNH: 21.7 234 20.7
C,H,CN 31.2 22.3 24.6

CH;OH. Top: initial selection of Na™(C4Hy); bottom: initial selection of
Na*™(CH;0H).

showed negligible structural differences. Final energetics were obtained at
the MP2(full)/6-311 + G(2d,2p)//MP2/6-31G* level in order to minimize
basis set superposition errors (BSSE). Even so, BSSE remains non
negligible and was subtracted from the computed interaction energies in
the full counterpoise approximation. This is known to lead to slightly
overestimated BSSE corrections, but the use of the 6-311 + G(2d,2p) basis
set ensures that the magnitude of this overestimation will be small since the
computed total BSSE is small (less than 2 kcalmol~! in most cases). The
largest BSSE values (between 2.0 and 2.5 kcalmol™') occurred for
complexes of aromatic molecules. The influence of excluding the 1s shell
of all non-hydrogen atoms in the MP2 calculation was assessed in the case
of the Na*(C4H,) complex. It was found that both the raw D, value and the
BSSE correction were slightly diminished, such that the change to the
corrected D, value was negligible. Zero point vibrational energies and
thermal corrections at 298 K were obtained from the unscaled MP2/6-31G*
vibrational frequencies. Finally, these complexation energies were con-
verted to enthalpies by the addition of a factor of RT (0.6 kcalmol~' at
298 K). Calibration calculations at the CCSD(T) level for small sodium
complexes have shown that this procedure based on MP2 wavefunctions
leads to well converged energetics.” 2l This method also has the advantage
of remaining tractable for molecules with up to ~10 non hydrogen atoms.
The excellent agreement found between experimental and calculated
complexation enthalpies indicates that for molecules of reasonable size,
calculated enthalpies should be accurate to within +2 kcalmol~'. Recent
computational studies by Feller et al.’® indicate that binding energies
converge very slowly when the basis set is systematically enlarged, and that
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2.0-2.5 kcalmol ! larger for 7 complexes of aromatic compounds. Given
the very good agreement of these values with experimental results (HPMS,
FT-ICR and GIB) we have nevertheless chosen to give BSSE-corrected
values.

Complexation entropies were also computed from the MP2/6-31G*
frequencies and geometries. Comparisons with known entropies of stable
neutral molecules show that this level of theory accurately reproduces
absolute entropies. It must be noted that in the sodium adducts the three
new vibrational modes will sometimes have very low frequencies which
make significant contributions to the entropy. Inspection of the individual
contributions of such modes suggests that typical accuracies for the
complexation entropies should be +2 calmol 'K~

All calculations were run using the Gaussian94 package.['%)

Results

The values of complexation enthalpy, entropy and free energy
at 298 K obtained from the ab initio calculations are given in
Table 1. Similar data for a number of other compounds used
to establish an absolute sodium ion affinity scale have also
been published by us recently elsewhere.[!

The individual AG%g values for the majority of the sodium
exchange equilibria studied are summarized in Table 2. Also
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Table 2. Ladder of free energies of complexation of molecules to the
sodium cation from FT-ICR ligand exchange equilibria, anchored at the
HPMS and ab initio value for methylamine. Uncertainties in FT-ICR
values increase with increasing number of steps away from the reference
compound (CH;NH,) to a maximum of 0.6 kcalmol~! at the top of the
ladder. Ab initio values are from the present work or from ref. [1], while
other values are from ref. [2].

Compounds Energy AGhs AGls AGy
difference (FT- (ab (other)
ICR) initio)
CH,OCH,CH,0CH, 318 329 307
07 Jos
CH,CO,COCH, : 311 322
10 17
(CHy),SO ‘ 310 321
HCON(CH3), L 301 303 312
25
CH,(OC,Hs), i 278
16
HCOCHC(CHg), 4z 260 269
0.2
¢-CgHgO . 258 268
0.9
CH,COCH,CH,CH, N 249
17
CH4CH,CN 246 246
ﬁ).s 0.8
¢-C4HgO, 241
10| |40
(CHg),CO : 241 237 253
CH,FCH,0H 0.5 236
CH4CN 236 236
CH4CO,CH, 2.2 233 226
23
#:C4HgOH k 214 214 213
o |29
(CoHg),0 : 213 213
i-C4H,0H \ 204 204 204
n-C4HgOH 22 - 197 209 196
1.0
(CHg)pNH 196 19.6
‘] 0.6 0.7
CHyNH, i 195 195 20.1
0.5
C,HsOH —— 190 196 180
0.0(0.4
(CHg)eN : 190 192
NH, 18 186 185 195
(CHg),0 176 180 159
0.4
CH,OH & 173 177 157
0.6 14
CeHsOH X - 167 154 154
16
H,0 10 157 156 17.8
0.0
CeHe y 157 145 142
14]50
(CHg)S = 142 14.1
0.5 2.0
£-C4HoCl & Ca 137 132
00f,
£:C4HgBr : 137 140
20 |ys
n-C4HgBr - 12.2
37
-CHO 17 110
CqHe 103 100
-C4Hy — L 100 100
2934
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given are absolute values of AG%s for the complexation of
sodium to the neutral molecules. In order to assign these
values, it was necessary to choose one compounds of known
sodium ion binding free energy. High pressure mass spectro-
metric (HPMS) experiments give accurate AH g, AS?, and
AGYg values for sodium ion binding and our previously
published work[!l has shown that excellent agreement is
obtained with ab initio calculations carried out at the level
used in the current study. Methylamine has been chosen as the
anchor point for the present sodium ion binding free energy
scale since virtually exact agreement was obtained between ab
initio calculations and experiment in this case. Choice of
either of the other three compounds in the previous study
would result in very minor changes in this scale. The
uncertainty assigned to the HPMS AGfy value for methyl-
amine is 0.2 kcalmol~1. The uncertainty on the difference in
AG s for two molecules, obtained from an equilibrium in the
FT-ICR conditions described above, may be estimated to be
0.1 kcalmol~!. Propagating such uncertainties along the
affinity scale leads to slowly increasing uncertainties on each
absolute value, up to a maximum of 0.6 kcalmol~! at the top of
the ladder.

Since it was necessary to use fert-butyl chloride as the
reagent to generate sodium ion complexes, it was not possible
to examine equilibria involving compounds with sodium ion
binding energies significantly less than that of tert-butyl
chloride. Correspondingly, isobutene which binds sodium
3.7 kcalmol~! more weakly than #C,H,Cl represents the
lower limit of the present scale. All species whose sodium ion
binding affinities are less than that of fert-butyl chloride have
been examined relative to this compound. As a result, in order
to maintain clarity in Table 2, not all equilibria examined in
this region have been included. All of the energetics obtained
are given in Table 3 (alkyl chlorides), Table 5 (alcohols),
Table 6 (amines), Table 7 (aromatics) and Table 8 (carbonyl
compounds) together with ab initio and literature results
where available.

Also included in Table 2 are the AG % values obtained from
ab initio calculations from this or previous work as well as
those obtained by HPMS or guided ion beam experi-
ments. 1]

Discussion

It is of interest to examine the thermochemistry of the
reaction used in the current experiments to generate sodium
ion adducts as in Equation (1). Available thermochemical
datal'?l reveal that the decomposition of tert-butyl chloride
into isobutene and hydrogen chloride is endothermic by
16.6 kcalmol~!. The reaction of Na* with #-C,H,Cl is observed
to proceed essentially at the collision rate, which would imply
that it is thermoneutral or exothermic, with no barrier in
excess of the energy of reactants. The calculated value of the
complexation energy of Na* with isobutene of 16.3 kcalmol~!
thus shows that the reaction is thermoneutral. Ab initio
calculations of the AH%g for this reaction yield a value of
2.5 kcalmol~!, in qualitative support of this conclusion.
Similarly, the analogous reaction of -C,H,Br (2.3 kcalmol~!
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endothermic) is found to proceed rapidly while, consistent
with the calculated thermochemistry, no reaction with iso-
propyl halides is observed (3.4 kcalmol~! endothermic for
i-C;H;Cl). In the case of fert-butyl halides, each of the
reactions involves a negative free energy change.

Larrivee and Allison!" have proposed a mechanism for the
analogous reaction of Li™ with haloalkanes RX. The process
begins by abstraction of a halide ion X~ followed by transfer
of a proton from the resulting carbocation to LiX. Rotation of
the LiXH* results in a lithium bound dimer of HX and an
olefin, which dissociates either to Li*(HX) or Li*(olefin),
depending on the relative binding energies. Calculations of
sodium binding energetics indicate that the proton transfer
from -C,Hy* to NaCl is 17 kcalmol™ exothermic and the
transfer of Na* from HCI to i-C,Hg is 7.4 kcalmol~! exother-
mic. The fact that the reaction is so efficient would indicate
that the intermediate barriers on the potential energy surface
(PES) lie significantly below reactants. In contrast, the
analogous reaction of Nat with ~C,H,OH is not observed,
even though production of Na*(i-C,Hg) or Na*(H,O) is
predicted to be exothermic by 3.7 and 9.5 kcal mol~!, respec-
tively. Thus, in this case there must be an intermediate barrier
which impedes the reaction. It is possible that the abstraction
of OH™ is the limiting step of the mechanism.

In order to understand better the factors influencing
sodium ion binding to molecules, various functional groups
are discussed separately below.

Alkenes: Previous work!!l has shown that the sodium com-
plexation to ethylene results in a symmetric m-bonded
structure, in which the C=C bond length is essentially
unchanged relative to that in isolated ethylene, with a Na—C
distance of 2.74 A, and a bond enthalpy at 298 K of
12.7 kcal mol~'. As shown in Figure 5, for the sodium complex
of propene, Na* is displaced towards the unsubstituted carbon
atom with a Na—C distance of 2.641 A and an increased bond
enthalpy of 14.6 kcalmol~1. These trends continue for iso-
butene where the shortest Na—C distance becomes 2.582 A
and the bond enthalpy 16.3 kcalmol~'. This can perhaps be
best understood from natural net charges on the sp? carbons,
computed at the MP2 level. In propene the unsubstituted
carbon bears a charge of -0.535, while the other has a
significantly smaller charge of —0.221, due to the methyl
group. In isobutene the two methyls lead to an increased
polarization of the C=C bond, with net charges of —0.570 and
+0.001 on the unsubstituted and substituted carbon, respec-
tively. Thus simple electrostatics dominate the trend in
shaping such cation—m complexes.

The situation for butadiene is somewhat more complicated
because of the existence of two conformations of low energy
for the neutral molecule. The trans form is more stable than
the gauche form by approximately 3 kcalmol~!. For the Na*
complexes of butadiene, no minimum could be found in which
a sodium was associated with one of the double bonds. Rather,
the lowest energy structure 1 (see Figure 5) was found to be
one in which the sodium lies above the central C—C bond of
trans-butadiene. The Na—C distance of 2.64 A and bond
enthalpy of 16.9 kcalmol™' closely resemble those in isobu-
tene. A second minimum 2 was found to lie 2.3 kcalmol~!
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Figure 5. Optimized structures for the sodium complexes of propene,
isobutene, and butadiene at the MP2/6-31G* level.
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higher in energy, in which Na' interacts with a gauche
butadiene. In this case there is considerable interaction
between sodium and each of the carbon atoms. It is evident
that as the size of the alkene increases, so too does the
enthalpy of interaction, a consequence of the increased
polarization interaction.

Alkyl halides: Ab initio and experimental sodium binding
free energies for the series of alkyl halides investigated are
summarized in Table 3. It can be seen that there is generally
excellent agreement between both sets of data. In general, as
the alkyl group increases in size, so does the energy of
interaction with sodium. However, there are interesting
differences observed for the various propyl and butyl isomers.
In order to understand these differences, it is useful to
examine the details of the structures of both the neutral alkyl
halides and their sodium complexes. The pertinent details for
the most favorable (see below) structures of the sodium
complexes of the alkyl halides are summarized in Table 4. As
a general feature, it should be noted that alignment of the
sodium to the neutral molecule does not coincide with the
molecular dipole moment as with several other types of
compounds.l!l For example, even with HCI, where the AH,qg of
binding is only 8.9 kcalmol~!, the Na-CI-H bond angle is
found to be 114° and in HBrNa* where the bond energy is
slightly greater (9.4 kcalmol™') the angle is even smaller
(103°).1' One possible interpretation is that these species
begin to more closely resemble protonated NaCl and NaBr
than sodium complexes of HCl and HBr and, since the
interaction between the proton and halogen will have
substantial covalent character this “complex” readily adopts
a bent configuration characteristic of species such as
CH,CIH* and CH;BrH* for example.l'”] This appears to be
a general feature for species involving second-row atoms since
sodium complexes of H,S, CH;SH, and (CH;),S are also
observed to be non planar and therefore the Na* is not aligned
with the molecular dipole.
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Table 3. Free energies of complexation of alkyl chlorides to the sodium
cation in kcalmol~".

Molecule FT-ICRP MP20!
CH,CI - 8.7
C,HCl 10.8 10.3
n-C;H,Cl 116 11.0
i-C;H,Cl1 12.3 12.4
n-C,H,Cl 12.1 11.5
i-C,H,Cl 12.3 11.0
s-C4H,Cl 13.0 12.4
t-C,H,Cl 13.7 13.2
CH.Br - 8.9
n-C,HyBr 122 -
t-C,HyBr 13.7 14.0

[a]FT-ICR values from the present work. [b] Computed values from the
present work.

Table 4. Selected structural parameters for the complexes of alkyl halides
to the sodium cation (distances in A, angles in degrees).

Molecule C-Xa] X-Nal?l CXNal?
CH;Cl1 1.804 2.690 120.7
C,H,Cl 1.828 2.672 120.9
n-C;H,Cl1 1.829 2.667 120.3
n-C,HyCl 1.831 2.664 120.2
i-C,HyCl 1.84 2.66 119.5
i-CH,Cl1 1.841 2.654 111.4
s-C,H,Cl 1.840 2.649 106.5
t-C,HyCl 1.861 2.640 106.7
CH;Br 1.973 2.834 113.6
t-C,HyBr 2.060 2.778 117.6
[a] X=Clor Br.

From the data in Table 4, it can be seen that the complexes
of alkyl halides form two groups, depending upon whether the
alkyl halide is primary or not. For example, the primary
chlorides have NaCIC bond angles of 120+1° and the
structures involve a staggered conformation about the C—Cl
bond, with the next carbon (H in CH;Cl) anti to Na. For the
secondary and tertiary alkyl chlorides, the Na-CI-C bond
angle is noticeably smaller and the structure adopts a
conformation about the C—Cl bond in which an alkyl group
eclipses the Na—Cl bond. The secondary propyl and tertiary
butyl chlorides have noticeably stronger bond energies than
their primary counterparts which likely arises from the
favorable polarization interaction with the methyl group
which the Na—Cl bond eclipses. This also likely leads to the
contraction of the Na-CI-C bond angles to 109 +2°.

The calculated values of AH % for binding Na* are 13.7 and
15.4 kcalmol~! for CH;Cl and C,H;Cl, respectively, and once
again these species might be regarded as having the character
of methylated and ethylated NaCl as evidenced by the Na-Cl-
C bond angles. For C,H;Cl, FT-ICR experiments have also
established a AG % for binding Na* of 10.8 kcal mol~" in good
agreement with the calculated value of 10.3 kcal mol~".

The ab initio calculations actually reveal that there are at
least two forms of n-propyl chloride and four forms of the
sodium complexes of n-propyl chloride, as shown in Figure 6.
The two conformers of the isolated molecule are extremely
close in both enthalpy and free energy, with 2 marginally more
favorable (0.1 kcalmol!).

2936 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Wl HLT 1 nCHC1 X

W HLUINET 4

il HeCTHE" 3
Figure 6. Optimized structures for the conformers of n-propyl chloride and
its sodium complex at the MP2/6-31G* level.

The lowest energy structure of the sodiated complex, 2, has
a gauche conformation about the C—Cl and the adjacent C—C
bond, giving the closest possible approach of the sodium to
the terminal methyl group. This thus maximizes the polar-
ization interaction between the positive charge and the alkyl
chain. This gauche form has the most favorable enthalpy of
binding (16.7 kcalmol~!) but the loss of internal rotations
makes it considerably entropically less favorable (AS°=
23.4 calmol~'K~!) than the other three possible forms with
the result that it has the least favorable free energy of binding
(9.7 kcalmol™). Structure 1 for the ion derives from structure
2 by a 120° rotation about the internal C—C bond. The
diminished polarization interaction lowers the enthalpy of
binding to 15.9 kcal mol~! while the increased flexibility in the
alkyl chain results in a more favorable entropy of complex-
ation (17.8 calmol-'K~') with the end result that the free
energy of binding is more favorable than that in 2
(10.6 kcalmol™). Binding of Na™ to the all frans conformation
of n-C;H,Cl resulted in structures 3 and 4. Both enthalpies of
binding are very similar (16.4 and 16.3 kcalmol~' for 3 and 4,
respectively); however, in 3 the sodium is farther away from
the alkyl chain, leading to slightly less inhibition of internal
rotation. The resulting entropy changes of 18.2 and 19.4 cal
mol~'K~! for 3 and 4, respectively, give rise to corresponding
free energy changes of 11.0 and 10.5 kcal mol~!. The computed
AGg of 11.0 kcalmol~' for structure 3 is in good agreement
with the experimental value of 11.6 kcalmol~!. This is a
particularly illustrative case for the need not only to explore
the potential energy surface somewhat extensively for such
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flexible molecules, but also to investigate the subtle differ-
ences between the free energy and enthalpy surfaces. In cases
such as that described above where several structures of
comparable free energy exist with no significant barriers
between them, a statistical mixture of these structures will be
present under the experimental conditions employed here. As
such, the sodium binding free energies obtained will reflect an
average value for the structures of the neutral and the
complex involved. In contrast, the calculations report free
energy differences between the most favorable structures of
the ion and neutral. In such cases therefore the experiments
and the calculations do not give exactly the same quantity, but
quantitatively the differences will always be minor.

In the case of isopropyl chloride, only one stable minimum
was found. As described above, the sodium is oriented in such
a way that there is a favorable polarization interaction with
one methyl group. For the neutral the only possible structures
are conformers due to rotation of the methyl groups and these
differ very marginally in energy. The computed AG% of
12.4 kcalmol™' is in nearly exact agreement with the exper-
imental value of 12.3 kcal mol~".

Similar considerations apply in the possible conformers of
the butyl chlorides and their sodium complexes. Based on the
intuition gained from the investigation of the smaller alkyl
systems, the several most probable minima were explored.
The very good agreement between the calculated and
experimental values would indicate that this intuition was
probably valid. However, since the experimental values are
usually slightly larger than those calculated, the existence of
still more favorable conformers of these sodiated complexes
cannot be excluded. As expected n-butyl chloride exhibits the
lowest sodium binding AH% value. This is followed by the
other primary species, isobutyl chloride, then sec-butyl
chloride and finally the most stable, tert-butyl chloride. The
unusually low entropies of association found for the Na*
complexes of the alkyl chlorides is the result of the very low
frequency, large amplitude C-C-Cl-Na torsional mode. Again
the non-linear nature of the bond is a result of the fact that
these species might be regarded as alkylated NaCl complexes.

The more limited data for alkyl bromide complexes reveal
that there is almost no difference in energetics between a
given bromide and its analogous alkyl chloride. The dipole
moments of each alkyl chloride/alkyl bromide pair are nearly
identical and thus the greater polarizability of the bromide is
compensated for by the fact that the Na* can approach more
closely in the case of the alkyl chlorides. For the complexes of
methyl and fert-butyl bromide, essentially identical types of
structure were found as those of the analogous chlorides. The
free energy of complexation calculated for tert-butyl bromide
is probably somewhat overestimated due to an unusually
favorable entropy of the complex arising from an extremely
small frequency of 5 cm™! for the C-C-Br-Na torsional mode.
It is likely that the harmonic approximation is not valid for
modes of this type, therefore there is a larger uncertainty on
the calculation in this case.

Out of a simple curiosity, calculations were also carried out
for the sodium complex of Cl,. The equilibrium structure was
found to be of C,, symmetry with a sodium binding energy of
7.3 kcalmol . A linear structure was also optimized and found
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to be only very weakly bound at the MP2/6-31G* level.
Vibrational frequency calculations revealed that this structure
is a second order transition state with two equal imaginary
frequencies corresponding to the degenerate NaCICl bending
modes.

Alcohols and ethers: Sodium transfer equilibrium measure-
ments were carried out for H,O and all possible C,—-C,
aliphatic alcohols. The free energy changes obtained are
summarized in Table 5. Previous HPMS measurements and ab
initio calculations for methanol™ (179 and 17.8 kcalmol !,
respectively) are in good agreement with the FT-ICR data
obtained in the current work. In addition, Rodgers and
Armentrout!'] have carried out guided ion beam measure-
ments and ab initio calculations for the same series of
alcohols. Their data are also given in Table 5. As expected,

Table 5. Free energies of complexation of aliphatic alcohols to the sodium
cation in kcalmol .

Molecule FT-ICRI GIBM MP2§
CH,OH 17.3 15.7 17.7
C,H.0H 19.0 18.0 19.6
n-C;H,OH 19.5 19.2 202
i-C,H,OH 204 204 204
n-C,H,OH 19.7 19.6 20.9
i-C,H,OH 19.7 18.4 20.1
5-C,H,0H 209 21.1 21.1
+-C,H,0H 214 213 214

[a] FT-ICR values from the present work. [b] Guided ion beam values
from ref. [11]. [c] Computed values from ref. [11].

the sodium binding free energies increase with increasing size
within the homologous series of primary alcohols. Since the
dipole moments of the eight alcohols studied are essentially
identical, this increase is primarily attributable to the increas-
ing polarizability.

As observed for methanol, there is excellent agreement
between the FT-ICR data and ab initio calculations for
ethanol. However, for water, methanol and ethanol, the
sodium binding free energies obtained from guided ion beam
experiments are lower than FT-ICR and ab initio values. For
the remaining alcohols with the exception of isobutanol, there
is excellent agreement between FT-ICR and guided ion beam
results.

It is interesting to compare the variation in binding
energetics for the two series of isomeric alcohols. The
experimental data find the AG% for isopropanol to be
~1 kcalmol-! more favorable than that for n-propanol.
However, the ab initio calculations reported by Rodgers and
Armentrout!'! lead to an almost negligible difference
(0.2 kcalmol™'). By analogy to the ab initio results described
above for the corresponding propyl chlorides, it is possible
that the difference experimentally observed between these
two alcohols also arises from both enthalpic and entropic
factors. Given the small difference found by the calculations,
it is therefore possible that the ab initio calculations for the
complexed and uncomplexed alcohols did not explore the
potential energy surface fully, taking both enthalpic and
entropic factors into account.
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The disagreement between calculated and experimental
values is even more pronounced for n-butanol, while agree-
ment is excellent with the FT-ICR values for the three other
butanols. The apparent overestimation of the computed free
energy of binding of Na* to n-butanol might be due to the use
of an inappropriate conformation of the free molecule. These
results thus suggest that due to the very subtle conformational
differences possible in flexible alkyl chains, great care must be
taken to find the structures with the most favorable free
energies.

Experiments were also carried out for CH,FCH,OH as a
model for simple bidentate binding. The free energy differ-
ence relative to ethanol of 4.6 kcalmol ! reflects the increased
enthalpy of binding due to the second site of attachment. It is
known from microwave spectroscopy that the most stable
conformation of CH,FCH,OH involves an intramolecular
F.-«H-O hydrogen bond.l'"! The bidentate complexation of
sodium results in the breaking of this hydrogen bond. Since
the CH,FCH,OH moiety is then in a different conformation,
it is not possible to assess the effect of the increased dipole
moment on the sodium binding free energy. The enthalpic and
entropic effects of bidentate complexation are explored in
more detail below for the analogous diol.

1,2-Ethanediol did not have sufficient vapor pressure to
permit equilibrium experiments to be carried out. Optimized
structures for 1,2-ethanediol (1 and 2) and the most stable of
its possible sodium complexes are shown in Figure 7. As

1, 2-ethanediol Ha® (sideo view) 1, 2-ethamediol Ma™ (op viow)

Figure 7. Optimized structures for the conformers of 1,2-ethanediol and its
sodium complex at the MP2/6-31G* level.

shown by Yeh and Sul'l other, less stable, monodentate
structures are possible. Ab initio calculations reveal the
complex interplay of enthalpic and entropic factors. The
hydrogen-bonded conformer 1 is computed to be
2.3 kcalmol~! more stable than the open conformer 2;
however, entropy favors the latter by 2 calmol~'K-!. Thus,
at 298 K, 95 % of molecules will exist in the hydrogen-bonded
form. The enthalpy of binding of sodium of 37.4 kcalmol,
relative to 1,is ~ 11 kcal mol ! greater than that for ethanol,['!
illustrating the increase of binding due to chelation. The
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entropy change found of 27.2 calmol!K~! is approximately
5 calmol~'K~! less favorable than that found for ethanol;!!]
this illustrates the greater restriction of internal degrees of
freedom in the sodium chelated complex relative to the
hydrogen bonded neutral form. If 2 is used as the reference
conformer, an entropy change for complexation of 29.2 cal
mol~'K~! is obtained, demonstrating the true loss of entropy
in the sodium chelated diol. Ab initio calculations on 1,2-
ethanediol and its sodium complex have recently been
reported by Yeh and Su.l'l Using a comparable type of
wavefunction, they obtained a D, value of 39.7 kcalmol~".
This is slightly larger than the present value, probably because
no BSSE correction was applied.

Similarly, 1,3-propanediol exhibits an enhanced sodium ion
binding relative to ethanol. Again the most stable conformer
of the free molecule is that in which a hydrogen bond connects
the two alcohol groups. In this case the sodium-binding
enthalpy of 39.4 kcalmol~! shows that the resulting six-
membered ring conveys slightly stronger bonding than the
corresponding five-membered ring in 1,2-ethanediol.

It was possible to carry out FI-ICR equilibrium experi-
ments on 1,2-dimethoxyethane. The free energy of binding
obtained of 31.8 kcalmol! also illustrates the substantially
increased interaction due to chelation. The corresponding
free energy values for dimethyl ether and diethyl ether of 17.6
and 21.3 kcalmol~!, respectively, are in nearly exact agree-
ment with ab initio values (18.0 and 21.3 kcalmol~!) and are
substantially smaller than that for dimethoxyethane. Consid-
erations of relative data for 1-propanol and 1,2-ethanediol
would lead to the conclusion that the additional Na*:--O
interaction increases the enthalpy of binding by
~11 kcalmol~!, while leading to a more negative entropy
change of ~6 calmol~'K~'. Based on this entropy estimate
and the experimental free energy results above for dime-
thoxyethane, the enthalpy of binding of Na* to this diether
can be predicted to be 40.6 kcalmol~!, which is in excellent
agreement with the MP2 value® of 40.4 kcalmol! but
somewhat larger than the guided ion beam valuel? of
38.2 kcalmol~l. Alternatively, these data could be used to
predict a complexation enthalpy to methyl n-butyl ether of
29.6 kcalmol~!, and a complexation entropy of 23 calmol™!
K-!. These values are each in excellent agreement with those
which would be qualitatively predicted from the dimethyl-
and diethyl ether data.

Experiments were also carried out for diethoxymethane.
The sodium binding free energy obtained of 27.6 kcalmol ! is
more than 4 kcalmol™! less than that found for dimethoxy-
ethane, which demonstrates the poor chelation interaction
resulting from a four-membered ring relative to the five-
membered ring structure in the complex of dimethoxyethane.

Amines: Sodium transfer equilibrium measurements were
carried out for NH;, RNH,, and R,NH aliphatic amines with
R = CH; or C,Hj, and for N(CHs;);. The free energy changes
obtained are summarized in Table 6. Previous HPMS meas-
urements and ab initio calculations for ammonial'l (19.1 and
18.5 kcalmol~!, respectively) and methylamine (19.6 and
19.5 kcal mol~!, respectively) are in good agreement with the
FT-ICR data obtained in the current work of 18.6 kcalmol~!
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Table 6. Free energies of complexation of aliphatic amines to the sodium
cation in kcal mol .

Molecule FT-ICRP MP20!
NH; 18.6 18.5
CH,NH, 19.5 19.5
(CH;),NH 19.6 19.6
(CH3);N 19.0 19.2
C,H;NH, 20.8 20.7
(C,H,),NH 21.9 -

[a] FT-ICR values from the present work. [b] Computed values from the
present work.

for NH; and 19.5 kcalmol~! for CH;NH,. For (CH;);N and
C,H;NH, excellent agreement is also obtained between the
ICR and ab initio values. In addition calculations were carried
out for trimethylphosphine, which is found to bind sodium by
25.2 kcalmol~!. This value is 1 kcalmol~! less than that for
trimethylamine even though the dipole moment of P(CHj); is
significantly larger (1.2 vs 0.6 D). This is a simple consequence
of the Na—P distance being 0.46 A longer than the Na—N
distance. A similar trend applies to the comparison between
oxygen and sulfur containing complexes.

Effect of methyl substitution: It is interesting to examine the
relative trends observed for increasing methyl substitution at
the basic center. In the case of increasing methyl substitution
at oxygen, dimethyl ether was found to bind sodium only
slightly more strongly than methanol which in turn has a
sodium binding energy 2.2 kcalmol™! greater than that of
water. Similarly, while methylamine binds sodium 1 kcalmol~!
more strongly than ammonia, there is an almost negligible
increase of 0.1 kcalmol~! for dimethylamine. However, a
slight decrease of 0.4 kcalmol™' is found in proceeding to
trimethylamine. This can be best understood from the
variations in dipole moments and polarizabilities for these
two series of compounds. Na* aligns with the direction of the
dipole moment of the molecule as the charge—dipole
interaction is the main component of binding of Na* to polar
molecules. The decrease in dipole moment in proceeding from
H,O to CH;0H to (CHj;),0 (1.85, 1.70 and 1.30 D, respec-
tively) is small enough that it is compensated for by the
regular increase in polarizability, leading to a plateau in
sodium binding energies. However, the decrease in dipole
moment observed for the series of amines (1.47, 1.31, 1.03, and
0.61 D for NH;, CH;NH,, (CH;),NH, and (CH;);N) is much
greater; this leads to first a plateau and then a decrease in
sodium binding energies. An analogous trend is observed for
the lithium and potassium free energies of binding of these
amines.'® 1] This is at variance with gas-phase basicities,
which increase steadily with methyl substitution, reflecting
the importance of formation of covalent bonds in the
protonated amines. The observed order of alkali cation
binding free energies demonstrates that the bonds formed in
these adducts are primarily electrostatic and polarization in
nature. A similar but slightly less pronounced effect is
noticeable in the lithium complexes of H,O, CH;0H, and
(CH;),0 with binding free energies of 24.7, 28.5, and
29.5 kcalmol !, respectively.'¥! Substitution of methyl by ethyl
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in amines, alcohols and chorides, leads to increases of 1-
2 kcalmol~! in AH%g. Dipole moment changes are less than
0.2 D in all cases of such substitution and thus the increases in
binding free energies are largely due to increases in polar-
ization interactions.

Results have previously been reported for the sodium
affinities of H,S and CH,;SH.[Y In the present work, both
experiments and calculations were carried out for (CHj;),S,
leading to free energies of interaction of 142 and
14.1 kcal mol~, respectively. The effect of methyl substitution
is different for sulfur containing molecules since the sodium
ion does not align with the molecular dipole. Increases of 3.7
and 2.7 kcal mol~, respectively, are observed for the first and
second methyl substitutions on H,S, even though the dipole
moments of CH,SH and (CHj;),S are essentially identical. The
increase is thus simply a reflection of the increase of the
polarization interaction due to successive methyl substitution.

Aromatic compounds: FT-ICR and ab initio data obtained for
benzene, chlorobenzene, bromobenzene, phenol, and furan
are summarized in Table 7. In all cases the experimental and
calculated values are in good agreement, although differences
are slightly larger than for other classes of compounds, with
the experimental value being greater in each case. The
corresponding ab initio binding enthalpies (Table 1) are
consistently smaller than those previously published by
Dougherty et al.’?! because of the limited computational
level used by the latter authors, as discussed previously.!!
However, the trends in binding energies are the same.
Calculations at a comparable level by Nicholas et al.?! give
excellent agreement for the enthalpy of binding of sodium to
benzene. Recent guided ion beam experiments by Armentr-
out and Rodgers?”! on sodium complexes of benzene and
phenol yield binding enthalpies at 298K of 21.5 and
24.0 kcalmol~!, respectively. Using MP2 calculated thermal
corrections and entropies, these translate to AG%g values of
14.2 and 16.7 kcalmol~!. The former value is in agreement
with the present calculations, while the latter agrees exactly
with the present experiments. However, it should be noted
that the structure which they calculated for sodium complexes
of phenol is not the one with the lowest free energy at 298 K.
We have shown previously[!l that there are in fact two stable
minima for sodiated phenol, the more favorable of which
involves a Na—O interaction rather than a pure cation—m
interaction as observed in benzene.

The nature of intermolecular interaction involving aromatic
systems has been discussed previously by several authors.?* 22
In order to understand the bonding between sodium ion and
aromatic systems, it is important to consider the various
components of the interaction energy. Natural orbital pop-
ulation analysis shows that less than 0.03 electrons are trans-
ferred to the sodium in these complexes, thus, charge transfer
can be neglected. The remaining forces arise from electro-
static and polarization interactions. Normally, a combination
of charge—dipole and charge—induced dipole interactions
have been considered to be sufficient. However, Dougherty
et al. have pointed out the importance of charge —quadrupole
interactions in determining structure of aromatic complexes
of Na*.?% In the case of benzene, the m complex of Cg,
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symmetry can be readily understood qualitatively to be the
most stable geometry as a result of the maximum combination
of charge—quadrupole and charge—induced dipole forces.
The quadrupole moment tensor has a large attractive
component in the axial direction, while the in-plane compo-
nents are smaller and repulsive toward a positive charge. The
polarizability in the plane is significantly larger than the axial
component, however, a sodium ion is able to approach the
ring more closely in the axial direction. Therefore, the closer
approach and favorable quadrupole interaction combine to
make a m complex the most stable structure. However, for
substituted benzenes such simple qualitative interpretations
of structure are not immediately apparent. For example, for
chlorobenzene it might be initially expected that a structure in
which the sodium is aligned with the molecular dipole would
be the most favorable. It might then be expected that a planar
sodium complex of chlorobenzene might be formed in which
favorable charge —dipole and charge —induced dipole forces
dominate. As shown above, however, complexes between
sodium and HCI and H;CCl do not adopt a linear HCINa or
CCINa arrangement but rather are bent. This weakens the
charge —dipole significantly, which makes the maximization of
the charge —quadrupole interaction the dominant effect. In
fact, ab initio calculations show in this case that a cation—
complex in which the sodium is situated above the ring is the
most stable if not the only form.

The free energies of binding to Na*t in Table 7 fall in the
range 11-17 kcalmol~'. As a consequence, some predictions
can be made on the most favorable site of attachment to other

Table 7. Free energies of complexation of aromatic compounds to the
sodium cation in kcalmol .

Molecule FT-ICRP MP2P!
furan 11.7 11.0
CH,Cl 124 11.0
CH,Br 12.8 -
CH, 157 145
CsH;OH 16.7 154

[a] FT-ICR values from the present work. [b] Computed values from the
present work.

substituted aromatics. Since the binding interaction to halides
is slightly smaller than that to benzene, it is likely that cation—
w structures will be favored even for larger substituents. The
binding of Na* to alcohols is stronger than that to halides,
making both types of complexation, to the oxygen and to the
aromatic ring, competitive. Indeed, two structures of very
similar stabilities exist for phenol.l'! Since the binding of Na*
to amines is even stronger than that to alcohols, the best
attachment site in amino-substituted aromatics is likely to be
the nitrogen. Imines are yet one step higher in the Na* binding
scale as exemplified by formaldimine which has a AG%g of
binding of 20.1 kcal mol~LI1 Consistently, the binding of Na*
to imidazole occurs in plane on the imino nitrogen,!» %l and no
stable minimum of the cation— type exists.[?%

Carbonyl compounds: In order to have a series of equilibrium
measurements connecting all compounds of interest with a
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range of sodium ion affinities extending from the weakly
binding compounds such as alkenes, to the much more
strongly binding species such as dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), and dimethoxyethane, ex-
periments were carried out with a number of carbonyl
compounds. In this way, a continuous scale of sodium ion
binding free energies could be constructed. As noted pre-
viously,!! carbonyl compounds exhibit sodium ion affinities
which appear to increase roughly as the molecular dipole
moment increases. Therefore carbonyl compounds were
sought with regularly increasing dipole moments. The series
of molecules used included methyl acetate, simple ketones
(acetone and 2-pentanone), S-butyrolactone, cyclopenten-2-
one, 3,3-dimethylacrolein, DMF, and acetic anhydride.
Although the dipole moment of acetic anhydride is signifi-
cantly smaller than that of other carbonyl compounds
considered, its binding free energy is the largest because
Na* is able to bind to both carbonyl oxygens in a symmetrical
structure. As shown in Table 8, the agreement between

Table 8. Free energies of complexation of carbonyl compounds to the
sodium cation in kcalmol~!.

Molecule FT-ICRE MP2
methyl acetate 23.3 22.6M]
acetone 24.1 23.701
pentan-2-one 249 -
f-butyrolactone 24.1 -
cyclopenten-2-one 25.8 26.8ll
3,3-dimethylacrolein 26.0 26.9
N,N-dimethylformamide 30.1 30.300
acetic anhydride 311 32.20

[a] FT-ICR values from the present work. [b] Computed values from
ref. [1]. [c] Computed values from the present work.

experimental and calculated values is generally very good,
except for the compounds with the higher sodium ion
affinities for which a systematic difference of about
one kcalmol~! is obtained. The reason for this larger than
normal difference is not clear.

Miscellaneous: In addition to the compound classes described
above, experiments and/or calculations were also carried out
for CH;CN, C,H;sCN, and DMSO. Each of these molecules has
a substantial dipole moment and, correspondingly, each binds
sodium relatively strongly. The experimental and calculated
free energies of binding for CH;CN are in exact agreement,
while those for DMSO are in good agreement, with a
difference of 1.1 kcalmol~! (see Table 2). Calculations show
that in both cases the sodium ion aligns with the molecular
dipole. It is interesting to note that CH;CN, DMSO, and DMF
are commonly used dipolar aprotic solvents in solution-phase
organic chemistry. Given the strong binding that each of these
species has towards the sodium ion (see Table 1), the reason
for their use in ionic organic reactions is evident.

Conclusion

The results presented above provide a coherent view of the
binding of sodium ion to a wide variety of molecules. Together
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with our previously published data,l!l this provides a scale of
binding enthalpies of molecules ranging from 6 to
45 kcalmol~. The excellent agreement between experimental
and calculated free energies lends confidence to the accuracy
of the thermochemical data presented here. The structures
obtained for the complexes reveal the importance of electro-
static and polarization interactions in determining the geom-
etry of the adducts. Very little if any covalent character is
associated with the newly formed bond(s). The interesting
structures found for aromatic compounds as well as molecules
containing second row atoms show that prediction of geom-
etry of the sodium adducts is not necessarily straightforward.
It is likely that the data presented herein will prove to be
extremely useful in the estimation of both energetics and
structure of sodium complexes of other molecules.
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The Structure and Decay Dynamics of Exciplexes Derived from Dibenzoyl-
methanatoboron Difluoride and Alkylbenzenes in Cyclohexane

Yuan L. Chow,*!*! Zhong-Li Liu,*! C. Ingemer Johansson,! and Jun-ichi Ishiyamal!® !

Abstract: Dibenzomethanatoboron di-
fluoride (DBMBF,) interacted with al-
kylbenzenes from its singlet excited
state to form exciplexes ranging from
weak polarity up to contact radical ion
pairs (CRIP); this exciplex series shows
the characteristics in the Marcus “nor-
mal” region. In cyclohexane these ex-
ciplexes gave intense fluorescence spec-
tra and high quantum yields (@5). The
dipole moment of these exciplexes cal-
culated from the solvatochromic shift of
the fluorescence maximums (v,,,,) was
used to estimate the coefficient (“a” and
“c”) of the CT and LE terms in the
exciplex wavefunction. On the basis of
the measured lifetimes and @5 of these

plex wavefunction could be adequately
described by CT and LE states, and that
*DBMBF, primarily contributes to the
probability of exciplex emission. Two
results agree with each other with small
systematic deviations for those less polar
exciplexes. The plots of k& and k& (or
their logarithmic value) against the LE
contribution (c?) and transition energy
gaps (hv,,) afford better correlation
than those against —AG_. This indi-
cates the role played by the LE contri-
bution in generating the stabilization
energy (U,) in these exciplexes through
the | A"D*) = |*AD) resonance inter-
action; U, in turn, modifies — AG_,, to
afford the decay driving force hv,,,.

Also, those plots from k* values (being
determined directly from experiments)
show better correlation than those from
k. In contrast to the CRIP type
exciplexes in the Marcus “inverted”
region, these kf* and kgy increase in
the common trend with increasing tran-
sition energy gaps. The kg plots show
less steep slopes and attains more quick-
ly a minimum toward the CRIP region;
the latter is identified as the turning
point from the “normal” to “inverted”
region. Both the attenuation and rever-
sal of the kgk value with increasing
polarity are believed to be generated by
the emerging contribution of the inter-
system crossing process as an additional

exciplexes, the radiative (k£*) and non-
radiative (kgg) rate constants were cal-
culated. The former kf* were also com-
puted from a semi-empirical approach
based on the assumption that the exci-

plexes

Introduction

The photochemical cycloaddition!] and photoinduced cation
radical reactions®?! occur concurrently from the interaction of
a singlet excited 1,3-diketonatoboron difluoride with olefins
or arenes. Generally the photocycloaddition of the BF,
complexes is stereospecific and regioselective proceeding
with high quantum efficiency.'! These photoreactions are
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nonradiative process, which is induced
by the increased spin—orbit coupling in
highly polar exciplexes.

exci-
Marcus

synthetically useful and offer a rare opportunity to investigate
the mechanism of excited state behavior, particularly of the
microscopic steps in which the excited state are partitioned in
the two pathways.Pl This possibility is largely owing to the well
defined singlet excited state properties and reactions exhib-
ited by DBMBF, which has been used as the model BF,
complex for investigation.! Much of the mechanistic infor-
mation is undoubtedly stored in the electronic structure of the
exciplexes formed between *DBMBF, and substrates,®! and
may be gleaned from the kinetic and thermodynamic data of
these exciplex decays.

Recently the Farid and co-workers®! have, in a series of
excellent publications, established the mechanism of return
electron transfer reactions in the Marcus “inverted” region
using CRIP (contact radical ion pairs) as an exciplex model;
they took advantage of the fact that driving force differences
and reorganization parameters for the reactions are common
to the calculation of radiative as well as nonradiative rate
constants.”! Their conclusion that these rate constants become
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slower at higher exothermicity is a significant discovery in
photoinduced electron transfer.> ¢

Our aim is to clarify the relation of the electronic energy
level to the decay rate constants in this series of exciplexes,
from which we hope to understand the pattern of driving
forces behind these processes in the Marcus “normal” region.
The theoretical basis of this study is the exciplex wavefunction
which can be adequately described by Equation (1) as a two-
state resonance hybrid as proposed previously.? 7!

Results

DBMBF, (A) interacts from its singlet excited state with a
series of substituted benzenes as donors (D) to form highly
fluorescent exciplexes in cyclohexane, though their fluores-
cence intensity is much reduced in polar solvent such as
acetonitrile.’® For this study benzenes substituted with
increasing number of methyl groups and those with at least
one fert-butyl group were used as donors; quenching of
*DBMBF, fluorescence (@ =0.045) by the donors was
carried out in cyclohexane to ensure the formation of
fluorescent exciplexes,*>4 whose hv,, were recorded in
Table 1. The quantum yield of the exciplexes fluorescence in
cyclohexane extrapolated to the total quenching of *“DBMBF,
(@) was determined by the method and calculation descri-
bed before.?! It is noteworthy that exciplex fluorescence
derived from dialkyl or less substituted benzenes was
extensively superimposed with the *\DBMBF, fluorescence
band. For these cases the intensity for residual DBMBF, or
exciplexes must be separated by a subtraction method.B"
Repetitive measurements of some exciplex fluorescence
derived from methyl substituted benzenes agreed well with
those reported in the previous paper® within experimental
errors; those reported data were used as shown in Table 1. @&
was plotted against fluorescence peak energy (Vp.) to
represent a decay driving force as shown in Figure 1, which

0.60
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0.40

< 0.30 .

0.20 o

0.10 ’

0.00 4 ; ; . .

17 19 21 23 25

V.. [x10° em™]

Figure 1. The plot of exciplex quantum yields @ against the fluorescence
maximums v, in cyclohexane; (0) represent exciplexes of tert-butylben-
zenes.

is almost linear excluding those points of tert-butylbenzenes.
A plot of @ against the redox potential gap of the return
electron trnasfer in these exciplexes (i.e., —AG_=E2 —
EZ)) gave much scatters, although those points with
—AG_,,<2.7eV (ie., the exciplexes of higher than tetrasub-
stituted benzenes) were fairly linear.

The fluorescence maximum (v,,,,) in a series of solvents was
determined and plotted to afford the solvatochromic shifts
correlation line. The slopes of these straight lines were used to
calculate the “average” dipole moments (u.) that were
refined to the dipole moments (1Y) in vacuum. This refine-
ment was not necessary for relatively large u.,, but was shown
to be substantial for toluene and benzene (or those donors
having similar E2). For the radical ion pair with complete one
electron transfer, the CRIP u in this exciplex series was
estimated to be 13.84+0.5eV (ulpp);P" for those with less
than full one electron transfer, the CT % for each exciplexes
was calculated according to Equation (1b), in which “a” and
“c” are the coefficient of the exciplex wavefunction inte-
grals.’?! It was noted that there was an sharp CT% drop
between the exciplexes of benzene and toluene. (see Table 1)
owing to EQ <E& (= 2.45¢eV).

W, = a|AD') + c|*AD) (1a)

Table 1. Radiative and radiationless rate constants and related properties of DBMBF,/alkylbenzene exciplexes in cyclohexane.

E,, —AG_, CT% Vo o ke [10°s71] vy, kg [1065]

[eV] [eV] [a?] [10° cm™!] obs. caled [eV] obs.
HMB 1.59 2.50 96 +4 18.7 0.11 43+04 4+4 2.32 35+1
PMB 1.71 2.62 9442 19.9 0.16 6.6+0.7 7£5 2.46 34+1
durene 1.79 2.70 9145 20.5 0.21 92+09 12+£5 2.54 36+1
1,2,3,5-TMB 1.83 2.73 90+ 4 20.5 0.22 11+1 13£5 2.54 40+1
1,2,3,4-TMB 1.82 2.74 88+4 20.9 0.27 17£2 15£5 2.59 462
1,2,4-TMB 1.92 2.83 83+2 21.3 0.31 2342 2343 2.64 51+2
mesitylene 2.02 293 7343 21.8 0.41 43+6 39+4 2.70 62+12
p-xylene 2.06 2.97 80+4 22.3 0.39 36+5 32+6 2.77 56 £10
m-xylene 2.14 3.05 76+2 22.5 0.40 44+6 40+3 2.76 66 +12
o-xylene 213 3.04 74+4 22.6 0.43 56+8 4345 2.80 74+13
toluene 225 3.16 5143 233 0.51 92+13 59+6 2.89 88 +24
benzene 2.62 3.53 2145 242 0.56 185+30 150+ 30 3.00 150 £45
tert-butylbenzene 221 3.12 6243 233 0.30 81+12 65+8 2.89 190 £18
4-tert-butyltoluene 2.06 2.97 76 +£5 222 0.26 39+6 14+10 2.76 110+ 10
S-tert-butyl-m-xylene 2.02 2.93 79+4 21.8 0.28 3545 2743 2.20 91+10
4-tert-butyl-o-xylene 1.92 2.83 8942 213 0.21 19+2 13£2 2.64 7242
S-tert-butyl-1,2,3-TMB 1.83 2.74 94+2 20.8 0.14 10+1 6£3 2.58 62+1

[a] The abbreviation of the substrates are hexamethylbenzene (HMB), pentamethylbenzene (PMB), 1,2,3,5-tetramethylbenzene (1,2,3,5-TMB), 1,2.4-
trimethylbenzene (1,2,4-TMB). [b] The redox potential difference of the exciplex, —AG_,=(ER — Ef,), was calculated from EL cited from previous
publicationsP® "l and E2, = —0.91 eV. [c] The rate constants were calculated from Equation (2) where (z.,)~! was cited from the reference.l*! [d] This is the
modified figure on the basis of the experimental k¢* as discussed in the text; the unmodified value is a? =89 + 5.
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a’ = po/ucrp and a’+c? = 1 (1b)

ki = (D)o and (o)™ — k¥ = kR @

Previously, we have measured the lifetime of these exciplexes
using a time resolved fluorescence decay analysis in which the
observed rate constant was defined< as (7o) ' = k_o+(Tey)
In the absence of the exciplex dissociation rate constant (i.e.,
k_o, is negligible), (Tq,)'=(7) . In the present case
(Ter) ' = kF+k S, where the latter two are the radiative and
nonradiative rate constants (Scheme 1). Equation (2) showed
the relation of the quantum yield of the exciplexes (®5) to
the radiative and nonradiative rate constants (k& and k&)
that are calculated and listed as the experimental rate
constants in Table 1.

k kex
A+ D =—== *AD —"R, A +D+A
k—ex k{ex
ke, kNR\ \
A+ A+ hy A + D +hv®
E, ,F
O/(O N
A: | D: || ——R)"®
=

CeHs/KACeHs

Scheme 1. Acceptor—donor complexes.

The radiative rate constant of exciplexes can be theoret-
ically related to the transition dipole moment (er) connecting
the excited and ground states,’® 9 the transition of which is
fully allowed for these exciplexes. The matrix element may be
approximated so that the rate constant k¢f* can be evaluated
readily from experimental data. Firstly, the emission transi-
tion moment is given by the exciplex coupling integrals, in
which charge transfer (A"D*|Zer| AD) is neglected as has
been shown by Mulliken™ to be small. Secondly the locally
excited term (*AD|Zer|AD) is approximated!'” by
(*A|Zer| A) which can be accessed by *DBMBF, fluores-
cence data; this is based on the concept that radiative
probability of exciplexes is mainly derived from that of a
partner.'!] This led to an approximation of kf* by Equa-
tion (3). Likewise the

& o2 (64mt3he?) ndvic? | (FA | Zer| A) |2 3)

radiative rate constant for singlet excited DBMBF2 (k#) can
be cast into a similar form as in Equation (4). These two
equations relate k& with k# by Equation (5) through the

k= (64n*3hc®) nv,. | (*A|Zer| A)|? “4)
where v,,, =24200 cm™!

kX 22 €2 (Vna/Vave) ki ®)

assumptions as stated above. Using the ¢ values calculated
from Equation (1b) and the experimental valuel® kA = @, /1,
(=0.045/0.23 ns) =2.0 x 108s7!, k¢ was calculated from
Equation (5) and listed in Table 1.

A plot of observed k* against the corresponding calculated
values gave a good correlation line (Figure 2) except the point
represented by the p-tert-butyltoluene/DBMBF2 exciplex
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k' [10° s™'; experimental]

Figure 2. The plot of calculated k¢* against the experimental values in
cyclohexane; (o) represent exciplexes of tert-butylbenzenes.

which showed abnormally low calculated kg* values. As
experimental data for v,,,, and lifetime 7., for this exciplex®® <l
did not show any anomaly from the general trends, the
observed kf* was adapted as “a better” value to estimate
other parameters by backtracking in Equation (5). This retro-
calculation gave ¢2=0.24 and dipole moment of 10.5 debye
unit (Table 1). The calculated k¢* values start to fall below the
unit slope in Figure 2 beyond k¢* > 35 x 10°s71, that is those
exciplexes from xylenes and below. The deviation may
indicate the limit and extent of the validity of the assumptions
made to derive Equations (3—5). Alternatively, it may hint
the change of molecular shape causing solvent refractive
index modification.'” We noted that the point of deviation
coincides with the onset of a contribution of stabilization
energy (U,) from the | A-D*) =| *AD) resonance interaction
as shown in the plot of v,,, in cyclohexane against — AG_,
(=EX — EZ%,) (see Figure 4 in ref. [3b]).

Equation (5) predicted a linear correlation of k¢* versus c¢?;
such a plot using the observed kf* was indeed reasonably
straight with some scatters at least down to ¢2220.1 (Figure 3).

250 200
o
200 = {150
o
° o
= 150 100 25
» ° _= —
g |o° . 3
=100 " 50 @
g, ' o =
& ™ .
a
50 o 0
o
0 "—a& -50
0 0.1 0.20.3 0.4 0.5 0.60.7 0.8 0.9
c?

Figure 3. The plot of exciplex decay rate constants, k¢* and kg, against ¢?;
(o) and (@) represent exciplexes of fert-butylbenzenes.

For comparison, kgk data were also plotted in Figure 3
showing two distinguishably independent correlation lines,
one for those points derived from tert-butyl substituted
benzenes and the other for those from methyl-substituted
benzenes; both of them showed some scatters and significant
curvature. The correlation of these two rate constants with
CT % (or a?) also gave a similar pattern with more curvature
and scatters. In view of successful correlation of the radiative
and nonradiative (logk_.) rate constants with the potential
difference of return electron transfer — AG_,, for CRIP type
exciplexes in the MarcusP ¢ “inverted” region, similar plots
were made of logk * and logk Sy from Table 1 (Figure 4). Note
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that nonradiative electron transfer k_, (vide infra) represents
all nonradiative processest®™ ¢! and conceptually corresponds
to our kgk.-

8.5 8.7
8.3 A 8.5
8.1 — . {83
7.9 LA :oqo : 8.1

w77 9° X 795

X7l 0% N 7.7%

&3 o 752
7.1 o X 7.3
6.9 741
6.7 . o* _’ 6.9
651 4 6.7

6.5

6.3 X
24 26 28 3 32 34 36

-et

Figure 4. The plot of logks* and logkgk against the redox potential
difference —AG_,,=(ED — EZ#,;) of exciplexes; (a) and (x) represent
exciplexes of tert-butylbenzenes.

The plots against — AG_,, in Figure 4 showed anything but
improvement over the corresponding plots in Figure 3. While
the logks* plot maintained reasonable linearity for whole
range, the other logkgy plot showed more scatters and
curbing. As in the present series the energy represented by
exciplex fluorescence maximums more realistically express
the stability (or the transition energy gap) of exciplexes, the
correlation of hv,,, with logkf® and logkgk was shown in
Figure 5; indeed better linearity of points for both was
obtained.

9 9.5
8.5 9
A
- [
8 a? . 8.5
sl et °
e°° 3,
35 7.51° ° Q 8 &
= ° o0
4 29 =
2 4 x 7.5
o
x —_—
6.5 8x 7
o
o
6 6.5
2.3 25 27 2.9 3.1
RV, [€V]

Figure 5. The plot of logk* and logkgk against the transition energy gap
(hvma); (A) and ( x ) represent exciplexes of tert-butylbenzenes.

Discussion

On quenching rate constants and exciplex electronic struc-
tures, the previous studies®! have demonstrated that the
present exciplex series of *“DBMBF,/benzenes behaves in the
Marcus “normal” region. On the other hand, Farid’s groupl®
has studied a series of exciplexes in the Marcus “inverted”
region, wherein CRIP-type exciplexes undergo radiative and
nonradiative decays that are induced by the return electron
transfer reaction. They were able to measure the rate constant
of return electron transfer (k_.,) which was equated to the rate
constant of nonradiative processes (vide supra). In contrast
the present exciplex series possesses the CT contribution
ranging from 20 to near 100 %, namely a wide range of LE
contributions, that is a theoretical basis for assigning this
series in the Marcus “normal” region.l! It is noted that the
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exciplexes derived from benzenes carrying a fert-butyl group
behave at times independently and at others in consonance
with those derived from methyl substituted benzenes. As the
pattern is complex, their characteristics will be discussed
together with other relevant phenomena as steric effects in a
separate paper later.

In the present study, the interaction of singlet excited
*DBMBF, with alkylbenzenes and subsequent exciplex for-
mation have been studied in cyclohexane wherein the
approach of substrates terminates at the exciplex stage
regardless of electron transfer en route: This ensures the
efficient formation of exciplexes and strong fluorescence
therefrom.d The major target of the investigation aims to
clarify the driving force, among other factors, for the exciplex
decay reactions. In studying a series of CRIP type exciplexes,
it has been established that the return electron transfer
induced k¢* and kg share a common set of reorganization
parameters and the rate constants are determined by the
exothermicity of the CRIP in the form of —AG_, and
fluorescence maximums v,,,,, both arising from RIP annihi-
lation processes.™® The present exciplex series has a wide
CT % ranging 20-100%, and shows various degrees of
refinement in correlation depending on the type of parame-
ters as shown in Figure 3, Figure 4 and Figure 5. Further, the
plots show a strong quantitative relationship between k£* and
kg% as demonstrated by the common trend of the two plots.
Both plots, however, increase as the oxidation potential EZ
increases (i.e., as — AG_, or hv,,, increases), that is expected
for the series being in the Marcus “normal” region. The
extrapolation of plots in Figure 3 toward the CRIP state (i.e.,
c?<0.1) shows that both kf* and kg are asymptotically
approaching the limit near 10°s~! and 107 s7!, respectively.
These trends exist no matter the type of correlation param-
eters, though the correlation in Figure 5 (versus hv,,,) is
smoother in comparison to those in Figures 3 and 4 (versus c¢?
and —AG_,). In all three Figures, generally the kg% plot is
shallower, has more scatters and deviates from linearity faster
than the k£ plot; this will be discussed later. As k& has been
determined as the difference of the total exciplex decay and
the radiative rate constants by Equation (2), it must contain
other rate processes that do not emit. Being a composite term,
k&k must contain compounded deviation originating from
related experimental errors; this is a likely source of observed
scatters.

The better correlation of k¢f* and kg% in Figure 5 than in
Figure 4 is a good indication that —AG_ . (= EQ —EZ%)
calculated from the electrochemical data is a poor substitute
for the exothermicity of the decay processes and not the sole
source of the driving force for the transitions in this exciplex
series. The use of — AG_, to substitute for the exothermicity
in CRIP type exciplexes is reasonably justifiable in the
“inverted region” and has been successfully used in the
computation and correlation of these rate constants induced
by return electron transfer.[> % For the present series in the
Marcus “normal” region, the correlation with fluorescence
energy hv,,,, proved to give better results as shown by Figure 5
in comparison to Figure 4. As hv,,,, is refined from — AG_,, by
the stabilization energy U; arising from the | A"D*) =| *AD)
resonance interaction,P*® a comparison of two Figures
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emphasizes the importance of the LE contribution to the
exciplex wavefunction (i.e., electronic configuration), and
further, the role played by the resonance stabilization
to quantitatively predict the driving force of exciplex de-
cays.

As absorption and emission spectra can be recorded
reasonably accurately, the radiative process and its rate
constant are more studied parameters. The similar trends of
the kf* and kg; plots in Figure 3, Figure 4, and Figure 5
provide some insights that are summarized as below. Firstly,
the common decreasing pattern of the both plots are good
indications that the driving force and reorganization param-
eters for two processes share common characteristics. Sec-
ondly, both rate constants decrease with decreasing transition
energy gaps (i.e., hv,,,), that are different from the pattern in
the Marcus “inverted region” and in agreement with that in
the “normal region”. Thirdly, a better correlation for k¢*
values in these Figures undoubtedly shows that the reason-
ableness of experimental and calculated values by Equa-
tions (3-5); it justifies the use of the LE contribution c? to
regulate the contribution of the transition dipole moment (er)
accompanying the exciplex decay. Finally, the plots in
Figures 3 and 5 share the common trend of converging on
the far end; that demonstrates that both variables ¢? and hv,,,,
are closely related proportional parameters. In view that two
parameters are indirectly connected through the exciplex
dipole moment and wavefunction [as in Eq. (1)], the close
resemblance in Figures 3 and 5 is a good statement on the
validity of these calculations.[*"!

We wish to explore the nature of nonradiative processes
involved in the kg; term, which generally shows poorer
correlation than the kf* term does. Exciplexes in the non-
polar end contain the LE contribution up to ¢?>=0.8 (see
Figure 3); from this region kg; nearly proportionally de-
creases as c? shifts to below 0.2. The other extreme end is
polar (or CRIP) exciplexes with a?>0.9. It has been shown
that moderately to weakly polar exciplexes posses strong
internal conversions which dominate the nonradiative proc-
ess.l¥ This is arrived at on the basis of Equation (6) in which

kg by intersystem crossing
x (*AD [Hgo| *AD) + (A"D*[Hy|*AD) (6)

the probability of intersystem crossing in this region is
negligible since the coupling integral for the LE (first) term
is insignificant, owing to the lack of spin-— orbit couplings, in
comparison to that of the CT (second) term.['> !4l These
conclusions are supported by the strong deuterium isotope
effects that do operate during internal conversion, but not
during intersystem crossing process.['*?l In agreement, we have
shown that for those *DBMBF, exciplexes derived from
xylenes or lower members the quantum yield of intersystem
crossing is just about the same with that of the parent
*DBMBF, and a minor process (<10%).?l Thus, an alter-
native contribution to kg through intersystem crossing is
very small as long as the exciplex has ¢2>0.2.

A detailed inspection of Figures (3 -5) shows that kg plots
generally have lesser slope and curb upward in the CRIP
region in comparison to kf* plots. It is expected that both
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types of plots should be nearly parallel since the probabilities
of fluorescence and internal conversion (as represented by k¢*
and kgg) both derive the amplitude from the corresponding
probabilities of *DBMBEF, [e.g., that shown in Equations (3 -
5)].1%- 141 We suggest that as c? and hv,,,, of exciplexes shift to
the lower (i.e., to more polar) region, the intersystem crossing
become more probable from the increasing contribution of the
CT coupling integral in Equation (6).3] This emerging new
nonradiative process (i.e., '*(AD) — **(AD), an extra process
in Scheme 1) gains importance to boost the kg% values as the
exciplex CT % increases; kg eventually bottoms-out the
decreasing trend in the CRIP region. In effect, we propose
that exciplexes, as their polarity increases, are more prone to
undergo intersystem crossing, which may become a major
contributor to kgk in the CRIP region. It implies that in the
“inverted” region nonradiative return electron transfer may
contain an increasing component of the intersystem crossing
channel. In the literature it is known that the rate of
intersystem crossing is largely influenced by the extent of
spin—orbit coupling, and relatively insensitive to the elec-
tronic energy gap (exciplex energy hv,,,).!'”! Further it has
been suggested that spin—orbit coupling is enhanced by CT
interactions,!'* 34 that supports the above proposal. Thus, in
the polar region, we have identified the turning point of these
plots to shift into the Marcus “inverted region” from the
“normal region, and further suggested an increased intersys-
tem crossing as the source feeding the kg upturn.

There is no deep theoretical bases for the plot in Figure 1 in
which the quantum yield @& and v,,, are indirectly related
through k¢ determinations in Equations (2) and (5).[)
Nevertheless, the fact that the fluorescence quantum yield
decreases concurrently with the decrease of v, should hint
the presence of an additional nonraditive process in the highly
polar exciplexes. The enhanced occurrence of the intersystem
crossing and its contribution to kg in the CRIP region as
discussed above should be the logical explanation. The
extrapolation of the plots of Figure 1 to the highest end at
Vimax =25 X 103 cm™! (¢2=0.8) provides the maximum @ =
0.6 of this exciplex system. This drastic @3 enhancement from
*DBMBF, fluorescence (@ =0.045) demonstrates that the
emission probability of this exciplex series is primarily derived
from the contribution of the LE state in analogy to the
reported case.l' ¥ This is the controlling force in the Marcus
“normal” region, and differs from that of return electron
transferl® in the “inverted” region. This argument implies that
the exciplex @ can go higher still in a *DBMBF2 interaction
with a substrate of higher oxidation potential than benzene
(ED =2.62 eV). Indeed exciplexes from methyl benzoate and
benzonitrile exhibited more intense fluorescence spectra than
that shown from benzene; unfortunately, their @ could not
be measured owing to the superposition of the new fluo-
rescence with the old, and has been approximatedt to be
> 0.6.

The exciplex decay kinetics should be related to the singlet
excited state *DBMBF, photocycloadditions. In this exciplex
series the cycloaddition to benzene and toluenel’® have been
shown to occur with moderate efficiency in competition to
much more efficient fluorescence ;! the rate constant of the
reaction is a part of Kk which is substantial at this range. The
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interaction of *DBMBF, with olefins does not give exciplex
emission, presumably owing to very efficient cycloaddition
from the undetected exciplexes.') The reason of inefficient
emission and extremely efficient cycloaddition are not clearly
understood, but two processes are competitive. It may be
mentioned that the efficient quenching distance of *“DBMBF,
fluorescence is generally shorter for olefins than for arenes
when comparing the members of a same oxidation potenti-
al.’?l This may suggest that olefins generally bind tighter on
complex formation with *DBMBF, and undergo faster
cyclization.

Returning now to Figure 2, the bending down from the unit
slope in the high ED area may originate in a low estimations of
¢, that, in turn, must arise from too high estimation of dipole
moment in exciplexes derived from xylenes and lower
members. Indeed, in this region, the spectral shape must be
distorted owing to overlaps of emission from *DBMBF2 and
the relevant exciplexes. Further the spectral overlap neces-
sitate the mathematical partition to give the exciplex spectra,
estimation errors of which can be carried over in subsequent
calculations to cause deviation by indirect routes.

Conclusion

The series of *DBMBF, exciplexes derived from the inter-
action with alkylbenzenes possess the LE state contribution
ranging from non-zero to ¢>=0.8 that regulates the transition
matrix element to generate the driving force for the exciplex
radiative and nonradiative decays in the Marcus “normal”
region. This series shows exciplex properties considerably
different from CRIP exciplexes wherein the radiative and
nonradiative processes are induced by return electron trans-
fer. First of all, @& in cyclohexane is drastically enhanced
from that of *DBMBF,, and linearly correlated with the
fluorescence peak energy v,,... Secondly, k¢* computed as the
function of v,,,, and ¢? on the basis of exciplex wavefunction
gives good agreement with the experimental values. Thirdly,
both k& and kg increase with the same trend and as the
electronic energy gap for the transitions increases; the better
correlation with hv,,, and c¢? rather than with —AG_
demonstrate importance of the stabilization energy Uj arising
from the resonance interaction | A'D*) =|*AD). Thus, in the
Marcus “normal” region, the real driving force of exciplex
decays is not —AG_, but that modified by Ui.

In Figure 3, kg& plots show less steep slopes than k¢* plots
and begin to deviate upward (i.e., the reversal of kgg
decreases) as CT % increased toward the CRIP region, which
is identified as the turning point from the “normal” to
“inverted” region. We propose that the kg, value is boosted
by an emerging contribution of the intersystem crossing
process which is induced by exciplex polarity.

Experimental Section

The materials and instruments were the same as those described in the
previous papers.?> ¢l The determination of fluorescence spectra, the
calculation of the intensity derived from exciplexes and of the quantum
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yields, solvatochromic shift plots, the calculation of exciplex dipole
moments, the determination of exciplex lifetimes were the same as those
used in these two papers.
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Photoinduced Intramolecular Charge Separation in

Donor/Acceptor-Substituted Bicyclohexylidene and Bicyclohexyl

Frans J. Hoogesteger,'*! Cornelis A. van Walree,?! Leonardus W. Jenneskens,*!?!
Martin R. Roest,”! Jan W. Verhoeven,”! Wouter Schuddeboom,!*! Jacob J. Piet,/! and
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Abstract: The photophysical properties
of a bicyclohexylidene (1DA) and a
bicyclohexyl (2DA) substituted with an
anilino electron donor and a dicyano-
ethylene electron acceptor have been
studied. Quenching of local donor emis-
sion is observed for these compounds as
well as quenching of the “pseudo-local”
acceptor emission. Transient absorption

was corroborated by time-resolved mi-
crowave conductivity measurements
from which large excited-state dipole
moments were found for both 1DA and
2DA. Time-resolved fluorescence spec-
troscopy revealed that in the charge-
separated state in cyclohexane for 2DA,
molecular folding takes place on a nano-
second timescale. For 1DA in cyclo-

hexane, either charge separation takes
place in a (fully) folded conformation or
very rapid (subnanosecond timescale)
folding takes place subsequent to charge
separation. In addition to this difference
in conformational behavior, the pres-
ence of the exocyclic double bond be-
tween the cyclohexyl-type rings results
in efficient quenching of the anilino

spectra show dialkylanilino-type radical-
cation and dicyanoethylene-type radi-
cal-anion absorptions. These results
show that intramolecular charge separa-
tion takes place in 1DA and 2DA. This

spectroscopy -

Introduction

The occurrence of photoinduced electron-transfer processes
has attracted the attention of many researchers, since its study
may provide insight into the processes that play a role in the
conversion of solar energy into an electrochemical potential
in photosynthetic systems.'l In addition, knowledge about
these phenomena is of importance for the rational develop-
ment of new optoelectronic materials that may find an
application in the fields of artificial solar-energy conversion,?!
nonlinear optics,? and molecular electronics.! In order to
obtain a better understanding of the factors that govern
charge-transfer processes, charge transfer in donor-spacer-
acceptor (DSA) compounds that contain a variety of inter-
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Laboratory of Organic Chemistry, University of Amsterdam
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IRI, Delft University of Technology, Mekelweg 15
2629 JB Delft (The Netherlands)
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donor triplet state and acceleration of
the charge recombination rate by a
factor of 20.

connecting saturated hydrocarbon spacers has been studied.!
It has been shown that no direct spatial overlap between the
donor and acceptor wavefunctions is necessary for the
occurrence of charge transfer, since the intervening bridge
has a rigid character in several of these systems. In these cases,
the interaction between D and A is a result of through-bond
orbital interactions. The concept of through-bond interactions
(TBI) was introduced in 1968 by Hoffmann etal. and
describes the intramolecular interactions between functional
groups non-conjugatively linked by orbital overlap.l) Exper-
imental evidence for TBI has been obtained from photo-
electron and electronic spectroscopy as well as structurall’]
and chemical studies.

Bi- and oligo(cyclohexylidenes) are interesting candidates
for use as spacers in DSA compounds, since their alternating
o-m—o orbital topology allows the study of the influence of
formally nonconjugated double bonds in the bridge on
photoinduced charge-transfer phenomena. Ab initio calcula-
tions have shown that the st bonds in oligo(cyclohexylidenes)
are mutually weakly coupled by orbital interactions.!'” They
are also sufficiently easy to oxidize to render the intervening
bridge “redox active”.' Thus, the unsaturated entity can be
involved in the charge-separation process in two ways.> ' 121
Firstly, through TBI it can increase the electronic coupling
between donor and acceptor orbitals by providing relatively
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low-lying, that is, lower than the o* orbitals of the saturated
bridge, empty mt* orbitals. Secondly, the unsaturated system
can function as a real anion or cation intermediate in the
electron-transfer process (sequential mechanism). By com-
parison of the photophysical properties of donor/acceptor-
substituted oligo(cyclohexylidenes) with saturated oligo-
(cyclohexyl) analogues the effect of the 7 bond on electron-
transfer processes can be assessed.

In addition to providing insight into the role of an isolated
double bond in charge-separation processes, functionalized
oligo(cyclohexylidenes) also offer the possibility of obtaining
well-organized optoelectronic materials. It has been shown
that the oligo(cyclohexylidene) building block gives access to
highly ordered supramolecular structures by using the Lang-
muir—Blodgett technique, self-complementary hydrogen
bonding, and spin-coating.'* Since this tendency to form
supramolecular structures is related to the geometry of
oligo(cyclohexylidenes), the effect of charge separation on
the conformation of these compounds is of interest. Oligo-
(cyclohexylidenes) in general possess a rodlike geometryl®
that formally prevents a
through-space overlap of the
D and A chromophores. How-
ever, conformational flexibility
of the bridge may give rise to a
more compact (folded) struc-
ture. In a folded ground-state
conformation, through-space
electron transfer may take
place upon excitation (DSA 7
molecules with a polymeth-
ylene bridge show this behav-
ior).5 14l It is also possible that
folding occurs subsequent to
charge transfer in an extended
conformation. This phenomen- 9
on is the result of a coulombic
attraction between the oppo-
sitely charged chromophores at
both end-positions of the mol-
ecule and is operative in media that have little interaction with
the charge-separated state (gas phase or nonpolar solvents).
This so-called harpooning mechanism™ has been observed
for certain piperidine-bridged DSA systems.['"]

In this paper the photophysical properties of a bicyclohex-
ylidene (1DA) and a bicyclohexyl (2DA) that contain
electron-donating anilino groups and electron-accepting di-
cyanoethylene groups are described. In addition, model donor
compounds (1D; 2D) and model acceptor compounds (1A
2A) are studied. The photophysical properties were inves-

OO OO

X = C=C(CN),: 1DA X = C=C(CN),: 2DA
X = CHy: 1D X = CHyp: 2D

: : CN : H : CN
CN H CN
1A 2A
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tigated by applying a variety of techniques, including absorp-
tion spectroscopy, steady-state and time-resolved (nanosec-
ond timescale) fluorescence spectroscopy, transient absorp-
tion (TA) spectroscopy, and time-resolved microwave con-
ductivity (TRMC) measurements. To obtain insight into their
conformational behaviour in the ground state, the 'H NMR
spectra of the synthesized compounds are also addressed. It is
shown that the presence of a double bond in the D-A-
connecting bicyclohexylidene framework has a profound
influence on both the conformational and charge-transfer
properties of the compounds investigated.

Results and Discussion

Synthesis: The synthesis of compounds 1DA and 2DA is
shown in Scheme 1. Alkylation of the dianion of carboxylic
acid 5 with N-phenylpiperidone!'” 4 afforded S-hydroxy acid
6, which was decarboxylated and dehydrated to yield acetal 7.
Hydrolysis of 7 yielded ketone 8 and subsequent condensation

Ph— NC>:O + Hooc{>< ><—» Ph— NM :>< L

g COOH

C=C(CN), 1DA

O
X

C=C(CN), 2DA

Scheme 1. Synthetic scheme for 1DA and 2DA. Reagents: a) BuLi, (iPr),NH; b) Me,NCH(OCH,CMe;),,
CH;CN; ¢) H;0*, THF; d) H,C(CN),, C¢Hy; H,, Pd/C, THF.

with malononitrile afforded 1DA. Saturated compound 2 DA
was obtained by catalytic hydrogenation of 7, followed by
hydrolysis to ketone 10, and condensation with malononitrile.

The synthesis of donor model compound 1D is straightfor-
ward starting from 4 and cyclohexanecarboxylic acid. Cata-
Iytic hydrogenation of 1D afforded 2D. Acceptor models 1A
and 2A were obtained by Knoevenagel condensation of
malononitrile and 1,1"-bicyclohexyliden-4-onel® and 1,1"-bicy-
clohexyl-4-one, ¥ respectively. All donor/acceptor com-
pounds possess high melting points and low solubilities in
common organic solvents.[']

Ground-state conformational properties of 1 DA and 2DA: In
principle, due to the possibility of ring inversion, several
conformations are accessible for compounds that contain
cyclohexyl-type rings. Unfortunately, crystals of the donor/
acceptor compounds suitable for X-ray diffraction were not
available. However, the single-crystal X-ray structure of
ketone 8 has been reported.?”) In this compound the cyclo-
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hexyl-type rings adopt a chair conformation and the phenyl
ring occupies an equatorial position. In the two crystallo-
graphically independent molecules in the unit cell the phenyl
ring appears to be twisted with respect to the piperidine type
ring by 40 and 50°.

'"H NMR spectroscopy reveals that important conforma-
tional differences exist between the bicyclohexylidene (series
1) and the bicyclohexyl derivatives (series 2) in solution. The
'H NMR spectrum of 1D shows a single triplet at d =3.22 for
the four protons adjacent to the nitrogen atom. This indicates
that they are isochronous at room temperature and that their
neighboring protons are also magnetically equivalent. Indeed,
a triplet is also found for the allylic protons (0 =2.46) of the
nitrogen-containing ring. This provides evidence that both
cyclohexyl-type ring inversions and nitrogen inversion are
rapid on the NMR timescale. A similar conformational
mobility behavior is found for 1A ; the four protons adjacent
to the dicyanomethylene substituent and the four allylic
neighboring protons appear as triplets in the 'H NMR
spectrum. For 1DA, the aliphatic part of the 'H NMR
spectrum shows patterns for the allylic protons similar to
those of 1D and 1A. Hence, it is concluded that the
compounds containing exocyclic double bonds (1DA, 1D,
and 1A) are conformationally flexible at room temperature
on the NMR timescale.

The '"H NMR spectra of series 2 are much more complex
than those of series 1. Distinct signals are discernible for
equatorial and axial protons of the cyclohexyl-type rings. For
2DA, equatorial and axial protons adjacent to the nitrogen
atom resonate at 6 =3.72 and 2.62, respectively. The upfield
shift of the axial protons with respect to the equatorial ones is
a consequence of the axial orientation of the nitrogen lone
pair. This indicates that the phenyl group occupies an
equatorial position in 2DA.PY Thus, the single bond that
connects the two cyclohexyl-type rings effectively locks the
conformation of the cyclohexyl rings and the equatorial
position of the phenyl group. This observation also applies to
2 A; at room temperature it possesses a frozen conformation
on the NMR timescale.

The difference in conformational behavior between series 1
and 2 must find its origin in the presence of an sp?-hybridised
bridging carbon atom in the series 1. Upon chair-chair
interconversion, in the bicyclohexylidene system only the
phenyl group moves to an axial position, whereas in the
bicyclohexyl series both a phenyl and a cyclohexyl ring are
forced to adopt an axial position. The latter geometry is
energetically highly unfavorable, and the equilibrium will be
situated at the equatorial —equatorial conformation. Another
factor that enhances the conformational mobility of the series
1 is the lowering of the barrier for chair-chair interconver-
sion by an sp?-hybridized carbon atom by about 2.5 kcalmol !,
which is due to a reduction in the number of repulsive
nonbonded H—H interactions.?? It should be emphasized that
the observed difference in conformational mobility in the
ground state may have important consequences with respect
to geometrical changes after photoexcitation (vide infra).

Absorption spectra: The UV absorption spectra of
1DA, 2DA and their donor (1D, 2D) and acceptor (1A,

2950

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

2A) model compounds are shown in Figure 1. Absorption
maxima and molar absorption coefficients are summarized in
Table 1.

e/10°M'em’”

e/10°M'ecm”

300 350 400
Al nm

Figure 1. UV absorption spectra of A) 1DA,1D and 1A and B) 2DA, 2D
and 2 A. All spectra were recorded in cyclohexane.l?]

200 250

Table 1. Absorption maxima and molar extinction coefficients ¢ (in
parentheses) of DA compounds (1DA, 2DA), donor model compounds
(1D, 2D), and acceptor model compounds (1A, 2A) in cyclohexane at

20°C.

Amax [nm] (¢ [10°M " cm™])
1DA 203 (39.8) 251 (26.8) 286 (5.7)
2DA 203 (20.6)L! 245 (25.0)4 289 (2.3)1
1D 210 (22.9) 255 (15.5) 289 (1.8)
2D 203 (18.1) 255 (13.3) 289 (1.6)
1A 212 (16.0) 229 (16.2) 274 (4.9)
2A 235 (14.9)

[a] Absorption maxima were measured in cyclohexane, while molar

Compound 2 A shows a single absorption at 235 nm, which
is attributed to a mw—m* transition of the dicyanoethenyl
moiety. Compound 1A possesses an additional band at
274 nm. This transition is absent in the spectra of both
dicyanomethylenecyclohexane and 1,1’-bicyclohexylidene
and was identified previously as an intramolecular charge-
transfer (CT) absorption, which involves charge transfer from
the ethylenic double bond to the dicyanoethenyl acceptor.?l

The absorption spectrum of the saturated donor model 2D
is similar to that of N-phenylpiperidine.?¥ It consists of three
bands positioned at 289, 255 and 203 nm. The 289 nm band is
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the HOMO - LUMO transition, that is, it is comparable to the
L, transition in benzene. The absorption at 255 nm has been
attributed to an intramolecular CT absorption, which involves
an interaction between the benzene and amino moieties.?!
The absorption spectrum of 1D is similar to the spectrum of
2D. However, in 1D the anilino-type band near 205 nm
overlaps with the ww—mx* transition of the exocyclic double
bond, which is situated at 206 nm in bicyclohexylidene.['"]
Accordingly, the absorption of 1D in the 200 nm region is
more intense.

The spectra of 1 DA and 2DA have a strong resemblance to
the sum spectra of 1D, 1A and 2D, 2 A, respectively.”l No
additional absorption bands are present in the spectra of the
donor/acceptor compounds. This indicates that no significant
coupling between the N-phenyl donor and the ethylenic
double bond and/or the dicyanoethylene acceptor occurs in
the ground state or Franck — Condon excited state. The molar
absorption coefficient of the long-wavelength absorption near
290 nm increases from 2300 for 2DA to about 5700M~'cm™!
for 1DA; this is due to the additional absorption of the
double-bond/acceptor system in the latter (cf. 1A). Since in
most of the time-resolved experiments discussed below an
excitation wavelength of 308 nm was used, both the donor and
“acceptor” chromophore will be excited in 1DA, whereas in
2DA only the dialkylanilino donor will be excited.

Steady-state emissive properties: Upon charge separation in
DSA compounds, the fluorescence of the local donor and/or
acceptor chromophores is strongly quenched. In addition,
DSA compounds generally show emission bands that are
absent in the spectra of the separate donor and acceptor
moieties.'> ! In general, the CT character of the emissive
state is reflected by a strong dependence of the emission
wavelength on solvent polarity.?’] The fluorescence spectra of
1DA, 2DA, and the model compounds (solvents cyclohexane
and benzene) are presented in Figure 2. Salient results are
collected in Table 2.

Donor model compounds: The emissive properties of 1D and
2D are similar to those reported for N-phenylpiperidine.?*l A
comparison of the emission spectra of 1D and 2D shows no
effect of the exocyclic double bond of the former on either the
position or quantum yield of the fluorescence. The nature of
the solvent has only a limited influence on the position of the
emission maximum, while the fluorescence is somewhat
stronger in benzene.

Acceptor model compounds: Acceptor model 2A is non-
fluorescent; this has been rationalized by invoking rapid,
radiationless relaxation accompanied by a twist around the
double bond of the dicyanoethylene chromophore in the
excited state.’® Compound 1A shows a broad CT-type
emission at 408 nm in benzene. The charge-separated state
is a result of electron transfer from the olefinic double bond to
the dicyanoethylene acceptor.?! The CT emission is absent in
cyclohexane. In this nonpolar solvent the charge-separated
excited state is only little stabilized, so that it lies close to the
local acceptor singlet excited state. As a consequence of
admixture with this local acceptor state the CT state is subject

Chem. Eur. J. 2000, 6, No. 16
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Figure 2. Steady-state emission spectra of A) 1DA, 1D and 1A and B)

2DA, 2D and 2A. All spectra were recorded in benzene. The insets show
the magnified spectra of 1DA and 2DA.

Table 2. Fluorescence maxima, fluorescence quantum yields @;, and
fluorescence lifetimes 7 of DA compounds (1DA, 2DA), donor model
compounds (1D, 2D), and acceptor model compound 1A in cyclohexane
and benzene (20°C).[a

cyclohexane benzene
Aem [nm] @y 7 [ns]®! Aem [nm] @y T [ns]
1DA 386,521 <0.01,002 <1,20 525 001 <1,2
2DA 336,494 0.01,0.03 <1,24 515 0.02 <1,36
1D 336 0.25 2 343 0.34 2
2D 336 0.25 2 343 0.35 2
1A el - - 408 0.03 1

[a] Excitation wavelength used for quantum yield determination: 1D, 2D
and 1A: 290 nm; 1DA and 2DA: 300 nm. [b] Fluorescence lifetimes
determined from (multi)exponential fits at a number of wavelengths. [c] No
emission observed.

to rapid radiationless decay and CT fluorescence is not
observed in cyclohexane.

Donor/acceptor compounds: The intense local donor emission
of 1D is almost completely absent in the emission spectrum of
1DA in both solvents. The emission of the acceptor/double-
bond system, which was seen to be present in the spectrum of
1A in benzene, is also completely quenched. Instead of these
“local” emission bands, a new, weak and broad emission with
a maximum at 521 nm (2.38 eV; cyclohexane) or 525 nm
(2.36 eV, benzene) is discernible. Similar emission spectra are
obtained for 2DA: local emission from 2D is effectively
quenched and instead a broad emission at 494 nm (2.51 eV;
cyclohexane) or 515 nm (2.41 eV; benzene) is found. These
results point to the occurrence of charge transfer upon
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photoexcitation for 1DA and 2DA. Since it is well known that
fluorescence resulting from a charge-separated state is
strongly dependent on the polarity of the medium, it is
surprising that both 1DA and 2DA have their emission
maxima at approximately the same wavelength in both
cyclohexane and benzene. It is expected that a fully stretched
CT state will be stabilized in benzene by approximately 0.4 eV
with respect to nonpolar cyclohexane.?” This is clearly not the
case for 1DA and 2DA, which may indicate that in cyclo-
hexane and benzene emission from different excited state
conformers is observed (vide infra).

Whether photoinduced charge separation is thermodynam-
ically feasible can be evaluated by application of the Weller
equation, which describes the dependence of the driving force
for charge separation (AGs) on solvent and donor —acceptor
distance.’” Values of AG¢ in cyclohexane (g,=2.02)%"1 are
—0.52 and —0.51eV for 1DA and 2DA, respectively. In
benzene (e,=2.28),”1 AGs values are —0.66 for 1DA and
—0.63 eV for 2DA. These data reveal that photoinduced
charge transfer is feasible for the DSA compounds under
investigation, even in the nonpolar solvent cyclohexane. They
support the experimental observation of charge separation in
the form of quenching of local emission and the occurrence of
new CT emission bands.

Time-resolved fluorescence spectroscopy: Fluorescence life-
times () were measured at various wavelengths. The lifetimes
of the donor and acceptor model compounds (Table 2) are in
good agreement with values reported for similar com-
pounds.?*31 No significant differences are observed between
the fluorescence lifetimes of 1D and 2D (r=ca. 2 ns). For
acceptor model 1A the CT emission in benzene is also
relatively short-lived (7 =ca. 1 ns).

A good fit to the emission decay of 1DA in cyclohexane
was obtained by assuming a biexponential decay with a short-
lived (r<1ns) and a long-lived component (7=20ns). In
benzene, however, only two short-lived components are found
(t <1 ns, 2 ns). For 2DA in cyclohexane lifetimes were similar
to those of 1DA (7 <1 ns, 24 ns), whereas in benzene a long
component of 36 ns is measured for the CT-type emission. For
both 1DA and 2DA the short-lived components are more
prominent at short wavelengths and, hence, they are attrib-
uted to residual local donor fluorescence. Thus, in benzene a
large difference between the lifetimes of the CT emission is
observed (2 and 36 ns, respectively). Apparently, deactivation
of the CT excited state in the compound with the bicyclohex-
ylidene bridge (1DA) is approximately 20 times faster than in
the compound with the bicyclohexyl bridge (2DA). In
cyclohexane, however, the lifetimes of the CT emission of
1DA and 2DA are of similar magnitude (20 and 24 ns,
respectively).

The large difference between the fluorescence lifetimes of
1DA in benzene and cyclohexane again suggests the presence
of different conformational states in these solvents. Support
for the occurrence of conformational changes upon photo-
excitation can be provided by time-dependent changes of
fluorescence spectra. Time-resolved fluorescence measure-
ments revealed that only for 2DA in cyclohexane a wave-
length shift of the emission spectrum with time is observed
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(Figure 3). The fluorescence maximum initially lies at 440 nm
and gradually shifts towards 500 nm. Single-photon-counting
experiments showed that the decay of the emission at 440 nm
is coupled to the rise of the emission at 500 nm (data not
shown). Hence, upon excitation the initially formed excited

intensity / a.u.

m
400 450 500 550
A/ nm

Figure 3. Time-resolved emission spectrum of 2DA in cyclohexane
following flash-photolysis at 308 nm.

species emits at 440 nm (2.82 eV) and converts into a second
species that emits at 500 nm (2.48 eV). If it is assumed that the
species emitting at 440 nm in cyclohexane is in a stretched
conformation, then its energy should be approximately 0.4 eV
lower in benzene. This is in good agreement with the steady
state emission maximum of 2DA in benzene (515 nm,
2.41 eV). Thus, the emission bands at 440 nm in cyclohexane
and 515 nm in benzene are attributed to a stretched CT
species, whereas the conformation of the finally formed
species in cyclohexane (emitting near 500 nm) is more
compact. Hence, for 2DA a change in molecular geometry
after charge separation is observed, involving folding from an
extended conformation to a compact conformation, which as
a consequence of the larger Coulomb stabilization emits at a
longer wavelength. The fact that in benzene no time depen-
dence of the emission is observed suggests that in this solvent
the stretched charge-separated state is stable with respect to
folding. A similar behavior has been reported for other types
of donor/acceptor compounds bearing saturated six-mem-
bered rings as spacers.['¢ 32 33

A stretched conformation is also anticipated for the CT
state of 1DA in benzene on the basis of its structural
resemblance to 2DA and the position of its CT emission band
(525 nm, 2.36 eV). Comparison with the position of the CT
emission in cyclohexane (521 nm, 2.38 eV) indicates that in
the latter solvent a different, probably folded, conformation
must be present. However, no time dependence of the
emission wavelength was discernible for 1DA in cyclohexane,
even on the picosecond timescale. This can be rationalized in
two ways. 1) Photoinduced charge separation takes place in an
already folded conformation. ii) Folding occurs on a (sub)-
picosecond timescale after charge separation in the stretched
conformation. Both interpretations are in line with the lower
barrier to ring inversion for 1DA compared with 2DA, which
followed from the NMR data. A possible folded structure of
1DA is represented in Figure 4.
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Transient absorption (TA)
spectroscopy: So far, the occur-
rence of photoinduced charge
transfer was assumed on the
basis of quenching of local
emission and the appearance
state. of new emission bands. More

information on the processes
following excitation and the species formed was obtained
with transient absorption (TA) spectroscopy with an 8 ns
FWHM laser pulse. Transient absorption spectra are shown in
Figures 5 and 6, and the absorption maxima and lifetimes are
summarized in Table 3.

Figure 4. Possible folded struc-
ture of 1DA in the excited

A)

absorbance

400 500 600 700 800
A/ nm
B)

absorbance

400 500 600 700 800

A/ nm
Figure 5. Transient absorption spectra of A) 1D and B) 2D in benzene.
For A, transients were taken at a) 0, b) 2, ¢) 4, and d) 20 ns. For B, transients
were taken at a) 0, b) 8, and c) 28 ns.

Table 3. Transient absorption maxima and lifetimes 7 of DA compounds
(1DA, 2DA), donor model compounds (1D, 2D), and acceptor model
compound (1A) in cyclohexane and benzene (20°C).

cyclohexane benzene
Amax [nM] 7 [ns] Amax [nm] 7 [ns]
1DA 339, 480 21 339, 460 <5
2DA —lal - 340, 490 35
1D bl - 635 <5
2D 475 > 20 475, 625 >20
1A bl - 336, 4100 <5

[a] Solubility too low. [b] No absorption observed. [c] 410 nm band due to
interference of CT emission (see text).

Acceptor model compounds: The TA spectrum of 1A in
benzene displays two bands situated at 336 nm and 410 nm.
The 336 nm band is assigned to the dicyanoethylene radical
anion.”¥ The lifetime obtained from TA (<5ns) is in
agreement with the fluorescence lifetime of 1 ns. The obser-
vation of the tetraalkyl olefinic radical cation was hampered

Chem. Eur. J. 2000, 6, No. 16
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by interference of CT fluorescence near 408 nm, the spectral
region in which tetraalkyl olefinic radical cations are known to
absorb.*! No radical anion and cation absorption could be
observed for 1A in cyclohexane, which must be a conse-
quence of the very short excited-state lifetime.

Donor model compounds: Surprisingly, donor model com-
pounds 1D and 2D possess pronouncedly different TA
spectra in benzene (Figure 5). For the latter, a prominent
absorption is observed at 475nm (both in benzene and
cyclohexane) with a very long lifetime on the timescale used
(t >20 ns). This absorption band is assigned to a dialkylani-
lino-type triplet state.’*! Hence, one of the relaxation path-
ways of the S, state of 2D involves intersystem crossing to the
triplet state. Furthermore, at short times a distinct band at
625 nm appears, the origin of which is not immediately
apparent. The TA spectra of 1D are remarkably different
from those of 2D. In cyclohexane, no absorption at all is
present; this suggests that a triplet state is either not formed or
very rapidly depopulated. In benzene, two prominent features
can be discerned: the absorption of a dialkylanilino triplet
state is completely absent and a broad, short-lived absorption
(t <5 ns) is present at 635 nm. Apparently, the presence of an
exocyclic double bond in N-phenylpiperidine derivatives
effectively quenches the dialkylanilino-type triplet state. The
absorption bands at 635 nm of 1D and at 625 nm of 2D most
probably stem from the S; state of the dialkylanilino
chromophore. This assignment is supported by the agreement
between the TA lifetimes at 625/635 nm and the fluorescence
lifetimes (Table 2). However, it is not clear why the S; state is
not observed in cyclohexane.

Donor/acceptor compounds: The TA spectra of the donor/
acceptor compounds are shown in Figure 6. Because of its low
solubility, it was not possible to record a TA spectrum of 2DA
in cyclohexane. In general, the TA spectra reveal the presence
of two absorptions that decay concurrently. No long-lived
absorptions attributable to dialkylanilino triplet states are
observed.

For 1DA, the band at about 340 nm is attributed to the
dicyanoethylene radical anion, whereas the long wavelength
absorption in the 460-480 nm region is assigned to the
dialkylanilino-type radical cation. The absorption spectrum of
the dimethylaniline radical cation is well documented and
displays an absorption band at 475 nm.*”] In cyclohexane the
radical cation absorption is red-shifted by approximately
20 nm relative that observed in benzene and possesses a more
narrow and asymmetrical shape. The broadening in benzene is
either due to solute —solvent interactions or is caused by an
increased interaction between the donor and acceptor chro-
mophores. A similar broadening of the dialkylanilino radical
cation absorption due to electronic interaction with another
chromophore has been observed for other DSA systems.[
Both the radical cation and radical anion decay in cyclo-
hexane with a lifetime of 21 ns. In benzene, both absorption
bands are very short-lived and a lifetime 7 <5 ns is observed.
These lifetimes are in agreement with those derived from
fluorescence decay measurements, which corroborates the
interpretation of the broad emission bands around about
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Figure 6. Transient absorption spectra of A) 1DA in cyclohexane, B) 1DA
in benzene, and C) 2DA in benzene. For A, transients were taken at a) 0,
b) 14, and c) 34 ns. For B, transients were taken at a) 0, b) 4, ¢) 10, and
d) 16 ns. For C, transients were taken at a) 0, b) 10, c) 14, and d) 20 ns.

500 nm as originating from CT states (Table 2). The observa-
tion of both dicyanoethylene radical anion and dialkylanilino
radical cation absorption bands confirms the formation of a
charge-separated state in 1DA after photoexcitation.

For 2DA in benzene, absorption bands at 340 and 490 nm
are also present; these once again correspond to the dicyano-
ethylene radical anion and the dialkylanilino radical cation,
respectively. When compared with the TA spectrum of 1DA
in benzene, the long-wavelength absorption maximum is red-
shifted by approximately 25 nm. This may point to an excited
state interaction between the double bond and the dialkyl-
anilino group in 1DA. For 2DA both absorptions decay with a
lifetime of 35 ns, which is in good agreement with the value of
36 ns obtained from the emission spectra.

Time-resolved microwave conductivity (TRMC) measure-
ments: In their excited charge-separated state, the donor/
acceptor compounds are expected to possess considerable
dipole moments. The TRMC technique is well suited for the
determination of these large dipole moments.?® ¥ TRMC
transients, reflecting the changes in microwave conductivity
upon excitation, are shown together with the individual
contributions from the excited singlet and triplet state to the
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overall fit curve for 1D and 2D (benzene) in Figure 7. TRMC
traces and fits for donor/acceptor compound 2DA are
depicted in Figure 8. The dipole moments calculated from
the best fits to the changes in microwave conductivity
(assuming the formation of a single transient dipolar species)
and the lifetimes used for the fitting are listed in Table 4. Since
the TRMC signal is related to the difference of the excited-
state and ground-state dipole moment, use has been made of
AM1-calculated ground-state dipole moments to obtain the
excited-state dipole moments.
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Figure 7. Transient changes in the microwave conductivity (dielectric loss)
of benzene solutions of A) 1D and B) 2D (solid lines). The dashed lines
show the individual contributions from the excited singlet and triplet states
to the overall fit curve (dotted line).

Table 4. TRMC data of 1DA, 2DA, 1D, 2D, and 1A in cyclohexane and
benzene.l!

cyclohexane benzene
v[ns] g [DI ey [DJ® 7 [ns]  ug [D]! uey [D]

1DA 23 15 23 1.8 17 29
2DA 24 18 29 36 17 29
1D el - - 2.4 5 7
2D el - - 25 6 8
1A - - - 1.5 14 19

[a] One unit charge separated by 1 A gives a dipole moment of 4.8 D.
[b] Assuming @, =1 (see text). [c] Not measured. [d] No signal observed in
cyclohexane.

Acceptor model 1A: The acceptor model 1A has an
appreciable TRMC signal in benzene. An excited-state dipole
moment of 19 D is calculated based on a cylindrical geometry;
this corresponds to full charge separation over a distance of
3.9 A. This is close to the spatial separation (ca. 4 A) between
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the olefinic double bond and the double bond of the
dicyanoethylene moiety. In cyclohexane no TRMC signal
whatsoever is observable for 1 A. This result indicates again
that the CT state is rapidly deactivated and corroborates the
fluorescence and transient absorption data.

Donor model compounds: The TRMC traces of model donors
1D and 2D (both in benzene) are markedly different. The
transient of 2D displays an initial component that decays
within a few nanoseconds, followed by a component with a
lifetime of several microseconds. The fast component is
assigned to the excited singlet state of 2D, while the long-lived
component is assigned to the excited triplet state. Similar
results have been found for N,N-dimethylaniline.*”! The
TRMC trace of 1D mainly consists of a short-lived signal,
attributed to the excited singlet state, with only a minor
contribution of a long-lived triplet state. These observations
corroborate the results obtained from the TA experiments, in
which a dialkylanilino-type triplet absorption was found for
2D, whereas no evidence for triplet formation was obtained
for 1D. Singlet excited-state dipole moments of 7.3 D and
8.1 D are calculated for 1D and 2D, respectively. These dipole
moments are somewhat larger than that of N,N-dimethylani-
line (5.0 D), reflecting a higher degree of charge separation
in the excited singlet state.

Donor/acceptor compounds: As an illustration, TRMC
transients for donor/acceptor compound 2DA in cyclohexane
and benzene are shown in Figure 8. In both solvents, a large
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Figure 8. Transient changes in the microwave conductivity (dielectric loss)
of 2DA in A) cyclohexane and B) benzene (solid lines). The dashed lines
show the individual contributions from the excited singlet and triplet states
to the overall fit curve (dotted line).
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signal with a relatively long lifetime, assigned to the singlet
excited state, is found. This lifetime is significantly longer in
benzene (36 ns) than in cyclohexane (25 ns). Furthermore, the
contribution of the triplet state to the TRMC signal is small in
cyclohexane, and virtually absent in benzene. The lifetimes of
the excited states used for the fitting of the TRMC traces (for
both 1DA and 2AD) are in good agreement with those
obtained from both time-resolved fluorescence and TA
spectroscopy.

The absolute values of the excited-state dipole moments of
1DA and 2DA can be calculated on the basis of either a
spherical geometry or a cylindrical geometry of the charge-
separated species.’ ¥ For the folded conformation in cyclo-
hexane, the former geometry is a reasonable approximation,
whereas the latter is suitable for the calculation of the dipole
moment of the stretched conformer as found in benzene.
Thus, in cyclohexane a dipole moment of 15 D is obtained for
1DA and 18 D for 2DA. From these values it appears that the
donor and acceptor are somewhat closer together in 1DA;
this may find its origin in different conformations in the
excited states of the two compounds.

A value of 29 D is obtained for the excited-state dipole
moment of both 1DA and 2DA in benzene. Note that these
dipole moments are calculated under the assumption of a
quantum yield of unity for the formation of a charge-
separated species. The excited-state dipole moments of
1DA and 2DA in benzene are somewhat smaller than the
expected values of 37 and 38 D for full charge separation over
a donor—acceptor distance of 7.7 and 7.9 A, respectively.
Since the TA data revealed the formation of the both the
dicyanoethylene radical anion and the anilino radical cation,
full charge separation nevertheless must occur. It could be
that the quantum yield for charge separation is less than unity,
which might explain why the TRMC excited-state dipole
moments do not reflect full charge separation. However, the
virtually complete quenching of the local donor and acceptor
emission in the fluorescence spectra of 1DA and 2DA
strongly suggests that formation of the charge-separated state
[D*SA*]*is quantitative. The most likely explanation for the
small excited-state dipole moments left is that the geometry of
1DA and 2DA in the CT state in benzene is not a fully
stretched conformation, such as has been assumed until now.
The dipole moment of 29 D corresponds to full charge
separation over approximately 6 A. This suggests that 1DA
and 2DA are in a bent or partially folded conformation. For
instance, in Figure 9 a structure of 1DA is depicted in which
only the piperidine ring adopts a boat conformation and
where the donor—acceptor distance is about 6 A. Although it
is not certain that this is the correct structure for the CT state
of 1DA and 2DA in benzene, this shows that conformations
are possible in which the donor—
acceptor distance is approxi-
mately 6 A. We note that the
actual values of the excited state
dipole moments are affected
when the geometry of the com-
po‘?nds is not a real cylinde.r, Figure 9. Partly folded struc-
which may lead to some error in = (yre of 1DA in the excited
the derived dipole moments. state.
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Conclusion

As judged from the similar absorption spectra of 1D and 2D,
a significant ground-state interaction of the exocyclic double
bond with the anilino donor does not seem to be present. In
contrast, the absorption spectrum of acceptor model com-
pound 1A clearly shows that the double bond interacts with
the dicyanoethylene acceptor in the ground state, giving rise
to a charge-separated state upon excitation. Unfortunately,
owing to the ultrafast nature of the charge-separation process
in 1DA and 2DA, it was not possible to obtain any
information on the effect of the presence of the double bond
on this process. Nevertheless, the presence of the exocyclic
double bond in the bicyclohexylidene-type bridge system is
manifest in essentially three ways. Firstly, the double bond
renders the bridge much more flexible, facilitating the
occurrence of conformational changes in the excited state.
Thus, in cyclohexane folding takes place subsequent to charge
separation for 2DA (on an nanosecond timescale), whereas
for 1DA folding takes place either prior to charge separation,
or on a subpicosecond timescale after charge separation in the
bent or partially folded geometry. Secondly, as shown by both
the TA and TRMC data, the presence of the exocyclic double
bond results in the triplet state of the local anilino donor not
being observed. Thirdly, as indicated by the fluorescence and
TRMC lifetimes of 1DA and 2DA in benzene, the decay of
the extended CT species is about 20 times faster in presence of
the double bond. A similar effect, albeit less pronounced, has
been reported for compounds differing from 1DA and 2DA
in the donor and acceptor chromophores.*’]

The fact that an anilino triplet state is not observed in the
presence of the exocyclic double bond (compound 1D) can be
understood by considering the triplet state energies of the
anilino and tetraalkylethylene chromophores. From the
phosphorescence spectrum of N,N-dimethylaniline,*! the
energy of the triplet state T, of the anilino chromophore is
estimated to be 3.3 eV. The triplet energy of the double bond
in the present compounds is not exactly known, but it is
expected to be similar to or slightly lower than the triplet
energy of tetramethylethene, which is also about 3.3 eV.[*!
Therefore, we expect that once the T, of the anilino
chromophore is populated, triplet—triplet energy transfer to
the ethylene triplet state occurs which prevents the anilino
triplet from being detected. Subsequently, the ethylene triplet
state is rapidly deactivated by radiationless decay.[*!]

The role of the olefinic double bond in the faster decay of
the CT state of 1DA relative to 2DA in benzene may be
twofold. Firstly, it is likely that it increases the coupling
between the CT state and the locally excited or ground state,
thereby favoring charge recombination. Secondly, as shown
above, through its triplet state the double bond also generates
an additional recombination pathway. The importance of this
decay channel can, however, only be small, since in cyclo-
hexane the folded CT-state lifetime of 1DA is only slightly
shorter than the folded CT-state lifetime of 2DA. Note that
for 1DA the compact CT state in cyclohexane has about the
same energy as the stretched conformation in benzene, so that
the energetic distance to the ethylenic triplet state is the same
for both conformations. It is therefore likely that the effect of
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the presence of the double bond on the recombination
kinetics predominantly stems from the increased coupling
between the stretched CT state and the locally excited or
ground state.

In summary, we have shown that photoinduced electron
transfer occurs in donor/acceptor-substituted bicyclohexyli-
denes and bicyclohexyls, and that the presence of the
exocyclic double bond has a strong influence on the photo-
physical properties of these compounds. In this context, it is
interesting that also in longer oligo(cyclohexylidene) DSA
compounds the local emission of the dialkylanilino chromo-
phore is partly quenched; this indicates that even over a
distance of 16.1 A (three intervening cyclohexylidene rings)
through-bond interaction between the donor and acceptor
chromophore must exist.[]

Experimental Section

General: All reactions were carried out under a dry nitrogen atmosphere
unless stated otherwise. Commercially available reagents were used
without purification. THF was distilled from sodium/benzophenone prior
to use. Acetonitrile was stored over 3 A molecular sieves. For column
chromatography silica (Merck kieselgel 60, 230400 mesh ASTM) was
used. Melting points were determined by using a Mettler FP5/FP51
photoelectric melting point apparatus and are uncorrected. NMR spectra
were recorded on a Bruker AC300 spectrometer, operating at 300.13 MHz
for '"H NMR and 75.47 MHz for 3C NMR spectroscopy. Chemical shifts are
given relative to external TMS. Samples were dissolved in deuterated
chloroform unless stated otherwise. Infrared spectra of solids were
recorded on a Mattson Galaxy Series FTIR 5000 spectrophotometer with
a diffuse reflectance accessory; samples were diluted with optically pure
KBr. Elemental analyses were carried out by H. Kolbe Mikroanalytisches
Laboratorium, Miilheim a.d. Ruhr (Germany). UV spectra were measured
with a Cary 1 UV/Vis spectrophotometer in spectrophotometric grade
solvents (Janssen/Acros). Fluorescence spectra were obtained on a Spex
Fluorolog instrument.l*’! Fluorescence quantum yields were determined
relative to naphthalene (@;=0.23)I*l (compounds 1D and 2D) or 9,10-
diphenylanthracene (@;=0.90)* (compounds 1A, 1DA, 2DA). Samples
were diluted to A, <0.1 at the excitation wavelength used and
deoxygenated by purging with argon for 15 minutes. Redox potentials
were determined by using cyclic voltammetry conducted with a Heka
PG 287 potentiostat/galvanostat in acetonitrile (Janssen p.a. grade, freshly
distilled from calcium hydride) containing 0.1M tetrabutylammonium
hexafluorophosphate (Fluka, electrochemical grade) as supporting electro-
lyte. The scanning rate was 0.1 Vs~1. Oxidation and reduction potentials
were determined relative to Ag/AgNO; (0.1M in acetonitrile) and were
referenced to SCE by regularly measuring the oxidation potential of the
FeCp/FeCp* couple (Ey, vs. SCE =0.31 V).l Both the oxidation process
of the N-phenylpiperidino donors and the reduction process of the
dicyanoethylene acceptor were irreversible. The half-wave potentials were
obtained by correction of the peak maxima with +30 mV for the cathodic
wave and —30 mV for the anodic wave.

Time-resolved fluorescence measurements: Fluorescence lifetimes were
determined at single wavelengths by using a Lumonics EX700 pulsemaster
XeCl excimer laser (308 nm, 8 ns FWHM) as excitation source. The
emitted light was passed through a Carl Zeiss M4QII monochromator and
detected using an RCA 1P28 photomultiplier. The signal of the detector
was fed into a TDS684A digital oscilloscope, which was triggered by a
photodiode that detects the laser light pulse. Data were analyzed by a
program based on iterative convolution which allows the calculation of
fluorescence lifetimes for mono-, bi- and tri-exponential decay functions.
Samples (A,.,(308 nm) <0.1) were degassed by purging with argon for
15 min. The equipment used for picosecond single photon-counting
measurements has been fully described elsewhere.[*! Time-resolved
fluorescence spectra (Figure 3) were obtained by using the experimental
set-up described below for transient absorption spectroscopy, but without
the xenon lamp as probe light.

0947-6539/00/0616-2956 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 16





Through-Bond Interactions

2948-2959

Transient absorption spectroscopy: TA spectra were obtained by using a
Lumonics EX700 XeCl excimer laser (308 nm) as the excitation source and
a 450 W high-pressure Xe-arc, pulsed with a Miiller Elektronik MSP05
pulser to enhance its brightness during the observation time gate of the
detector, in right angle geometry as probe light. The probe light, after
passing through the sample cell, was collected by an optical fibre and fed
into a Jarrel-Ash monospec 27 model 1234 spectrograph in which the light
was dispersed by a grating (150 groovesmm™!) onto an MCP-intensified
diode array detector (EG&G 1421G, 25 mm, 1024 diodes). With this set-up
a spectral range of about 600 nm was covered with a bandwidth of 7 nm
(250 pm slit). The detector was gated at Sns by an EG&G 1302 pulse
generator and the start of the time window was delayed in 2 or 5ns
increments relative to the laser pulse to obtain subsequent spectra across
the total decay time of the transients studied. The timing of the laser, the
probe light, and the optical multichannel analyser (OMA) gate pulse was
controlled by an EG&G OMAIII Model 1460 console with a 1303 pulse
generator and a digital delay generator (EG&G 9650). Spectra were
averaged over <20 pulses for each delay to improve the signal to noise
ratio. Samples were prepared in spectrophotometric grade cyclohexane and
benzene in a concentration 0.8 < A,(308 nm) < 1.5 and were degassed by
several freeze-pump-thaw cycles.

Time-resolved microwave conductivity measurements: In a TRMC experi-
ment, a solution of the compound under investigation in a non-dipolar
solvent, contained in a microwave cavity, was photoexcited by a 7 ns laser
flash from a XeCl excimer laser. The formation of a dipolar excited state
lead to an increase in the high-frequency dielectric loss of the solution. This
increase wa monitored by time-resolved measurement of the change in
microwave conductivity Ac which is related to the difference in excited-
state and ground-state dipole moment. It was necessary for the calculation
of the excited state dipole moment from the TRMC transients to describe
the geometry of the charge-separated species properly. Methods are
available for spherical, cylindrical, and disklike molecular geometries. The
technique is described in detail elsewhere.’* ! Samples with
A;n(308 nm) > 0.3 and preferably A, (308 nm)=1 were prepared in
UV spectroscopic grade cyclohexane and benzene and were deaerated by
purging with CO, for 15 min. The solutions contained in a microwave
cavity were flash-photolysed by using a single 7 ns FWHM pulse (308 nm)
of a Lumonics HyperEX 400 excimer laser. Any transient change occurring
in the microwave conductivity (dielectric loss) of the solution was
monitored as a change in the microwave power reflected by the cavity by
using a Tektronix 7912 transient digitizer.

Synthesis of donor/acceptor compounds
9-(1-Phenyl-4-hydroxy-piperidin-4-yl)-3,3-dimethyl-1,5-dioxaspiro[S.5Jun-
decane-9-carboxylic acid (6): A two-necked flask was filled with THF
(150 mL) and diisopropylamine (19.05 g, 189 mmol). Butyllithium in n-
hexane (131 mL of a 1.46 M solution, 191 mmol) was added to this solution
at —40°C, and after stirring for 30 min 3,3-dimethyl-1,5-dioxaspiro[5.5]un-
decane-9-carboxylic acid” (5; 21.35 g, 93.6 mmol) in THF (25 mL) was
added at once at —40°C. The reaction mixture was then stirred at 50 °C for
two hours and re-cooled to —40°C. N-Phenyl-4-piperidonel'l (4; 16.84 g,
96.2 mmol) in THF (25 mL) was then added at once, and the reaction
mixture was stirred at 50°C for another 2h. After cooling to room
temperature the mixture was poured on ice (750 g) and diluted with diethyl
ether (500 mL). The layers were separated and the organic layer was
extracted with water (2x150mL). The combined water layers
were washed with diethyl ether (2 x 100 mL) and subsequently acidified
to pH 1 using 3M hydrochloric acid. The resulting white precipitate was
filtered off, washed with water, and dried in vacuo over potassium
hydroxide, yielding a white solid (13.70 g, 34.0 mmol, 36 %). M.p. 222°C
(decomp); 'H NMR ([Dg]DMSO): 6 =7.81 (m, 2H), 7.52 (m, 2H), 747 (m,
1H), 3.68 (m, 2H), 3.38 (m, 6 H), 2.40 (m, 2H), 2.19 (m, 2H), 1.92 (m, 4H),
1.60 (m, 2H), 1.21 (m, 2H), 0.87 (s, 6H); IR (KBr): 7 =3500-3000, 2976,
2957, 2949, 2903, 2868, 2900-2300, 1732, 1694, 1494, 1469, 1448, 1105, 756,
691 cm1.
9-(1-Phenylpiperidin-4-ylidene)-3,3-dimethyl-1,5-dioxaspiro[ S.5Jundecane
(7): N,N-Dimethylformamide dineopentyl acetal (15.65 g, 67.6 mmol) was
added to a suspension of S-hydroxy acid 6 (13.45g, 33.4 mmol) in
acetonitrile (375 mL) and after stirring for 1 h at room temperature the
reaction mixture was heated to reflux overnight. The resulting yellow
solution was cooled to —20°C, and the resulting precipitate was filtered off,
washed with cold acetonitrile, and dried to yield a white powder (8.12 g,
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23.8 mmol, 71%). M.p. 166-167°C; 'H NMR: 6 =725 (m, 2H), 6.92 (d,
J=79Hz, 2H), 6.81 (t, J=73 Hz, 1H), 3.54 (s, 4H), 3.21 (t, J=5.7 Hz,
4H), 246 (t, J=5.7 Hz, 4H), 2.28 (m, 4H), 1.83 (m, 4H), 0.99 (s, 6H);
13C NMR: ¢ = 15138, 129.36, 129.06, 126.07, 118.90, 115.98, 97.68, 70.12,
50.60, 33.46, 30.25, 29.11, 25.05, 22.76; IR (KBr): # = 3094, 3069, 3036, 3017,
2974, 2967, 2955, 2940, 2920, 2893, 2866, 2847, 2828, 1597, 1576, 1479, 1462,
1448, 1431, 1117, 752, 687 cm~".

4-(1-Phenylpiperidin-4-ylidene)cyclohexanone (8): Acetal 7 (8.12¢g,
23.8 mmol) was dissolved in THF (70 mL), and 5% hydrochloric acid
(70 mL) was added. The mixture was heated to reflux for 4 h. After cooling
to room temperature, THF was removed at reduced pressure and the
resulting suspension was extracted with chloroform (2 x 75 mL). After
washing the combined organic extracts with saturated NaHCO; solution
and water, respectively, drying (MgSO,), and evaporation of the solvent, an
off-white solid was obtained (5.61 g, 22.0 mmol, 92%). M.p. 58-60°C;
'HNMR: 6 =727 (m,2H), 6.94 (d,J=7.9 Hz,2H), 6.84 (t,/ =7.3 Hz, 1 H),
3.26 (t, J=5.8 Hz, 4H), 2.60 (t, J=6.7 Hz, 4H), 2.50 (t, J=5.7 Hz, 4H),
2.43 (t, J=6.8 Hz, 4H); *C NMR: 0=212.32, 151.18, 129.13, 129.13,
125.54, 119.10, 116.00, 50.22, 40.55, 29.22, 26.54; IR (KBr): #=3090, 3055,
3040, 2963, 2915, 2897, 2849, 2836, 2818, 2805, 1721, 1599, 1494, 1442, 1427,
1415, 762, 694 cm™.

4-(1-Phenylpiperidin-4-ylidene)cyclohexylidenepropanedinitrile (1DA):
A mixture of ketone 8 (2.35g, 9.22 mmol), malononitrile (1.05 g,
15.9 mmol), ammonium acetate (0.81 g), and acetic acid (2.0 mL) in
benzene (100 mL) was heated to reflux for 2 h in a Dean - Stark apparatus.
Upon cooling a greenish precipitate formed, which was filtered off and
washed with benzene. Yield: 1.47 g (4.85 mmol, 53 %) of a greenish solid.
M.p. 170°C (decomp); 'H NMR: 6 =7.25 (m, 2H), 6.90 (d, /= 8.0 Hz, 2H),
6.85(t,/=72Hz,1H),3.20 (t,J=5.4 Hz,4H),2.78 (t,/ = 6.0 Hz, 4H), 2.45
(m, 8H); BC NMR: 0=184.25, 150.94, 130.32, 129.16, 124.54, 119.30,
116.07, 111.60, 83.26, 50.25, 34.42, 29.22, 28.13; IR (KBr): 7=3092, 3034,
2992, 2965, 2897, 2839, 2822, 2230, 1597, 1504, 1464, 1437, 754, 687 cm™!;
elemental analysis caled (%) for C,yH,N; (303.41): C 79.16, H 6.98, N
13.86; found C 79.20, H 6.90, N 13.89.

9-(1-Phenylpiperidin-4-yl)-3,3-dimethyl-1,5-dioxaspiro[5.5]Jundecane (9):
Acetal 7 (2.70 g, 7.92 mmol) in THF (450 mL) was stirred overnight under
an atmosphere of hydrogen (1 atm) in the presence of 10% Pd/C as a
catalyst. Filtration over Celite and evaporation of the solvent gave a white
solid in quantitative yield. M.p. 137-139°C; '"H NMR: 6 =7.26 (m, 2H),
6.92 (d, /=83 Hz, 2H), 6.82 (t, J=73 Hz, 1H), 3.70 (brd, /J=11.8 Hz,
2H), 3.53 (s, 2H), 3.48 (s, 2H), 2.63 (brt, /=113 Hz, 2H), 2.38 (m, 2H),
1.78 (brd, J=12.4 Hz, 2H), 1.63 (m, 2H), 150-1.10 (m, 8H), 0.94 (s, 6H);
BCNMR: 0 =151.92,128.99, 119.23, 116.48, 97.71, 70.07, 69.86, 50.37, 41.90,
40.65, 32.15, 30.20, 29.60, 25.73, 22.74; IR (KBr): 7=3096, 3069, 3040,
3025, 2951, 2904, 2864, 2830, 2812, 1599, 1460, 1440, 1111, 1099, 752,
687 cm~.

4-(1-Phenylpiperidin-4-yl)cyclohexanone (10): Hydrolysis of acetal 9
(2.21 g, 6.44 mmol) as described for 8 quantitatively afforded a white solid.
M.p. 137°C; 'H NMR: 6 =725 (m, 2H), 6.95 (d, /=79 Hz, 2H), 6.82 (t,
J=73Hz, 1H), 3.70 (brd, J=13.0 Hz, 2H), 2.65 (brt, J=12.1 Hz, 2H),
2.35 (m, 4H), 2.08 (m, 2H), 1.70-1.00 (m, 8H); 3C NMR: 0=212.12,
151.75, 129.06, 119.47, 116.67, 50.22, 40.98, 40.93, 40.07, 29.85, 29.61; IR
(KBr): 7=3088, 3067, 3034, 3019, 2951, 2938, 2911, 2880, 2863, 2849, 2824,
2809, 1723, 1599, 1502, 1462, 1447, 1431, 1416, 761, 692 cm~".

4-(1-Phenylpiperidin-4-yl)cyclohexylidenepropanedinitrile (2DA): A mix-
ture of ketone 10 (1.52 g, 5.91 mmol), malononitrile (0.51 g, 7.73 mmol),
ammonium acetate (0.44 g), and acetic acid (1.0 mL) in benzene (150 mL)
was heated to reflux for 2 h in a Dean - Stark apparatus. Upon cooling, a
precipitate formed that was filtered, washed with benzene, and dried to
give a greenish solid, which was purified by column chromatography (silica;
eluent chloroform). Yield 1.10 g (3.61 mmol, 61 % ) of a greenish solid. M.p.
211°C (decomp); 'H NMR: 6 =7.23 (m, 2H), 6.92 (d, /=8.1 Hz, 2H), 6.82
(t, /=72 Hz, 1H), 3.72 (dt, J=12.4, 2.3 Hz, 2H), 3.09 (brd, J=13.5 Hz,
2H), 2.62 (td, J=12.1, 2.3 Hz, 2H), 2.33 (td, /=13.5, 5.1 Hz, 2H), 2.17
(brd, J=13.1 Hz, 2H), 1.80 (brd, /=13.1 Hz, 2H), 1.60-1.20 (m, 6H);
BC NMR: 6 =184.51, 151.65, 129.09, 119.60, 116.61, 111.64, 82.69, 50.21,
41.23, 40.07, 34.19, 30.86, 29.49; IR (KBr): 7 = 3094, 3074, 3046, 3030, 3015,
2990, 2969, 2942, 2909, 2866, 2843, 2826, 2226, 1595, 1503, 1460, 1442, 1429,
1418, 760, 688 cm™!; elemental analysis calcd (% ) for C,yH,3N; (305.43): C
78.64, H 7.60, N 13.76; found C 78.49, H 7.53, N 13.65.
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Synthesis of model donor compounds

1-(1-Phenyl-4-hydroxy-piperidin-4-yl)cyclohexanecarboxylic acid (11):
This compound was synthesized as described for f-hydroxy acid 6 from
cyclohexane carboxylic acid (5.25 g, 41.0 mmol) and N-phenyl-4-piperi-
done 4 (7.02 g, 40.1 mmol) by using butyllithium in n-hexane (1.46 M, 58 mL,
84.7 mmol) and diisopropylamine (8.24 g, 81.6 mmol) in THF (150 mL).
The crude reaction mixture was poured on ice (150 g) and dilluted with
diethyl ether (200 mL). The water layer was separated and the organic
layer was extracted with water (2 x 50 mL). The combined water layers
were washed with diethylether (2 x 25 mL) and subsequently acidified to
pH 6 by using 3M hydrochloric acid. The resulting white precipitate was
filtered off, washed with water, and dried in vacuo over potassium
hydroxide. Yield 5.55¢g (18.3 mmol, 45%). M.p. 225°C (decomp); IR
(KBr): 7=3400-3200, 3067, 3056, 2982, 2968, 2932, 2854, 1687, 1654, 1494,
1462, 1450, 1437, 1131, 761, 700 cm~L.

1-Phenyl-4-cyclohexylidenepiperidine (1D): This compound was synthe-
sized from 11 (5.55 g, 18.0 mmol) and N,N-dimethylformamide dineopen-
tylacetal (9.05 g,39.1 mmol) in acetonitrile (250 mL) as described for 7. The
crude reaction mixture was concentrated by evaporation of the solvent to
ca. 70 mL and stored at —20°C. A white solid precipitated, was filtered,
washed with cold acetonitrile, and dried to yield 2.58 g of 1D. The filtrate
was diluted with chloroform (150 mL), washed with a saturated NaHCO;
solution (100 mL) and water (2 x 100 mL), and after separation of the
layers, drying of the organic layer (MgSO,), and evaporation to dryness a
white solid was isolated. Recrystallization of the solid from methanol
afforded another 0.45 g (2.0 mmol) of 1D. Total yield 3.03 g (12.6 mmol,
70%). M.p. 81°C; 'THNMR: 0 =727 (m, 2H), 6.94 (d, /=7.9 Hz, 2H), 6.82
(t,J=73Hz, 1H),3.22 (t, ] =5.8 Hz, 4H), 2.46 (t,] = 5.8 Hz, 4H), 2.22 (m,
4H), 1.56 (m, 6H); 3C NMR: 0 =151.54, 131.70, 129.10, 124.77, 118.84,
115.97,50.73,30.21, 29.02, 28.60, 27.20; IR (KBr): 7 = 3096, 3071, 3040, 2972,
2955, 2924, 2887, 2852, 2814, 1599, 1505, 1458, 1447, 1425, 745, 682 cm™!;
elemental analysis caled (%) for C;;H,3N (241.38): C 84.58, H 9.61, N 5.81;
found C 84.30, H 9.59, N 5.77.

1-Phenyl-4-cyclohexylpiperidine (2D): 1-Phenyl-4-cyclohexylidenepiperi-
dine 1D (1.55 g, 6.43 mmol) in THF (250 mL) was stirred overnight under
an atmosphere of hydrogen (1 atm) using 10 % Pd/C as a catalyst (500 mg).
The reaction mixture was filtered over Celite and evaporated to dryness.
The crude solid was recrystallized from methanol, yielding 1.00 g
(4.12 mmol, 64 %) of a white solid. M.p. 97-100°C; 'H NMR: 6 =7.23
(m, 2H), 6.95 (d, J=8.0 Hz, 2H), 6.83 (t, /=725 Hz 1H), 3.69 (brd, J=
12.2 Hz, 2H), 2.65 (td, J=12.2, 2.2 Hz, 2H), 1.75 (m, 7H), 1.40 (m, 2H),
1.20 (m, 5H), 0.97 (m, 2H); 3C NMR : § =152.01, 129.00, 119.18, 116.49,
50.48, 42.60, 41.46, 30.19, 29.40, 26.78, 26.68; IR (KBr): 7 =3092, 3069, 3032,
3019, 2920, 2870, 2849, 1599, 1503, 1460, 1447, 752, 687 cm~!; elemental
analysis calcd (%) for C;HysN (243.40): C 83.88, H 10.36, N 5.76; found C
83.74, H 10.30, N 5.77.

Synthesis of model acceptor compounds

1,1'-Bicyclohexyliden-4-ylidenepropanedinitrile (1A): A mixture of 1,1'-
bicyclohexyliden-4-onel” (1.0 g, 5.62 mmol), malononitrile (0.38 g,
5.76 mmol), ammonium acetate (0.46 g), and acetic acid (1.0 mL) was
refluxed in benzene (50 mL) for 1.5 h. The crude reaction mixture was
washed with water (20 mL), saturated NaHCOj; solution (20 mL), and
again with water (20 mL), dried (MgSO,), and evaporated to dryness. The
crude solid was recrystallized from ethyl acetate (20 mL) to yield light
yellow needles (1.10 g, 4.87 mmol, 87 %). M.p. 154-155°C; '"H NMR: 6 =
2.72 (t,J=6.5Hz,4H),2.47 (t,J =6.5 Hz, 4H), 2.19 (m, 4H), 1.54 (m, 6 H) ;
3C NMR: 6=185.00, 134.93, 122.21, 111.67, 82.89. 34.74, 30.38, 28.25,
28.20, 26.77; IR (KBr): 7=2967, 2927, 2854, 2828, 2229, 1584, 1449, 1431,
999 cm~.

1,1'-Bicyclohexyl-4-ylidenepropanedinitrile (2A): This compound was
obtained as described for 1A from 1,1'-bicyclohexyl-4-one (253 mg,
1.41 mmol),l'¥! malononitrile (103 mg, 1.56 mmol), acetic acid (0.2 mL),
and ammonium acetate (154 mg) in benzene (50 mL). The crude material
was recrystallized from methanol to yield white needles (284 mg,
1.25 mmol, 89%). M.p. 53-55°C; '"H NMR: 6=3.01 (brd, J=13.0 Hz,
2H),2.29 (td, J=12.9, 5.1 Hz, 2H), 2.04 (m, 2H), 1.67 (m, 6 H), 1.40-1.00
(m, 8H); *C NMR: 6=185.28, 111.71, 82.75, 41.88, 41.83, 34.38,
30.88, 30.22, 26.52, 26.50; IR (KBr): #=2926, 2853, 2662, 2230, 1595,
1448 cm~.
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Synthesis, Spectroscopy and Catalysis of [Cr(acac);] Complexes Grafted
onto MCM-41 Materials: Formation of Polyethylene Nanofibres within
Mesoporous Crystalline Aluminosilicates

Bert M. Weckhuysen,*[*! R. Ramachandra Rao,'*] Josephina Pelgrims,!?!
Robert A. Schoonheydt,®! Philippe Bodart,'”! Guy Debras,! Olivier Collart,!!
Pascal Van Der Voort,'‘! and Etienne F. Vansant!c!

Abstract: Chromium acetyl acetonate
[Cr(acac);] complexes have been grafted
onto the surface of two mesoporous
crystalline materials; pure silica MCM-
41 (SIMCM-41) and Al-containing silica
MCM-41 with an Si:Al ratio of 27
(AIMCM-41). The materials were char-
acterized with X-ray diffraction, N,
adsorption, thermogravimetrical analy-
sis, diffuse reflectance spectroscopy in
the UV-Vis-NIR region (DRS), electron
spin resonance (ESR) and Fourier trans-
form infrared spectroscopy. Hydrogen
bonding between surface hydroxyls and
the acetylacetonate (acac) ligands is the
only type of interaction between [Cr-
(acac);] complexes and SiMCM-41,
while the deposition of [Cr(acac);] onto
the surface of AIMCM-41 takes place
through either a ligand exchange reac-
tion or a hydrogen-bonding mechanism.
In the as-synthesized materials, Cr3* is
present as a surface species in pseudo-

octahedral coordination. This species is
characterized by high zero-field ESR
parameters D and E, indicating a strong
distortion from O, symmetry. After
calcination, Cr** is almost completely
oxidized to Cr®*, which is anchored onto
the surface as dichromate, some chro-
mate and traces of small amorphous
Cr,O; clusters and square pyramidal
Cr’* ions. These materials are active in
the gas-phase and slurry-phase polymer-
ization of ethylene at 100°C. The poly-
merization activity is dependent on the
Cr loading, precalcination temperature
and the support characteristics; a 1 wt %
[Cr(acac);]-AIMCM-41 catalyst pre-
treated at high temperatures was found
to be the most active material with a

Keywords: aluminosilicates - catal-
ysis + chromium - mesoporosity -
polyethylene
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polymerization rate of 14000g poly-
ethylene per gram of Cr per hour.
Combined DRS-ESR spectroscopies
were used to monitor the reduction
process of Cr®*** and the oxidation
and coordination environment of Cr**
species during catalytic action. It will
be shown that the polymer chains ini-
tially produced within the mesopores
of the Cr-MCM-41 material form nano-
fibres of polyethylene with a length of
several microns and a diameter of 50
to 100 nanometers. These nanofibres
(partially) cover the outer surface of
the MCM-41 material. The catalyst
particles also gradually break up during
ethylene polymerization resulting in the
formation of crystalline and amorphous
polyethylene with a low bulk density and
a melt flow index between 0.56 and
1.38 g per 10 min; this indicates the
very high molecular weight of the poly-
mer.

Introduction

In the early 1990s, Kresge and co-workers at Mobil reported
the preparation of a new class of silica- and silica-alumina-

based molecular sieves by using surfactant template mole-

cules.'? The so-called M41S materials possess a periodic
framework of regular mesopores, the size of which depends on
the alkyl chain length of the template molecule. This

discovery has greatly expanded the range of potential
catalysts and catalyst supports.

MCM-41 is the most prominent example of this M41S
family and can be envisaged as a hexagonal tubular material

with a very high surface area and with sharply defined pore
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diameters in the range of 2—10nm. Pure silica MCM-41
possesses a neutral framework, which limits its application as
a catalyst or as a support for preparing novel heterogeneous
catalysts. When trivalent cations such as AI’*, B** or Ga** are
substituted for Si** in the walls of MCM-41, the framework
possesses negative charges that can be compensated by
protons; this results in materials useful for acid-catalyzed
reactions.>”] Redox activity is obtained when a transition
metal ion, such as Ti**, Mn** or Cr**, is introduced during
synthesis in the MCM-41 material.l>% *'3l Possible reactions
include the oxidation of cyclohexene over Ti-MCM-41 in the
presence of hydrogen peroxidel! and the epoxidation of
stilbene over Mn-MCM-41 in the presence of fert-butyl
hydroperoxide.['”l A disadvantage of these materials prepared
by direct synthesis is that not all the active sites are accessible
for catalysis because the metal ions are partially located inside
the walls of MCM-41.

Another preparation method is grafting the active species
onto the inner surface of the mesopores of the MCM-41
material. In this case, all catalytically active sites are (in
principle) accessible. Recently, we briefly reported on the
polymerization of ethylene over well-defined chromium
complexes grafted onto MCM-41.'Y Tt was shown that
chromium acetylacetonate [Cr(acac);] complexes can be
grafted onto the surface of AI-MCM-41 materials, giving rise
to materials active in the polymerization of ethylene.

A detailed characterization study of these novel polymer-
ization catalysts is presented here. The Cr-MCM-41 materials
have been characterized with X-ray diffraction (XRD), N,
adsorption, thermogravimetrical analysis (TGA), electron
spin resonance (ESR), diffuse reflectance spectroscopy in the
UV-Vis-NIR region (DRS) and Fourier transform infrared
spectroscopy (FTIR), and tested regarding the polymeriza-
tion of ethylene in both the gas and slurry phase. The
polymers formed have been characterized with a melt flow
indexer and by scanning electron microscopy (SEM), differ-
ential scanning calorimetry (DSC), XRD and FTIR. In
addition, combined DRS/ESR spectroscopies have been used
to monitor the Cr species during catalytic action.

Results and Discussion

Synthesis and physicochemical characterization of Cr-MCM-
41 catalysts: An overview of the synthesized MCM-41 and Cr-

Table 1. Samples, sample notation and physicochemical properties.

MCM-41 materials, the sample notation and their physical
properties is given in Table 1. The XRD patterns of the as-
synthesized and calcined SIMCM-41 and AIMCM-41 were
identical to those reported in the literature, confirming the
hexagonal mesoporous structure.'>) The d-spacings (wall
thickness + pore diameter) of calcined SiMCM-41 and
AIMCM-41 were 39.2 and 37.1 A, respectively. The pore size
distribution of calcined SIMCM-41 and AIMCM-41 was very
narrow with mean pore diameters of 25.0 and 29.5 A,
respectively, as determined by the BJH (Barrett, Joyner and
Halenda) method.

No drastic changes in XRD peak positions and intensities
and d-spacings were observed after grafting the MCM-41
materials with [Cr(acac);] complexes or after calcination of
the [Cr(acac);]-MCM-41 materials in oxygen at either 550 or
720°C. Table 1 indicates that: 1) the mean pore diameter and
pore volume of the Cr-MCM-41 materials decrease slightly
with increasing amounts of [Cr(acac);] complexes grafted
onto the surface, 2) the initial pore sizes and pore volumes of
the materials are almost completely restored after calcination
at 550°C and 3) calcination at 720 °C results in a reduction in
the mean pore diameter and pore volume of the MCM-41
material.

The removal of the acetylacetonate (acac) ligands from the
chromium complexes grafted onto the surface of MCM-41 has
been studied by using TGA in oxygen. The TGA curves of
1.00-Si-A and 1.00-Al-A are compared in Figure 1. It is clear
that the acac ligands are removed in two distinct stages. In the
case of 1.00-Si-A, a first weight loss is observed in the
temperature range between 190 and 270°C, while the second
weight loss takes place between 300 and 330°C. The number
of acac molecules per chromium atom was found to be 3.03,
which indicates that there is only one type of Cr complex with
three acac molecules on the surface (Figure 2). This complex
most probably interacts with surface hydroxyl groups of the
MCM-41 material through hydrogen bonding.

Sample 1.00-Al-A is characterized by a first weight loss
between 210 and 280°C, and a second one between 300 and
330°C (Figure 1b). Here, the number of acac molecules per
chromium atom was found to be 2.65. This number is
indicative of the presence of two types of complexes on the
MCM-41 surface. The first type of Cr complex has two acac
ligands and, most probably, two additional oxygen ligands
from the support. This complex is illustrated in Figure 3. It is
the presence of Al in CrAIMCM-41 materials that results in

Sample Treatment® Sample d spacing BET surface Mean pore Pore volume
notation [A] area [m?g~!] diameter [A] [mLg™]

SiMCM-41 C 0.00-Si-C 39.2 1360 25.0 1.03
AIMCM-41 C 0.00-Al-C 37.1 878 29.0 1.18

0.50 wt % Cr/AIMCM-41 A 0.50-Al-A 37.1 890 29.0 1.16

0.75 wt % Cr/AIMCM-41 A 0.75-Al-A 37.6 950 284 1.15

1.00 wt % Cr/AIMCM-41 A 1.00-Al-A 374 995 26.6 1.12

1.00 wt % Cr/AIMCM-41 C 1.00-Al-C 384 1070 28.0 1.42

1.00 wt % Cr/AIMCM-41 C720 1.00-A1-C720 37.8 987 24.7 1.05

1.50 wt % Cr/AIMCM-41 A 1.50-Al-A 374 965 254 1.09

2.00 wt % Cr/AIMCM-41 A 2.00-Al-A 37.7 1002 243 1.06

1.00 wt % Cr/SiMCM-41 A 1.00-Si-A 393 1260 23.7 0.93

1.00 wt % Cr/SiMCM-41 C 1.00-Al-C 40.3 1290 25.0 0.97

[a] C=calcined, A = as-synthesized.

Chem. Eur. J. 2000, 6, No. 16 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0616-2961 $ 17.50+.50/0 2961





FULL PAPER

B. M. Weckhuysen et al.

a) 100 0
98 T T -0.00004
-+ -+ bl
R 96 -0.00008 g
E 9 T 1-000012 ©
92 T T -0.00016
90 t } + t t } t ' -0.00020
50 100 150 200 250 300 350 400 450 500
Temperature (°C)
b) 100 (]

9% - +4--0.00004
%7 3
] 1-0.00008 §

94 1 o

02l +-0.00012

90 + + + + + + + + -0.00016

50 100 150 200 250 300 350 400 450 500

Temperature (°C)

Figure 1. TGA analysis of a) sample 1.00-Si-A and b) sample 1.00-Al-A
heated in O,.

Figure 2. Cr complex with three acac ligands.

the ligand exchange reaction and, consequently, in the
formation of covalent Cr—O—Al bonds. This can be explained
by the acid character of the Al-OH groups present in this
material. The second Cr complex contains three acac ligands,
which have partial hydrogen bonding with framework hy-
droxyl groups (Figure 2). Thus, the deposition of [Cr(acac)]
complexes onto the surface of AIMCM-41 takes place
through either hydrogen bonding between surface hydroxyls
and the acac ligands of the complex, or a ligand exchange
reaction with Al-OH groups.

These results are in close agreement with those reported by
Haukka et al. and Babich et al. for [Cr(acac);] complexes
grafted on silica.' 11 According to Babich et al., two acac
ligands are removed as acetylacetone in the first stage of the
heat treatment, with the aid of the surface protons of the silica
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Figure 3. Cr complex with two acac ligands and two additional oxygen
ligands from the support.

support. The second weight loss is due to the removal of the
remaining acac ligands. Similarly, our data can be explained
by assuming that in the first stage two acac ligands are
removed as acetylacetone with the aid of surface hydroxyl
groups of MCM-41. The remaining acac ligands are removed
by an oxidation or pyrolysis process at 300—-330°C. However,
hydrogen bonding between surface hydroxyls and acac
ligands was considered to be the only type of interaction
between [Cr(acac);] complexes and silica. This is not the case
for our Cr-AIMCM-41 samples (Figure 3).

Spectroscopy of Cr-MCM-41 catalysts: The as-synthesized
[Cr(acac);]-MCM-41 catalysts of Table 1 were studied in
detail with FTIR, DRS and ESR spectroscopies in order to
study the decomposition mechanism of the deposited [Cr-
(acac);] complexes on the MCM-41 surface and to elucidate
the nature of the Cr species formed after calcination.

A series of FTIR spectra of the 1.00-Si-A sample obtained
after different heat treatments in an in situ IR cell are given in
Figure 4. The spectra were recorded at different temperatures
in the presence of oxygen. The region between 1200 and
1900 cm™!, which is characteristic for the vibrations of the acac
ligands, is shown in Figure 4a, while the hydroxyl region is
presented in Figure 4b. The FTIR spectrum of the as-
synthesized sample shows intense bands at 1575, 1524, 1378
and 1280 cm~. These bands are identical to those reported in
the literature for [Cr(acac);] complexes grafted on silical'l
and can be attributed to the vibrations of the carbonyl and
carbon —carbon double bonds in the conjugated chelate rings
coordinated to the Cr** ion (Table 2). In the hydroxyl region,
a broad band around 3400 cm™! is observed, which is due to
hydrogen bonding between surface hydroxyl groups and acac
ligands. The FTIR spectra of the 1.00-Si-A sample do not
change significantly up to a heating temperature of 200°C.
Above 200°C, however, the acac bands and the broad band at
3400 cm™! drastically decrease in intensity, and at 400°C
completely disappear. In contrast, the band at 3750 cm~},
which corresponds to silanol groups, increases in intensity
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Figure 4. FTIR spectra of sample 1.00-Si-A: a) acac region and b) hydroxyl region, after heating in O, at 20, 200, 300, 400 and 500°C.

Table 2. Assignments of the most important vibrations observed in the

FTIR spectrum of 1.00-Al-A.

Wavenumber [cm™!] Assignment
1580 1,(CO) g
1550 2[y(CH)]
1530 Vos(CCC)ing
1440 3,(CHz)
1400 Va(CO)ing
1370 0,(CH;)
a)
3.0
2.5
RT-200°C

Absorbance

0.0 T
1300

T T T 1T r T 1
1400 1500 1600 1700 1800

Wavenumber (cm)

1900

2000

with increasing calcination temperature. These FTIR results
indicate that 1) almost no acac ligands are removed below
200°C, 2) the major fraction of acac ligands is removed
between 200 and 300 °C and 3) a small fraction of acac ligands
remains on the surface at 300°C. This is consistent with the
TGA data of sample 1.00-Si-A (Figure 1a).

A series of FTIR spectra of the 1.00-Al-A sample obtained
after different heat treatments in oxygen are shown in
Figures 5a (acac region) and 5b (hydroxyl region). Similar
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Figure 5. FTIR spectra of sample 1.00-Al-A: a) acac region and b) hydroxyl region after heating in O, at 20, 200, 300, 400 and 500°C.
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observations to those made for sample 1.00-Si-A can be made.
However, the major difference between samples 1.00-Al-A
and 1.00-Si-A is the relative decrease in intensities of the acac
bands after heating the samples in oxygen. Indeed, the acac
bands at 1575, 1524, 1378 and 1280 cm™" are still clearly visible
at 300°C in the 1.00-Al-A material, whereas they are almost
completely absent in the 1.00-Si-A sample. This means that for
sample 1.00-Al-A 1) almost no acac ligands are removed
below 200°C, 2) about half of the acac ligands are removed
between 200 and 300 °C and 3) the remaining fraction of acac
ligands is removed between 300 and 400°C. This is in full
agreement with the TGA data of sample 1.00-Al-A (Fig-
ure 1a), and indicates a stronger interaction between [Cr-
(acac);] complexes and the AI-MCM-41 support.

In situ DRS spectra of sample 1.00-Si-A obtained after
different heat treatments in oxygen are given in Figure 6. The
spectrum of the as-synthesized sample obtained at room
temperature is characterized by three absorption bands at
562, 389 and 327 nm, which are assigned to the three allowed
d-d transitions of the deposited [Cr(acac);] complex with
Cr** in a pseudo-octahedral coordination.'’ '] This is sche-
matically visualized in Figure 2. The spectra are recorded

16 RT

Absorbance

T T T T T T T 1

300 400 500 600 700 800
Wavelength(nm)

Figure 6. DRS spectra of sample 1.00-Si-A after heating in O, at 20, 200,
400 and 500°C.

during calcination at temperatures of 100, 200, 300, 400 and
500°C. The DRS spectrum measured at 100°C is identical to
that measured at room temperature. Increasing the temper-
ature to 200°C results in a shift of the first d—d band to
600 nm. This absorption band also shows shoulders at higher
and lower energy; this indicates symmetry lowering of the
Cr3* site. Further heating to 300 and 400 °C in oxygen results
in broad and ill-defined DRS spectra. At 500°C the sample
turns yellow-orange. The corresponding DRS spectrum has an
absorption band at 360 nm and a shoulder at around 450 nm;
these can be both assigned to the O — Cr* charge transfer
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transitions of dichromate and some chromate.l' ] These
dichromate and chromate species are anchored onto the
surface through an esterification reaction with the silanol
groups of the MCM-41 material.

Analogeous DRS spectra were obtained for sample 1.00-
Al-A (Figure 7). Thus, although a different anchoring mech-
anism is proposed for Cr-AIMCM-41 catalysts based on TGA
and FTIR results, no significant differences in the absorption
bands of the deposited [Cr(acac);] complex can be observed.
The only difference with sample 1.00-Si-A is that the in situ
DRS spectra of 1.00-Al-A measured at room temperature,
100°C and 200°C in oxygen are very similar, indicating that

200°C

1.4 —

] /\ 100°C

Absorbance

T d T d T T T T 1
300 400 500 600 700 800

Wavelength(nm)

Figure 7. DRS spectra of sample 1.00-Al-A after heating in O, at 20, 200,
400 and 500°C.

oxidation of the deposited [Cr(acac);] complexes to dichro-
mate occurs at temperatures above 200 °C. This is indicative of
a stronger interaction between [Cr(acac);] complex and the
AIMCM-41 support. Similar observations were made for Cr-
MCM-41 materials with higher Cr loadings, although these
catalysts contain some Cr,O; clusters after calcination, as
evidenced by an absorption band around 600 nm.['s %l The
latter observation implies that part of the Cr® cannot be
stabilized on the surface through reaction with the silanol
groups and is thermally converted into Cr,Os;.

The ESR spectra of 1wt% [Cr(acac);]-SIMCM-41 as a
function of the calcination temperature are shown in Figure 8.
The as-synthesized sample reveals an intense ESR signal with
g=4.0 and a weaker ESR signal at g=2. These two ESR
features correspond to a highly distorted Cr** species in
octahedral coordination characterized by effective g values
around 2.0 and zero-field parameters D and E equal to 0.45
and 0.15 cm!, respectively.l's:?l Increasing the calcination
temperature up to 200°C results in a drastic decrease of the
intensity of the ESR signal at g =4 and the formation of a new
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Figure 8. ESR spectra of sample 1.00-Si-A after heating in O, at a) 20°C,
b) 200°C, ¢) 400°C and d) 500°C.

weak signal at around g = 2. This axially symmetric signal with
g =1910 and g, = 1978 is typical for square-pyramidal
Cr>+.[18.201 Tn addition, a broad ESR signal centred at g=1.97
is observed. This signal is typical for Cr,O; clusters formed on
the MCM-41 surface. This indicates that a fraction of the Cr**
in deposited [Cr(acac);] complexes cannot be stabilized at the
MCM-41 surface after calcination and exists as dichromate
and square-pyramidal Cr>*. Similar observations were made
for sample 1.00-Al-A, although the decomposition temper-
ature of the deposited [Cr(acac);] complex on AIMCM-41
starts well above 200 °C.

Ethylene polymerization with Cr-MCM-41 catalysts: Explor-
ative catalytic experiments were performed in the gas phase at
100°C and 2.2 bar initial ethylene pressure in a reactor. The
Cr-MCM-41 catalysts were first pretreated at 550 or 720 °C for
2h in oxygen and then transferred to the reactor. Table 3
summarizes the effect of the support composition, the initial

Table 3. Gas-phase polymerization of ethylene over [Cr(acac);]-MCM-41
catalysts: effect of the support composition, calcination temperature and Cr
loading.[?!

Catalyst Activity!!
[g of PE per g of catalyst per h]
0.00-Al-C 7.80
0.50-Al-C 15.36
0.75-Al-C 25.62
1.00-Al-C 26.10
1.50-Al-C 7.44
2.00-Al-C 10.74
1.00-Al-C720 31.60
0.00-Si-C 6.00
1.00-Si-C 13.00

[a] Sample pretreatment =550°C or 720°C for 2 h; amount of catalyst =
0.3 g; initial ethylene pressure =2.2 bar; reaction temperature =100°C;
reaction time=2h. [b] The activity is determined from the amount
ethylene consumed during the whole ethylene polymerization run.
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calcination temperature and the Cr loading on the ethylene
polymerization activity of Cr-MCM-41 materials. The follow-
ing conclusions can be made: 1) the pure SIMCM-41 and
AIMCM-41 materials have some activity in ethylene polymer-
ization, 2) Cr-AIMCM-41 materials are more active then Cr-
SiMCM-41 materials, 3) the catalytic activity increases with
increasing Cr loading up to 1wt% Cr for Cr-AIMCM-41
materials (higher Cr loadings result in less active materials)
and 4) the catalytic activity increases with increasing initial
calcination temperature. The latter observation is in line with
those made for commercial Cr/SiO, catalysts.?'-*l Increasing
calcination temperature usually gives rise to higher polymer-
ization activity, which is explained by a change in the active-
site bonding and coordination with the support surface.
Another explanation can be the presence of support hydroxyl
groups. The activity passes through a maximum with increas-
ing dehydroxylation. An important factor influencing the
degree of support dehydroxylation is the Cr loading. Since Cr
and surface silanol groups react during catalyst activation by
an anchoring mechanism, increasing Cr content increases
dehydroxylation and thus catalyst activity.'$2-2] The de-
crease in polymerization activity above 1wt% Cr loading
must then be due to the formation of Cr,O; clusters on the
MCM-41 surface, which are indeed observed with DRS and
ESR. Another factor is the precalcination temperature.
Higher temperatures effect a greater degree of hydroxyl
removal, which favours catalyst activity.

Further catalytic testing was done with the 1.00-Si-C and
1.00-Al-C catalysts in a reactor for slurry phase ethylene
polymerization at 104 °C. The catalytic performances, togeth-
er with the characteristics of the polyethylene formed, are
given in Table 4. It is clear that the 1.00-Al-C sample is more

Table 4. Slurry-phase polymerization of ethylene over [Cr(acac);]-MCM-41
catalysts.[?]

Catalyst  Activity® Polymer characteristics
[g of PE per MIs5 HLMI SR5 bulk density
gof Crperh] [gper 10 min] [g per 10 min] [kgl™!]
1.00-Al-C 14000 0.004 0.56 141 0.21
1.00-Si-C 6300 0.028 1.38 49 020

[a] Sample pretreatment=650°C for 6 h; amount of catalyst=1.0 g; ethylene
pressure = 31.4 bar; reactor temperature =104°C. [b] The activity is determined
from the amount polyethylene formed during the whole ethylene polymerization
run.

than twice as active as the 1.00-Si-C catalyst and that the
polymerization rate of the 1.00-Al-C catalyst is about 140 g
polyethylene per gram of catalyst per hour, which is equiv-
alent to 14000 g polyethylene per gram Cr per hour. This
value has to be compared with an industrial Cr/SiO, catalyst,
which under similar conditions produces about 1kg of
polyethylene per gram catalyst per hour.?'?) Our catalytic
performances are, however, much better than those previous-
ly observed for Cr-Y zeolites.??% This must be due to the fact
that the formation of polyethylene chains in the zeolite
channels/pores is limited and that the chains block the active
Cr sites after short polymerization runs. Because the zeolite
materials do not readily break up during polymerization, low
activities are usually observed. Indeed, it is known for Cr/SiO,
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catalysts that if the silica structure is too rigid, fragmentation
of the catalyst particle does not occur, the pores remain
blocked by polymers, and no appreciable and long-standing
polymerization activity is observed.?*?! While the precise
catalyst activity values are difficult to compare between the
different catalysts reported in the open literature %!, we can
conclude that our Cr-MCM-41 catalyst displays a substantial
and long-standing polymerization activity.

The melt index of a potential polymerization catalyst is as
important as its catalytic activity.’® The melt index is a
measure of the amount of molten polymer which can flow
through a standard orifice under a set pressure in ten minutes.
The plastics formed with our Cr-MCM-41 catalysts have high
load melt flow indices (HLMI) of 0.56 and 1.38 g per ten
minutes for the 1.00-Al-C catalyst and 1.00-Si-C catalyst,
respectively. These low numbers, indicate a high molecular
weight for the polyethylene formed (Table 4). The origin of
this difference between catalysts is not yet clear. It may be
caused by a different chemical composition (Si:Al ratio of co
vs. 27) or a different pore diameter of the MCM-41 material
(28 A vs. 25 A) or a combination of both. Further studies will
be directed towards a controlled change in the pore character-
istics of the MCM-41 in order to investigate the effect of the
pore diameter and pore volume on the polyethylene proper-
ties (melt index and molecular weight). In this respect, MCM-
41s are very attractive supports for making novel polymer-
ization catalysts because one can tailor the pore diameters of
these materials by simply changing the length of the surfactant
template molecule. The controlled introduction of Al and Ti
in the MCM-41 structure will be a further scientific challenge.

XRD, DSC and FTIR have also been used to characterize
the polyethylene formed by the 1.00-Al-C catalyst. The XRD
pattern (Figure 9a) is typical of crystalline polyethylene with
[110] and [200] diffraction peaks at 21.4° and 23.9°, respec-
tively, while the weak shoulder at around 19.5° is due to
amorphous polyethylene.*) Thermal analysis of the polymer
by DSC showed one single endotherm at 136 °C with the heat
of fusion (AH) equal to 185Jg~! (Figure 9b). Finally, FTIR
indicated the characteristic vibrations at 721 (concerted
rocking of CH, groups), 1463 (scissors band of CH, group)
and 2926 cm! (antisymmetric stretching vibration of CH,
group) of polyethylene.Bh 3

Finally, it is important to stress that recently two studies by
Howe et al. have appeared in the literature reporting on the
polymerization of ethylene over Cr-MCM-41 materials.[*> 34
This group also observed that polyethylene was formed within
the nanoscale one-dimensional channels of MCM-41 and that
the polymerization activity was associated with the initial
pressure of ethylene, the reaction temperature and the
chromium loading.

Spectroscopy of a polymerizing Cr-MCM-41 catalyst: Ethyl-
ene polymerization was also carried out in a specially
designed quartz flow cell equipped with an ESR tube and a
DRS quartz window. A stream of pure ethylene gas at 100°C
was directed over a catalyst bed of 3 g of precalcined 1.00-Al-
C material. Combined DRS-ESR spectroscopies were then
used to monitor at regular time intervals the oxidation state
and coordination environment of Cr in the polymerizing
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Figure 9. Characterization of polyethylene formed by sample 1.00-Al-C:
a) XRD pattern and b) DSC melting curve.

Cr-AIMCM-41 catalyst. As an example, we will discuss the
obtained DRS spectra in some detail. A series of DRS spectra
is given in Figure 10. The colour of the Cr-AIMCM-41 catalyst
activated at 500°C was yellow-orange and the corresponding
DRS spectrum is characterized by absorption bands at 250,
342 and 450 nm, which can be assigned to dichromate.!'s 1]
The broad shoulder in the range 550 —800 nm is typical for the
presence of small Cr,O; clusters at the MCM-41 surface.['s 1]
The presence of such clusters is confirmed by the presence of
an ESR signal centred at around g =1.97 with a peak-to-peak
width of more than 2000 G.[?°! In addition, ESR indicates the
presence of traces of Cr’*. Introducing ethylene at 100°C
results in a gradual change in colour from yellow-orange to
green-blue. The spectra show a gradual decrease of the
intensities of the dichromate bands with increasing time-on-
stream at the expense of a new band at 605 nm. Total
reduction of Cr* to lower valent Cr species is only observed
after two hours on stream, which indicates that there is an
induction period for ethylene polymerization. The observa-
tion of such an induction period is in line with literature
results on Cr/SiO, polymerization catalysts.? 2] The DRS
band at 605 nm is indicative of the formation of Cr3*, although
the presence of Cr** species cannot be ruled out.'! The
presence of Cr’* species in the active Cr-AIMCM-41 catalyst
is confirmed by ESR spectroscopy. Indeed, the corresponding
ESR spectrum is characterized by a broad ESR signal with
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Figure 10. DRS spectra of sample 1.00-Al-A exposed to ethylene at 100°C

as a function of the reaction time: a) 0.17 h, b) 0.25 h, ¢) 0.5 h, d) 0.75 h and
e)2h.

g=1.97 and a peak-to-peak width of about 700 G. This Cr**
ESR signal is different from that observed in the precalcined
1.00-Al-C sample, which indicates that a new (active) Cr**
phase is formed during the induction period in the catalyst. In
addition, a sharp signal at around g=2 (due to Cr>") is still
visible in the spectrum.

Another interesting feature of the DRS spectra of Figure 10
is the near infrared region, which shows overtone and
combination bands of silanol groups and the polyethylene
formed during catalysis. The absorption bands at 1237, 1363
and 2205 nm can be assigned to SiOH groups, while the
absorption bands at 1632 nm (Ist overtone of the antisym-
metric stretch of CH, group), 1684 nm (Ist overtone of
symmetric stretch of CH, group), 2110 nm (4th overtone of
the C—C stretch) and 2316 nm (combination of scissor and
stretch bands of CH, group) are indicative of the formation of
polyethylene.?: 3 The formation of polyethylene in the
quartz flow cell after two hours on stream was further
confirmed by FTIR analysis of the final product. It recon-
firmed that the polyethylene immediately fills the pores,
resulting in fragmentation of the catalyst particles into smaller
pieces, which continue to produce polymers. This gradual
fragmentation gives rise to a continuous distribution of the Cr-
MCM-41 material in the polyethylene formed.

Microscopy of a polymerizing Cr-MCM-41 catalyst: In
another series of experiments, ethylene polymerization was
carried out in a quartz flow cell at 100 °C and a stream of pure
ethylene gas was directed over a catalyst bed of 1g of
precalcined 1.00-Al-C material. After 15 minutes of polymer-
ization, the Cr-AIMCM-41 catalyst was poisoned with CO and
ethylene polymerization immediately stopped. The Cr-
AIMCM-41 material was removed from the cell and a catalyst
granule (with dimensions of about 6 x4 x 1.5 mm) was
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selected and analysed with scanning electron microscopy
(SEM) and electron microscope microprobe analysis (EM-
MA).

EMMA analysis of the catalyst granule at twelve different
spots revealed the presence of Si, Al and traces of Cr. The
Si:Al ratio was equal to 24, which is close to the value of the
starting Cr-AIMCM-41 material®’. However, EMMA is not
sensitive for carbon, and thus this analysis technique could not
reveal the presence of polyethylene.

SEM images of the catalyst granule are given in Figure 11.
Figure 11a shows a lateral view of the catalyst granule. When
the view was futher magnified (Figure 11b) small wormlike
CrAIMCM-41 particles became visible, together with smaller
particles of polyethylene. Further magnification shows a
detailed view of the wormlike CrAIMCM-41 particles. Fig-
ure 11c reveals that the outer surface of the CrAIMCM-41 is
rough and is (partially) covered by fibres of polyethylene. In
the middle of Figure 11c, one can see a CrAIMCM-41 particle
that is starting to break up. Bundles of polymer fibres of 50—
100 nm thickness and and more than 1 pm length are clearly
visible. Figure 11d shows the formation of nanofibres of
polyethylene with a length of about 1 um.

These results show that the polymer chains initially
produced within the mesopores of the Cr-MCM-41 ma-
terial form nanofibres of polyethylene with a length of
several microns. Part of these nanofibres are protruding
from the catalyst particle, while most of them (partially)
cover the outer surface of the catalyst particles. These catalyst
particles fragment further during ethylene polymeriza-
tion.

Conclusion

The following conclusions can be drawn from this study:

1) The interaction of [Cr(acac);] complexes with the surface
of a SIMCM-41 support occurs through hydrogen bonding
between surface hydroxyls and one or more acac ligands.
The interaction of a [Cr(acac);] complex with an AIMCM-
41 support can, in addition, take place by a ligand
exchange mechanism in which one of the acac ligands is
replaced by framework oxygens or hydroxyl groups. The
deposited [Cr(acac);] complexes are more thermally stable
on an AIMCM-41 support than on a SIMCM-41 support.
Only small variations in d-spacing and pore characteristics
are observed after grafting [Cr(acac);] onto the MCM-41
surface and after calcination in oxygen at elevated temper-
atures.

2) As-synthesized [Cr(acac);]-MCM-41 materials contain
Cr* ions in a strongly distorted octahedral coordination,
which are gradually oxidized in oxygen to dichromate,
some chromate and traces of square-pyramidal Cr>*. These
Cr species are stabilized onto the MCM-41 surface through
an esterification reaction with the silanol groups of MCM-
41. Some of the Cr cannot be stabilized on the surface as
Cr®»* and is thermally converted to small clusters of
Cr,0;.

3) Cr-MCM-41 materials are catalytically active in the gas-
and slurry-phase polymerization of ethylene at 100°C. The
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Figure 11. SEM images of a piece of an active 1.00-Al-C catalyst granule poisoned with CO at 100°C: a) lateral view on a catalyst particle producing
polyethylene, b) magnified view of (a), ¢) magnified view of b) showing Cr-MCM-41 particles and d) magnified view, showing Cr-MCM-41 particles.

catalyst activity is a function of the Cr loading, the 4) The Cr-MCM-41 catalyst shows an induction period,

calcination temperature and the support characteristics. during which the catalytically inactive Cr®* is mainly
1 wt% [Cr(acac);]-AIMCM-41 treated at high temperature reduced to a Cr3* species, characterized by a DRS
in oxygen is the most active catalyst with a polymerization absorption band at 605 nm and a broad ESR signal with
rate of 140 g polyethylene per gram of catalyst per hour. g=197 and a peak-to-peak width of about 700 G.
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5) The polyethylene chains initially produced within the
mesopores of the Cr-MCM-41 material form nanofibres of
polyethylene with a length of several microns and diam-
eter of 50 to 100 nanometers. These nanofibres (partially)
cover the outer surface of the MCM-41 material. The
catalyst particles gradually break up during ethylene
polymerization, resulting in the formation of crystalline
and amorphous polyethylene with a low bulk density and a
high load melt flow index between 0.56 and 1.39 g per ten
minutes.

Experimental Section

Catalyst preparation: The parent MCM-41 materials were prepared by
using Ludox silica (AS-40) or TEOS (Acros) as the silicon source and
Al(OH); (Fluka) as the aluminium source, while TEAOH (tetraethyl
ammoniumhydroxide, Aldrich) and HDTMABr (hexadecyltrimethyl am-
moniumbromide, Merck) were used as template molecules. Pure silica
MCM-41 (SiMCM-41) was prepared at room temperature according to a
literature procedure.! Al-containing silica MCM-41 (AIMCM-41) was
prepared by using the following modified literature procedure.*! A[(OH),
(0.31 g), NaOH (0.3 g, Aldrich) and small amounts of bidistilled water were
mixed together in a beaker and the solution was slowly heated. After
obtaining a clear solution, TEAOH (9.26 g) was added to the cooled
mixture. Ludox silica (9.26 g) was put in a separate beaker and stirred. Both
solutions were mixed together at room temperature for 15 min, and
HDTMABT (10.5 g) was added under continuous stirring. This final gel of
composition 1AL,0;-318i0,-2.2(HDTMABTr),0-3.16 (TEA),O -
1.89Na,0-795H,0 was autoclaved at 100°C for 24 h. The white, solid
products were recovered by filtration, followed by washing (x3) with
bidistilled water and drying at 60°C in air. Finally, the materials were
calcined in air at 550°C for 24 h, cooled in N,, and impregnated with a
solution of a fixed amount of [Cr(acac);] (Fluka) in methanol under N,
atmosphere. The following Cr loadings were prepared: 0.0, 0.5, 0.75, 1.0, 1.5
and 2.0 wt%. An overview of the materials, their labelling and some of
their properties is given in Table 1.

Physicochemical characterization: Electron microscope microprobe anal-
ysis (EMMA) was performed on a JEOL Superprobe 733 to determine the
elemental composition of the catalysts. The Si:Al ratio of the AIMCM-41
material was 27. Powder XRD patterns of the as-synthesized and calcined
materials were recorded with a Siemens D5000 X-ray diffractometer. DRS
spectra were taken on a Varian Cary 5 diffuse reflectance spectropho-
tometer in the UV-Vis-NIR region at room temperature. A halon white
reflectance standard was used as reference material. In situ DRS spectra
were measured with the same spectrometer with a specially designed
Praying Mantis diffuse reflectance attachment (Harrick). Details about this
cell can be found in a recent paper.’”! The white reflectance standard
BaSO, (Kodak) was used to take a baseline at 25°C in the in situ cell.
Thermogravimetric measurements (TGA) were performed in oxygen on a
Mettler TG50 thermobalance, equipped with a M3 microbalance and
connected to a TC10A processor. The heating rate was 10°C min~".
Porosity and surface-area studies were performed on a quantachrome
autosorb-1-MP automated gas adsorption system. In situ FTIR measure-
ments were done on a Nicolet 730 FTIR spectrophotometer with a specially
designed in situ cell. The samples are measured as self-supporting wafers.
EPR spectra were recorded at 300 and 120 K on a Bruker ESP300E
spectrometer operating in X-band (9.5 GHz). The polyethylene formed
was characterized with FTIR, XRD, DSC, an extrusion plastometer or
melt-flow indexer and SEM. SEM was performed with a Phillips 515
microscope. The melt-flow index (MI5, SR5 and HLMI) values were
obtained from the resultant polyethylene at 190°C according to ASTM
procedures by using a SEAST extrusion plastometer.*! The high load melt
index (HLMI) index was determined with a weight load of 21.6 kg, while
the melt index (MIS) was measured with a weight load of 5 kg. The SR5
index is defined as the ratio of HLMI and MIS.

Catalytic characterization: Explorative catalytic experiments were per-
formed in the gas phase at 100°C and at 2.2 bar initial ethylene pressure
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with 0.3 g of calcined catalyst in a 0.05 L stainless steel autoclave reactor,
which was connected to a pressure gauge. The ethylene consumption and
polyethylene formation were calculated from the pressure drop during
ethylene polymerization. Further catalytic testing was done under slurry
conditions with a bench-scale stainless steel 4 L stirred autoclave reactor. A
pressurized jacket filled with boiling alcohol held the internal temperature
of the reactor constant within 0.5 °C. About 1 g of catalyst was calcined in a
quartz-tube activator at 650°C for 6 h in dry air. After calcination, the
catalyst was cooled to room temperature in dry nitrogen and the activated
material was transferred to the empty reactor under a nitrogen flow. Then
liquid isobutane (2 L) diluent was introduced in the reactor and the
catalyst/isobutane suspension was continuously stirred (450 rpm). The
reactor was heated to 104°C and ethylene was introduced in the system.
The reactor pressure (31.4 bar) was controlled in order to maintain 6 wt %
ethylene dissolved in isobutane. Ethylene was added to the system through
a mass-flow controller to maintain pressure during the reaction. The rate of
ethylene polymerization was followed by monitoring the flow of ethylene
into the reactor. The polymerization reaction was stopped after about 400 g
of polyethylene was formed in the reactor.
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Bis Axial Ligation of Simple Imine and Methyleneamido Groups by

Ruthenium Porphyrins

Jie-Sheng Huang, Sarana Ka-Yan Leung, Kung-Kai Cheung, and Chi-Ming Che*!?!

Abstract: Bis(N-ethylideneethanamine)-
ruthenium() porphyrins, [Ru"(Por)-
(N(Et)}=CHMe),| (Por =TTP, 4-CI-TPP),
were prepared by the reaction of dioxo-
ruthenium(vi) porphyrins with triethyl-
amine in ~85% yields. The reaction
between dioxoruthenium(vi) porphyrins
and benzophenone imine afforded bis-
(diphenylmethyleneamido)ruthenium(1v)
porphyrins, [Ru¥(Por)(N=CPh,),] (Por=
TTP, 3,4,5-MeO-TPP), in ~65 % yields.
These new classes of metalloporphyrins

Vis, and IR spectroscopy as well as by
mass spectrometry and elemental anal-
ysis. The X-ray crystallographic struc-
tures of [Ru(TTP)(N(Et)=CHMe),]
and [Ru'(3,4,5-MeO-TPP)(N=CPh,),]
revealed an axial Ru—N bond length of
2.115(6) A for the imine complex and

Keywords: imines - macrocyclic li-
gands - methyleneamides - N li-
gands - ruthenium - structure eluci-
dation

1.896(8) A for the methyleneamido
complex. Each of the N=CPh, axial
groups in  [Ru"(3,4,5-MeO-TPP)-
(N=CPh,),] adopts a linear coordination
mode with a corresponding Ru-N-C
angle of 175.9(9)°. Spectral and struc-
tural studies revealed essentially single
bonding character for the bis(imine)
complexes but a multiple bonding char-
acter for the bis(methyleneamido) com-
plexes with respect to their axial Ru—N
bonds.

were characterized by 'H NMR, UV/

Introduction

Metal complexes with simple imine (N(R”)=CRR’) or
methyleneamido (N=CRR’, an alternative and common term:
azavinylidene) groups, where R=H, alkyl/aryl, have been
observed or proposed to be key intermediates in a number of
metal-mediated processes, such as interconversion between
amines and nitriles,! aziridination of imine by a carbene
donor,? imine, alkylidene/imine, imide/imine metatheses,!
and N-arylation of imines (Reactions a—f in Scheme 1).
Investigations into the interaction between a metalloporphyr-
in and a simple imine or methyleneamido group would be of
fundamental interest for the application of metalloporphyrins
to these processes, which should be attractive because metal-
loporphyrins that function as catalysts often feature high
activity and selectivity®! and are robust if there are appro-
priate substituents on the porphyrin rings.[!

However, the binding behavior of metalloporphyrins to-
ward a simple imine or methyleneamido group is hitherto
unexplored. Even their complexes with functionalized mono-
dentate imine or methyleneamido groups are exceedingly
rare. In 1974, Lappert and co-workers!”! described the
preparation of a cobalt porphyrin with an N=C(CF;), axial

[a] Prof. C.-M. Che, Dr. J.-S. Huang, S. K.-Y. Leung, Dr. K.-K. Cheung
Department of Chemistry
The University of Hong Kong
Pokfulam Road (Hong Kong)
Fax: (+852)2857-1586
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: 7 :
} N=C{+N,CHCOAR |

banM

Scheme 1. Reactions involving M-N(R”)=CRR’ and M-N=CRR’
complexes.

group (1). Recently, Simonneaux and co-workers!®! observed
the formation of ruthenium porphyrins that bear an iminoest-
er (NH=CHCO,Et) and an aminoester as mixed axial ligands
(2). These species each contain a single iminoester or
N=C(CF;), group and have only been characterized by
spectroscopy. The iminoester and N=C(CF;), ligands feature
strongly electron-withdrawing groups on the imino-carbon
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atoms, which may increase their axial ligation to a metal-
loporphyrin as a result of enhanced backbonding between the
metal and the axial ligand. Furthermore, the presence of an
electron-withdrawing CO,Et group is assumed to be respon-
sible for the formation of 2 from its bis(aminoester) counter-
parts.®®! Hence, the question whether simple imine or
methyleneamido ligands can form stable complexes with a
metalloporphyrin remains to be addressed.

Our interest in methyleneamido metalloporphyrins also
stems from the following considerations: 1) tosylimido ruthe-
nium porphyrins are reactive towards aziridination of alkenes
and amidation of saturated C—H bonds.”! In order to extend
the scope of such reactions, it is essential to develop synthetic
routes to produce metalloporphyrins that contain other imido
groups. Methyleneamido metalloporphyrins might be unique
precursors to these species by means of C-hydrogenation or
alkylation of the ligated methyleneamido groups (Reaction g
in Scheme 1).11 2) Because the methyleneamido group is
isoelectronic with the nitrosyl (NO) group, it is known to
resemble the behavior of NO in binding metal ions.''l Both
linear and bent coordination modes have been observed for a
terminal methyleneamido ligand.!'! Since metalloporphyrins
usually bind a single NO axial group,l'? and the rare examples
of bis(nitrosyl) ruthenium,['3 iron,['3< osmium,[31 and
chromium!**¢ porphyrins 3 and 4 (none have been structurally
characterized) are proposed to bear either linear/bent or bent/
bent NO groups, we are interested in examining whether
bis(methyleneamido)metalloporphyrins can also be prepared
and, if so, which coordination mode(s) the methyleneamido
groups would adopt.

Herein we report on ruthenium porphyrins [Ru'(Por)-
(N(Et)=CHMe),] (Por=TTP, 5a; 4-CI-TPP, 5b) and [Ru'™-
(Por)(N=CPh,),] (Por=TTP, 6a; 3,4,5-MeO-TPP, 6b)!'"*l that
bear simple imine and methyleneamido axial groups, respec-
tively. Complexes 5a and 5b were obtained through an
unprecedented N-dealkylation of triethylamine by an isolated
oxo metalloporphyrin. The structure of complex 6b features
interesting linear/linear methyleneamido axial groups, in
contrast to the NO analogues 3 and 4.

2972
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Ru-L R R'
5a CHMe H Me
T4
5b Ru=—NEt H Cl
6a IV ee H Me
Ru~—N=CPh,
6b OMe OMe

Results and Discussion

Synthesis: Despite a vast number of metal complexes with
chelating imines reported in the literature, '’} complexes with
simple monodentate imines are still rare and have attracted
considerable attention only recently.'*2°) Metal-methylenea-
mido (M-N=CRR’) complexes!'"?"] have also attracted less
attention than metal nitrosyl (M-NO),!'™ 28 imido
(M=NR),”! and amido (M-NRR')P complexes. To our
knowledge, there is only one mononuclear ruthenium meth-
yleneamido complex reported in the literature that bears a
single methyleneamido group.?'™ While M-NO, M=NR,
and M-NRR' compounds with a macrocyclic auxiliary ligand
have all been prepared and their importance has been
recognized, 3 no metallomacrocyles that bear simple imine
or methyleneamido ligands have yet been reported.

Bis(imine) complexes: Simple imines are usually weaker bases
than their amine analogues. In contrast to the facile syntheses
of metal amine complexes, metal complexes with simple
imines are rather elusive. We have demonstrated that the
reaction of dioxoruthenium(vi) porphyrins [Ru'O,(Por)] (7)
with a wide variety of amines provides a simple and general
route to bis(amine)ruthenium(i) porphyrins.??<l However,
treatment of 7 with commercially available, simple imines,
such as NH=CR, (R =Bu, Ph), afforded neither mono- nor
bis(imine) adducts of ruthenium porphyrins. Instead, bis(me-
thyleneamido) complexes were obtained in the case of
NH=CPh, (vide infra). Furthermore, James and Bailey**
observed the catalytic dehydrogenation of amine to imine
and nitrile by a ruthenium complex with a TMP?**! macro-
cycle. Nevertheless, only a bis(amine)ruthenium(ir) porphyrin
was isolated from the reactions.

The bis(imine) complexes 5 were prepared, in a special
manner, by the reaction of the corresponding dioxo com-
plexes 7 with triethylamine (Et;N) (Reaction (1) in
Scheme 2). A mixture of 7a or 7b in highly purified Et;N

0947-6539/00/0616-2972 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 16





Ruthenium Porphyrins

2971-2981

Et
MeCH -
o N
—_—_—
1)
[l |
o}
N
! e SCHve
7a: Por = TTP
7b: Por = 4-CI-TPP
7c: Por = 3,4,5-MeO-TPP 5
Ph Ph
e
\ﬁ
N
(2 |
I
C
AN
Ph/ Ph
6

Scheme 2. Reactions of 7 with Et;N and NH=CPh, to give complexes 5
and 6, respectively.

was stirred for 0.5 h at ambient temperature to give a brown
solution. Removal of Et;N followed by recrystallization from
dichloromethane/n-hexane afforded analytically pure Sa or
5b as a dark purple solid in ~85% yield. The purified Et;N
contained no primary or secondary amine impurities, as
revealed by '"H NMR measurements. We expected that the
presence of these impurities would cause the products to be
contaminated by bis(amine)ruthenium(i) porphyrins. Indeed,
when Et;N containing 0.3 wt% diethylamine (Et,NH) was
used, a mixture of 5a, [Ru’(TTP)(NHEL,),] (8),* and
perhaps [Ru'(TTP)(N(Et)=CHMe)(NHEL,)] was isolated in
about 1:1:0.8 molar ratio (based on 'H NMR measurements).

In view of the fact that 7a and 7b can quantitatively react
with trimethylamine (Me;N) to form bis(amine) complexes
[Ru"(Por)(NMe;),],P%! the formation of bis(imine) com-
plexes from Reaction (1) in Scheme 2 deserves attention.
Probably, Et;N as an axial ligand is too bulky to form a stable
adduct with a ruthenium porphyrin. Reaction (1) (Scheme 2)
provided useful information on the reactivity of dioxo
complexes 7 toward a tertiary amine. When we previously
reported the reaction of 7a or 7b with Me;N, the fate of Me;N
was unclear. In this work, it appeared that Et;N was oxidized
by 7a or 7b to form the imine N(Et)=CHMe, which was
trapped by the intermediate [Ru(Por) ] to form 5a or 5b. This
type of N-dealkylation of Et;N has not been reported for
isolated oxo metalloporphyrins;P5 however, it is known for
an oxo ruthenium(v) complex with a nonporphyrinato
ligand.[3!

Although 5a and 5b were prepared by a rather special
method, their ready formation and isolation revealed that the
axial ligation of a simple imine to a metalloporphyrin could be
fairly robust. Complexes Sa and Sb are rare examples of
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mononuclear metal complexes with multiple simple imine
ligands. Prior to this work, only a few mononuclear metal
complex cations that contain two or three simple imine ligands
have been reported.le 23 25 261

Bis(methyleneamido) complexes: There are a number of
synthetic routes to metal methyleneamido complexes, of
which the halide —methyleneamido exchange method is the
most frequently used.>?”] Keene and co-workers had pre-
viously reported the preparation of a highly oxidizing
dimethylmethyleneamido ruthenium(iv) complex by means
of the oxidative deprotonation of an imine precursor.?'><l In
this work, complexes 6 were prepared in =65 % yield by the
treatment of the corresponding 7 with benzophenone imine
(HN=CPh,) in dichloromethane (Reaction (2) in Scheme 2).
This is the first demonstration of the preparation of metal
methyleneamido complexes from the reaction of a metal — oxo
complex with a simple imine. Reaction (2) formally resembles
the reactions between dioxoruthenium(vi) porphyrins and
arylamines to form arylamido complexes.??**! This implies
that the N=CPh, groups might be similar to arylamido groups
in their coordination to metal ions; a similarity not well
recognized previously. In fact, although arylamido, nitrosyl,
and methyleneamido ligands are all potential three-electron
donors, only the similarity between methyleneamido and
nitrosyl ligands in binding metal ions is widely known.['!]

Remarkably, the isolation of 5 and 6 marked the synthesis
of ruthenium porphyrins that bear a complete set of simple
acyclic N-donating axial ligands with C—N, C=N, and C=N
bonds, that is, amine (NRR'R”),B?%< 3] amido (NRR’),[3?]
imido (NR),P?< imine (N(R”)=CRR’), methyleneamido
(N=CRR’), and nitrile (N=C-R)P complexes.

]
R N Fle
&

amine amido imido
;qu R R’ T
N~
R—Cy _R" c c

imine methyleneamido nitrile

Spectral features

'H NMR spectroscopy: As expected for ruthenium(ir) por-
phyrins, complexes S5a and 5b are diamagnetic. All their
proton resonances appear at normal fields and are well
resolved. The spectral data are summarized in Table 1. For
comparison, the data for complex 8, [Ru'(TTP)(Py),] (9),*"
and free N(Et)=CHMe and Py are also included in the Table.
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Table 1. 'H NMR spectral data (6, CDCl;) for bis(imine)ruthenium(ir) porphyrins 5a and 5b. The data for
bis(diethylamine) analogue 8, bis(pyridine) analogue 9, and free N(Et)=CHMe and Py are also included for

in three geometric isomers (I-
IIT in Figure 2), it seems that

comparison. . . . .
only isomer I exists in solution,
Hy, H, H, pMe CH;CH=NCH,CH; since the porphyrin ring-cur-

(s, 8H) (d, 8H) (d, 8H) (s, 12H) CH,CH CH,CH CH,CH,  CH,CH, .
(. 2H) (d. 6H) (q. 4H) (t. 6H) rent effect on the ethylidene
. . . . CH proton resonances in 5a is
::') zgz ;gg ;2; 2.63 11‘5‘ _823 _32 _122 almost identical to that on the
N(Et)=CHMel 763 (axt)  190(d)  333(@)  116() ortho proton resonances of pyr-
Et NEM idine in 9.5 Note that only in
2 . .

NH (br, 2H) CH, (m, 4H) CH, (m, 4H) CH, (t, 12H)  1somer I‘are‘ the distances to the
8 808 790 743 263 —6400 212 ~239 ~1.59 porphyrin ring from both ethyl-
P idene CH protons similar to
H, (d, 4H) H, (t };H) H', (t, 2H) those from the ortho protons
9 818 790 742 263 247 511 5.97 of pyridine for 9 (Figure2).
Py 8.61 7.28 7.67 Probably, isomers II and III

[a] From ref. [38]. [b] The methylene protons of the coordinated Et,NH groups in complex 8 are diastereotopic.

[c] Disappeared upon addition of D,O.

are destabilized by the repul-
sion between the ethylidene
methyl groups and the porphyr-
inato ligand.

p-CH,

5a

The methyleneamido ruthe-
nium(1v) complexes 6a and 6b
also  exhibit  diamagnetic
'H NMR spectra, similar to
bis(arylamido)ruthenium(1v)
porphyrins.?2*?! Figure 3 shows
the spectrum of 6b in deuterio-

J

chloroform as an example. The
sharp singlet observed for ei-
ther H, or m-OMe protons
indicates the presence of a
pseudomirror plane through
the porphyrinato ring. The sig-
nal patterns of the phenyl pro-
ton resonances of axial N=CPh,

T

2 1

T T T T T T

8 7 6 5 4

Figure 1. '"H NMR spectrum (300 MHz) of complex 5a in CDCI; (note that the CDCl; used in this case contained
no TMS). The inset shows the 'H NMR spectrum of complex 8 in the axial ligand region.

Figure 1 shows the spectrum of Sa in deuteriochloroform.
This spectrum features H; (the pyrrole protons of the
porphyrinato ligand), H,, and H,, signals almost identical to
those of the bis(amine) complex 8 (see Table 1). For both
complexes Sa and 8, the signals of axial ligands have
substantial upfield shifts relative to the corresponding free
ligands on account of the porphyrin ring-current effect.
However, the signal patterns of these axial ligands are
dramatically different. Assignment of the ethyl and ethyl-
idene signals of N(Et)}=CHMe in 5a is facilitated by their
different coupling constants (Et: /=72 Hz, CHMe: J=
5.7 Hz), as well as by their unique multiplicity and intensity
ratio. The Et,NH signals in 8 feature NH proton resonances
with large upfield shifts and a clear splitting of the methylene
proton resonances (H, and H,, in the inset to Figure 1). Such a
splitting stems from the diastereotopy of these protons in
complex 8.

Although the monodentate coordination of two
N(Et)=CHMe molecules to a [Ru(Por)] moiety would result
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groups (H',, H',, and H’,) de-
serve special attention. Since a
single set of these signals ap-
pears in Figure 3, both the

oA

ppm

Me Me H f\
H/l%N/Et H/LN/Et Me/LN/Et | \N/|LH
M Me
Et/NTH Et/NﬁH/ ¢ Et/NHY H

Figure 2. Possible geometric isomers of complexes Sa and Sb as compared
with their bis(pyridine) analogue 9.

methyleneamido axial groups must be linear. As shown in
Figure 4, the coordination of a bent N=CPh, group would
render its two phenyl groups nonequivalent as a result of the
prohibited rotation of the CPh, moiety about the N=C double
bond.

Table 2 summarizes the spectral data for complexes 6a and
6b. The Hy; chemical shifts of 6a (6 =8.47) and 6b (6 =8.61)
are larger than those of the ruthenium(i) complexes 5a, 5b, 8,
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m-OMe Hm

Ar Ho, Me(m)
Ar = OMe(p)

Ho  OMe(m) p-OMe

nitrosylruthenium(r) meso-tet-
raarylporphyrins, the spectral
data of [RuY(TTP)(NH-p-
C.H,Cl),] (10),P%1 [Ru'v(3,4,5-
MeO-TTP)(NPh,),]  (11),P?
and [Ru'(TPP)(NO)(OH)]
(12)#-41 are also included in
Table 2. Apparently, the Hg
chemical shifts of complexes
6a and 6b are more similar to
those of the bis(arylamido) spe-
6b cies 10 and 11. Notably, the
signals of the axial phenyl
groups in 6a and 6b appear at

T™MS

O

z

-

lower fields than those of 10

8

X
Ph,
,C—Ph' _Ph
N z N=C\
y Ph
Ph, 6 S .
sp2 Px_CmPh s, X P ;
) OOO \g WPh
- DNQ OONOCOC :
0 0 :
Y Ph o'
a b

Figure 4. Schematic diagram showing a) bent and b) linear Ru—N=CPh,
geometry. One of the two phenyl groups in (a) is considerably closer to the
porphyrin ring and therefore the proton resonances are expected at higher
fields. The two phenyl groups in (b) are identical owing to the dotted mirror
plane.

and 9 (0 =28.07-8.18), in agreement with the +4 oxidation
state of ruthenium in complexes 6. 1 In order to compare 6
with the closely related bis(arylamido)ruthenium(v) and

Table 2. 'H NMR spectral data (3, CDCl;) of complexes 6a and 6b as compared with those of bis(arylamido)-

ruthenium(1v) and nitrosylruthenium(r) porphyrins.

AN H'm QH'," g J Q .

and 11. This is consistent with
the greater distances between
these phenyl groups and the
porphyrin rings that are expect-
ed for the methyleneamido complexes with linear N=CPh,
axial groups.

UV/Vis spectrophotometry: Bis(imine) complexes 5a and 5b
exhibit bands at about A=412 (Soret), 507 (), and 532
(@) nm; a spectrum characteristic of ruthenium(ir) porphyrins
with o-donating ligands, such as aminest? and nitriles.[3]
The spectrum of 5a is almost identical to that of its pyridine
analogue 9.5 In contrast, bis(methyleneamido) complexes 6a
and 6b show bands at about 1 =422 (Soret), 526 (), and 557
(a) nm, which are all red-shifted relative to the bis(imine)
complexes 5a and 5b. The spectrum of 6b is depicted in
Figure 5 as an example. As is evident from the inset in
Figure 5 , the spectrum of the methyleneamido complex is
similar to that of the diphenylamido complex 11; how-
ever, it is significantly different from that of the nitrosyl
complex 12.

IR spectroscopy and MS spectrometry: The IR spectra of the
imine complexes Sa and 5b show “oxidation state marker”
bandsl*?? at about #=1000 cm~!, which are identical to that
observed for the pyridine complex 9.7 The “oxidation state
marker” bands of the methyleneamido complexes 6a and 6b
(7=1011 cm™") are also similar
to those of the arylamido com-
plexes 10 and 11 (¥=1009-
1012 cm™!). The positive-ion
E FAB mass spectra of 5a, Sb,

N U . .
° N Ho - H'o - 6a, and 6b each exhibit a set of
three prominent signals that
6 10 1 12 can be attributed to the parent
H,(s,8H) H,(d,8H) H,, (d, 8H) Me (s, 12H) Axial Ph ion [M]", and the fragments
5 (S, PAGH m (d, p-Me (s, Xia! T _ N
H,(@8H) W, 8H) H,4n [M-LITand[M=2L]", where
L is the respective imine and
6a 847 7.80 7.45 2.66 4.01 6.43 6.66 methyleneamido ligand (see
6b  8.61 7.13 3.90( 4.15M 4.04 6.45 6.66 R K
100 841 7.88 7.49 2.67 28514 5.8414 - the Experimental Section).
11 837 7.04 4,021 4.15M 2.71 5.92 6.23
1200 8.98 8.28ll 7.80MM] - - - - Metal — N (axial) backbond-

[a] m-MeO (s, 24H). [b] p-MeO (s, 12H). [c] Ref. [32a]. [d] (d, 4H). [e] Ref. [32b]. [f] Ref.[41]. [g] (m, 8H).

[h] H,, and H, (m, 12H).

Chem. Eur. J. 2000, 6, No. 16
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ing: It is noteworthy that both
the simple imine and the meth-
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Soret
Complex  Soret P o
6b 422 526 557
116 425 529 559
1201 410 556 592
g [a] Ref. [32b]. [b] Ref. [41].
©
Qo
[
o
0
e
<
T T T T T T T 1
300 350 400 450 500 550 600 650 700
Alnm

Figure 5. UV/Vis spectrum of complex 6b in chloroform. A comparison of
the spectral data with those of the diphenylamido complex 11 and nitrosyl
complex 12 is shown in the inset.

yleneamido ligands distinguish themselves from amine and
arylamido ligands with their characteristic C=N double bonds,
which may have low-lying unoccupied mt* orbitals for M —
N=C backbonding. Examination of the contribution of such
backbonding to the overall Ru—imine or Ru-methylenea-
mido axial ligation for complexes 5a, 5b, 6a, and 6b would be
interesting.

In general, for a given metal ion, the strength of the M — L
backbonding increases with increasing m-acidity of the ligand
L. Buchler, Gouterman and co-workers!'* | have observed
that, for iron, ruthenium, and osmium octaethylporphyrins,
both the § band wavelength in the UV/Vis spectrum and the
H,.., chemical shift in the '"H NMR spectrum systematically
decrease as the m-acidity of the axial ligands decreases. Our
recent work demonstrates that

9 (Table 1), which all contain the TTP macrocycle, reveals that
while there might be weak Ru— Py backbonding in 9, the
Ru — N=C backbonding in Sa is negligible. In the case of
complexes 6a and 6b, both their  band wavelengths and Hy
chemical shifts are significantly smaller than the correspond-
ing values for complex 12 (Figure 5 and Table 2). This suggests
that the Ru— L axial backbonding, if it is present, in the
methyleneamido complexes 6a and 6b, should be weaker
than that in the nitrosyl complex 12.

X-ray structural determinations: The formulation of both the
imine and methyleneamido complexes has been confirmed by
X-ray crystallographic studies. Table 3 gives the crystal data
and structure refinement for complexes Sa and 6b. Selected
bond lengths and angles are listed in Table 4. The ORTEP
drawings and atomic numbering schemes are depicted in
Figure 6 for Sa and Figure 7 for 6b. Both the complexes have
trans axial ligands, with the ruthenium ions located at
the center of symmetry. The orientations of their axial
ligands with respect to the porphyrin rings are shown in
Figure 8.

The structure of 5a does correspond to the isomer I shown
in Figure 2, as suggested from the solution 'H NMR studies
described above. The Rul—N3 bond length of 2.115(6) A is
similar to the Ru—N(benzylamine) bond length of 2.129(2) A
in [Ru''(TMP)(NH,CH,Ph),] (13),53 but slightly longer than
the Ru—N(imine) bond in cis-[Ruf(bpy), (NH=CMe,),]-
(PF;), (14, bpy=2,2'-bipyridine) (average bond length=
2.07(1) A).2el The C=N bond length of the axial imine
ligands in 5a (1.30(1) A, C1-N3 and C1*—N3*) is also similar
to the corresponding bond lengths found for other metal
complexes of simple imines, although significantly larger than
that of 14 (1.16(2) A). Notably, complex 5a is the first

a similar trend also exists for
osmium(l) meso-tetraarylpor-
phyrins.*l Provided that the
ruthenium analogues also ob-
serve these rules, it is possible
to estimate the strength of the
Ru— N=C axial backbonding
in the imine and methylene-
amido complexes on the basis
of the spectral features descri-
bed above.

Inasmuch as the B band
wavelengths for ruthenium(in)
porphyrins with NHEt, (8),
N(Et)=CHMe (5a and S5b),
and Py (9) are nearly identical,
the Ru— L axial backbonding
interactions in these complexes
are hardly distinguishable in
terms of this criterion. The Hy
chemical shifts seem more sen-
sitive to the Ru— L axial back-
bonding. A comparison of the
Hj chemical shifts of the ruth-
enium(i) complexes Sa, 8, and

2976 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Table 3. Crystal data and structure refinement for complexes 5a and 6b.

Complex 5a Complex 6b -2 CH,Cl,
formula CscHsyN¢Ru Cg,H,,NO,Ru - 2CH,Cl,
M, 912.15 1604.44
1 [A] 0.71073 0.71073
T [K] 301 301
crystal system monoclinic triclinic
space group C2/c Pl
a[A] 20.951(3) 10.467(4)

b [A] 13.339(2) 12.291(7)

c[A] 20.199(3) 15.687(7)

a [°] 90.00(3) 94.34(4)

B 1] 99.15(2) 107.63(4)

y [°] 90.00(3) 94.91(4)

V [A3] 9384(2) 1905(1)

V4 4 1

Peaed [Mgm3] 1.087 1.398

u(Moy,) [mm™] 0.318 0.413

F(000) 1904 830

20 [°] 51.0 50

index ranges 0<h<250<k<18, —-24<1<24 —12<h<12,0<k<14, —18<I<18
reflections collected 26901 7084

independent reflections 5096 6694

refinement method full-matrix least-squares on F full-matrix least-squares on F
parameters 286 484

goodness-of-fit on F? 2.85 2.53

final R indices [/ >30([)] RE1=0.078, R,=0.115 R=0.080, R, =0.108

largest diff. peak hole [e A~] 0.97/-0.51 1.04/—0.86

[a] R=Z||F,| — |F/Z|F,|- [b] Rw = [Zw(| Fo| — [F)YZw|F "]
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Table 4. Selected bond lengths [A] and angles [°] for complexes 5a and 6b.

Complex 5a
Rul-NI 2.047(5) Rul-N3 2.115(6)
Rul—-N2 2.052(5) C1-N3 1.30(1)
C3-N3 1.44(1)

N1-Rul-N3 90.7(2)

N1-Rul-N2 89.5(2) N2-Rul-N3 90.2(2)
N1-Rul-N2* 90.5(2) N1#*-Rul-N3 89.3(2)
N3-Rul-N3* 180.0 N2#-Rul-N3 89.8(2)
Rul-N3-C1 121.9(6) N3-C1-C2 129.5(10)
Rul-N3-C3 121.8(6) N3-C3-C4 111(1)

Complex 6b
Rul—-N1 2.064(7) Rul-N3 1.896(8)
Rul—-N2 2.064(7) C1-N3 1.25(1)
N1-Rul-N2 90.6(3) N1-Rul-N3 90.3(3)
N1-Rul-N2* 89.4(3) N2-Rul-N3 90.2(2)
N3-Rul-N3* 180.0 N1*-Rul-N3 88.9(3)
Rul-N3-C1 175.909) N2#-Rul-N3 91.1(3)
N3-C1-C2 119(1) N3-C1-C8 120(1)

C21

Figure 6. ORTEP drawing with the atomic numbering scheme for complex 5a. Hydrogen atoms are omitted.

Thermal ellipsoids are drawn on the 40 % probability level.

structurally characterized metalloporphyrin that contains an
acyclic imino N-donating axial ligand.

In view of the spectral similarities between complexes Sa or
5b, and 9, it would be of interest to compare the core
structures of the bis(imine) complexes with those of structur-
ally characterized bis(pyridine) metalloporphyrins, such as
[Ru(OEP)(Py),] (15)B" 41 and
[Fel(TPP)(Py);] (16).) (Ta-
ble 5). Evidently, the key bond
lengths and angles of Sa are
remarkably similar to those of
complexes 15 and 16. Although
the C—N bond lengths (d, and
d;) in 5a are different owing to
the lack of m-bond delocaliza-
tion; their average value is al-
most identical to the C—N bond
lengths in 15 and 16. These
observations should be impor-
tant as they shed light on the

Chem. Eur. J. 2000, 6, No. 16
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Figure 7. ORTEP drawing with the atomic numbering scheme for complex
6b. Hydrogen atoms and solvent molecules are omitted. Thermal ellipsoids
are drawn on the 40 % probability level.

relative contribution of the
M — Py backbonding to the
overall M-Py axial ligation
in  bis(pyridine)metallopor-
phyrins. Note that, while a
large number of metallopor-
phyrins with axial pyridine
ligands have been reported,
2471 it is not totally clear
whether the intrinsic stability
of these complexes stems from
the backdonation of metal d
electrons to the delocalized
empty m*-orbitals of pyridine.
Previously, Buchler, Gouter-
man, and co-workers!'* ad-
dressed this issue on the basis
of theoretical calculations and
concluded that this backdonation is not important. Alterna-
tively, the issue can be addressed in a synthetic way, namely to
examine whether a metalloporphyrin, [Ru!(Por){N-
(Me)=CH,},] (17), which binds only the “head” of the
pyridine that has no delocalized m-bonding, is sufficiently
stable to be isolated. Complexes Sa and Sb, the isolated metal

Figure 8. Ball-and-stick drawings showing the orientations of the axial ligands in a) complex Sa and b) complex
6b with respect to the porphyrinato rings. The ¢ angle is defined as described in ref. [47].
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Table 5. Comparison of the key bond lengths and angles between complex
5a and its pyridine analogues 15 and 16.
Me Z.

N N
S
g D |
F
5a 15,16

d, [A] d, [A] ds [A] a; [°] a, [°] a3 [°] ¢ [°]

5a  2115(6) 130(1) 144(1) 1162(8) 121.9(6) 121.8(6) 35
156 2100 134 1.35 (v] (o] (o] (o]
166 2.039(1) 1341(2) 1345(2) 115.5(1) 1222(1) 1222(1) 344

[a] Ref. [37a]. [b] Not reported. [c] Ref. [46].

complexes closest to complex 17, strongly resemble complex
9, as described above, and have a stability comparable to
complex 9.1 This also demonstrates that the Ru— Py
backbonding in the bis(pyridine) complex is unimportant.

The structure of complex 6b (Figure 7) features two linear,
axial N=CPh, groups (Rul-N3-C1 175.9(9)°) with a linear
C=N—Ru—N=C backbone, consistent with the solution
'H NMR spectrum of 6b. The ¢ angle in Figure 8b is ~29°.
The C1-N3 bond length (1.25(1) A) falls in the range of
1.24(2)-1.39(6) A found for the C=N bonds of other metal
methyleneamido complexes.''> 2] The Ru—N(methyleneami-
do) bond of 1.896(8) A is slightly longer than that in
[Ru™(tpy)(bpy)(N=CMe,) | (1.831(10) A),!= 4] and slightly
shorter than the Ru—N(arylamido) bond of 1.956(7) A
observed for complex 10,52 but considerably longer than
the Ru—N(NO) bond of 1.726(9) A reported for complex 12
that contains a linear NO group.!*!l These observations further
support the formulation of 6a and 6b as ruthenium(1v) species
with formal (N=CPh,)~ groups that resemble an arylamido
group (NRR')". The linear coordination mode of (N=CPh,)~
is in contrast to the usual bent coordination mode of the NO~
group.

Note that the axial Ru—N bonds in 6b (1.896(8) A) are
considerably shorter than Ru—N single bonds, such as those in
complex 13 (2.129(2) A)B3I. This indicates a multiple bonding
character for the axial Ru—N bonds in 6b. Consequently, the
diamagnetism of 6a and 6b can be rationalized in a manner
analogous to that for the diphenylamido complex 11,32
namely the axial N(p,)-Ru(d,,)-N(p,) m-bonding (Figure 9a)
splits the originally degenerate d,, and d,, orbitals of the d*
ruthenium ion and causes the ruthenium ion to adopt a
(dyy)*(d,)* configuration. This bonding mode requires the
axial ligands to assume an eclipsed conformation, which
indeed is the case in the structure of 6b (Figure 8b). However,
the difference in the hybridization of the axial nitrogen atoms
in the methyleneamido (sp) and arylamido complexes (sp?)
raises a new issue for the M—L axial bonding in ruthenium(1v)
porphyrins. Since the occupied d,, orbital of the ruthenium ion
matches the empty nt* orbital of the axial N=C bond in
symmetry (Figure 9b), Ru— N=CPh, backbonding might
exist in complexes 6a and 6b as mentioned above. Provided
that the p,(N) orbital of N=CPh, has a lower energy, while the
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Figure 9. Schematic diagrams showing a) N(p,)-Ru(d,,)-N(p,) m-bonding
and b) Ru— N=CPh, backbonding in complexes 6a and 6b. The inset
shows a) unobserved and b) observed configurations of [4] cumulene.

au* orbital of N=CPh, has a higher energy than the d,, and d,,
orbitals of ruthenium, both the N(p,)-Ru(d,,)-N(p,) m-bond-
ing and Ru — N=CPh, backbonding are expected to increase
the energy gap between the d,, and d,, orbitals. The presence
of Ru— N=CPh, backbonding in 6 is consistent with the
shorter Ru—N(axial) distance and larger H; chemical shift for
6b relative to the arylamido complex 10. We noted that the
difference of the H, chemical shifts between the methylenea-
mido and arylamido complexes with TTP macrocyle (6a and
10) is smaller than that between the complexes with 3,4,5-
MeO-TPP (6b and 11) (see Table 2). This is not surprising, as
M — L axial backbonding should be more important for metal
complexes with a more electron-rich porphyrinato ligand.

Interestingly, the linear axial Ph,C=N-Ru-N=CPh, moiety
and its Ru—N multiple bonding character, coupled with the
co-planarity of its four C—C(Ph) terminal bonds, endow
complex 6b with an unprecedented hetero[4]cumulene back-
bone that corresponds to an unobserved configuration of
[4]cumulenes (pentatetraenes) depicted in the inset(a) of
Figure 9. In contrast, all the [4]cumulenes reported in the
literature adopt a configuration in which the two terminal
planes are perpendicular to each other on account of the
orthogonal mt-planes of the C=C=C=C=C backbone (inset (b)
in Figure 9).050

Stability: Complexes Sa, §b, 6a, and 6b are stable towards
moist air for months in the solid state. In aerobic chloroform
solutions at room temperature, the bis(imine) complexes Sa
and Sb were oxidized to unknown paramagnetic ruthenium
porphyrins within one day, whereas the bis(methyleneamido)
complex 6a gradually degraded into diamagnetic dinuclear
ruthenium(v) porphyrins [RuV(TTP)(N=CPh,)[,0 (18),
probably as a result of partial hydrolysis of the axial
methyleneamido ligands (Scheme 3). Indeed, such degrada-
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Ph Ph
2 C=N— N=C +  H,0
Ph Ph
6a
2 HN=CPh,
Ph Ph
C—N— o— N=C
PH Ph
18

Scheme 3. Proposed partial hydrolysis of complex 6a into the diamagnetic
dinuclear ruthenium(v) porphyrin [Ru'Y(TTP)(N=CPh,)],O (18).

tion of 6a became more rapid if water was deliberately added
to the solution. The 'H NMR spectrum of 185! features a
Ru(TTP):N=CPh, ratio of 1:1 and a considerable splitting of
the meta and especially the ortho proton resonances of the
meso tolyl groups on the TTP macrocycle. The latter is the
result of the unsymmetrical coordination at the axial sites for
each Ru(TTP) subunit of 18. The positive-ion electrospray
mass spectrum of 18 exhibits a prominent cluster peak at m/z
19171 that is attributable to the protonated parent ion
[M+H]*. This peak is totally absent in the mass spectrum of
complex 6a under the same conditions. Note that, while a
number of other dinuclear ruthenium(iv) porphyrins which
contain the {[Ru(Por)],O}*" cores have been reported,
none of them have an N-donating axial ligand.

Conclusions

First of all, the present work demonstrates that simple imine
and methyleneamido groups can form stable complexes with
a metalloporphyrin. Bis(imine)ruthenium(ii) porphyrins,
[Rul'(Por)(N(Et)=CHMe),] (5a and 5b), were prepared by
the treatment of dioxoruthenium(vi) porphyrin with triethyl-
amine, which provides an unusual approach to metal imine
complexes. Reaction of dioxoruthenium(vi) porphyrins with
benzophenone imine affords bis(methyleneamido) rutheni-
um(v) complexes [Ru'V(Por)(N=CPh,),] (6a and 6b). The
formulation of both the new classes of metalloporphyrins is
confirmed by X-ray structure determinations. The spectral
features of 5a and 5b and the key bond lengths and angles of Sa
are remarkably similar to those of their bis(pyridine) analogues,
so that these species most strongly resemble a metalloporphyrin
which binds only the “head” of the pyridine. In contrast to the
linear/bent and bent/bent configurations proposed for bis(ni-
trosyl)metalloporphyrins, the structure of 6b features two linear
methyleneamido groups in a trans configuration, and an
unprecedented hetero[4]cumulene backbone. Both spectro-
scopic and structural measurements indicate that complexes
6a and 6b resemble bis(arylamido)ruthenium(v) porphyrins.
However, there should be a certain amount of Ru— N=CPh,
backbonding in the methyleneamido complexes.
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Experimental Section

General: NH=CPh, (97 %, Aldrich), Et,NH (98 %, Merck), m-chloroper-
oxybenzoic acid (m-CPBA; 55%, Merck) were used as received. Et;N
(>99%, Merck) was purified to remove any traces of primary and
secondary amines by the standard method.’?! All solvents were of AR
grade. The complexes 7a, 7b,’¥ and [Ru'(Por)(CO)(MeOH)] (Por=TTP,
3,4,5-MeO-TPP)P! were prepared according to the published procedures.
Ultraviolet and visible (UV/Vis) spectra were recorded on a HP8452A
Diode Array spectrophotometer. 'H NMR spectra were measured on a
Bruker DPX300 spectrometer. Unless otherwise stated, the solvent
(CDCl;) contained tetramethylsilane (TMS) as an internal standard.
Chemical shifts (ppm) are reported relative to TMS. Infrared spectra
(KBr pellets) were obtained with a Nicolet 20SXC FT-IR spectrometer.
Mass spectra were measured on a Finnigan MAT95 mass spectrometer
(FAB) and a Finnigan LCQ quadrupole ion trap mass spectrometer
(electrospray). Elemental analyses were performed by the Institute of
Chemistry, the Chinese Academy of Sciences.

Bis(imine)ruthenium() porphyrins (5): A mixture of freshly prepared 7a
or 7b (50 mg) and Et;N (10 mL) was stirred for 0.5 h to give a homogenous
brown solution. The solution was evaporated to dryness and the residual
solid was recrystallized from dichloromethane/n-hexane to afford Sa or 5b
as a dark purple crystalline solid.

(meso-Tetrakis(p-tolyl)porphyrinato)bis(N-ethylideneethanamine)ruthe-

nium(@) (5a): Yield: 81 %; UV/Vis (9.6 x 10-°m, CHCL): 4, (loge) =260
(4.41),293 (4.52),329 (4.27,sh), 412 (5.26), 507 (4.29), 532 nm (3.60, sh); IR:
7=999 cm~! (“oxidation state marker” band); FAB MS (CHCl,): m/z: 912
[M]*, 841 [M—L]*, 770 [M —2L]* (L=N(Et)=CHMe); CssHsNsRu
(912.15): caled: C 73.74, H 5.97, N 9.21; found: C 73.83, H 5.94, N 9.25.

(meso-Tetrakis(p-chlorophenyl)porphyrinato)bis(/V-ethylideneethanami-
ne)ruthenium@@) (5b): Yield: 85%; UV/Vis (8.23 x 10-°M, CHCL): A,
(loge) =263 (4.33), 293 (4.43), 330 (4.20, sh), 412 (5.21), 507 (4.20), 532 nm
(3.56, sh); IR: #=1000 cm~! (“oxidation state marker” band); FAB MS
(CHCLy): m/z: 994 [M]*+,923 [M — L]*,852 [M — 2L]* (L=N(Et)=CHMe);
C5,H,oNCl,Ru (993.83): caled: C 62.85, H 4.26, N 8.46; found: C 62.52, H
3.97, N 8.49.

Bis(methyleneamido)ruthenium(@v) porphyrins (6): A solution of [Ru'-
(Por)(CO)(MeOH)] (60 mg, Por=TTP or 3,4,5-MeO-TPP) in dichloro-
methane (15 mL) was treated with m-CPBA (90 mg) for about 2 min to
generate complexes 7b or 7¢ in situ. NH=CPh, (25 drops) was then added
to the mixture. The progress of the reaction was monitored by UV/Vis
spectrophotometry. After the 5 band of 7b or 7¢ at ~520 nm completely
disappeared, the mixture was filtered and the filtrate was concentrated to
5 mL. Addition of ethanol (5 mL) followed by rotary evaporation caused
6a or 6b to precipitate as a dark purple, crystalline solid. The solid was
collected by filtration, washed with ethanol, and dried.

(meso-Tetrakis(p-tolyl)porphyrinato)bis(diphenylmethyleneamido)ruthe-
nium(@v) (6a): Yield: 66 %; UV/Vis (3.54 x 107°m, CHCL): 4, (loge) =
421 (5.48),526 (4.44),557 nm (4.15, sh); IR: 7=1011 cm™! (“oxidation state
marker” band); FAB MS (CHCl;): m/z: 1130 [M]*, 950 [M — L]+, 770 [M —
2L]* (L=N=CPh,); C;;H;NcRu-H,O (1148.39): calcd: C 77.40, H 5.09, N
7.32; found: C 77.41, H 4.99, N 6.96.

(meso-Tetrakis(3,4,5-trimethoxyphenyl)porphyrinato)bis(diphenylmethy-
leneamido)ruthenium@v) (6b): Yield: 65%; UV/Vis (2.79 x 10-°m,
CHCL): Ay (loge) =422 (5.53), 526 (4.49), 557 nm (4.14, sh); IR: 7=
1012 cm™! (“oxidation state marker” band); FAB MS (CHCL;): m/z: 1435
[M]*, 1254 [M—L]*, 1074 [M —2L]* (L=N=CPh,); CgH;,N:O,Ru
(1434.59): caled: C 68.65, H 5.06, N 5.86; found: C 68.28, H 4.82, N 5.75.
X-ray crystal structure determination of Sa and 6b: Crystals of 5a were
grown by cooling a solution of 5a in dichloromethane/triethylamine/n-
hexane (1:1:10 v/v) under nitrogen at — 15 °C for ~2 d. Slow evaporation of
a solution of 6b in dichloromethane/n-hexane (1:5 v/v) at room temper-
ature for ~3 d afforded single crystals of 6b.

Complex 5a: A dark red crystal of dimensions 0.30 x 0.10 x 0.07 mm,
placed inside a glass capillary, was used for data collection at 28°C on a
MAR diffractometer with a 300 mm image plate detector. Data collection
was made with 3° oscillation (60 images) at 120 mm distance and 400 s
exposure. The images were interpreted and intensities integrated with the
program DENZO.% The space group was determined based on systematic
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absences and a statistical analysis of the intensity distribution. The
structure was solved by Patterson methods, and expanded by Fourier
methods (PATTYF7).

Complex 6b: A purple crystal of dimensions 0.30 x 0.15 x 0.10, placed
inside a glass capillary, was used for data collection at 28°C on a Rigaku
AFCTR diffractometer with w-26 scans with w-scan angle (0.79+
0.35tan0)° at a scan speed of 8.0degmin~ (up to six scans for reflection
with I <150(1)). Intensity data (three standard reflections measured after
every 300 reflections showed no decay) were corrected for Lorentz and
polarization effects, and empirical absorption corrections based on the
scan of five strong reflections (minimum and maximum transmission
factors 0.950 and 1.000). The space group was determined based on a
statistical analysis of the intensity distribution and the successful refine-
ment of the structure solved by direct methods (SIR 92°¥1) and expanded by
the Fourier method.

For both complexes 5a and 6b, the structure was refined by full-matrix
least-squares with the software package TeXsan!™®! on a Silicon Graphics
Indy computer. A crystallographic asymmetric unit consists of only half of
one complex molecule with the Ru atom at the origin (in the case of 6b the
asymmetric unit also contains one solvent molecule). In the least-squares
refinement, all non-H atoms were refined anisotropically, and the H atoms
at calculated positions with thermal parameters equal to 1.3 times that of
the attached C atoms were not refined.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-140058
(complex 6b) and CCDC-140059 (complex 5a). 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@
ccde.cam.ac.uk).
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Exploring the Electronic Structure of Elemental Lithium:
From Small Molecules to Nanoclusters, Bulk Metal, and Surfaces

Roger Rousseau and Dominik Marx*[?!

Abstract: Clusters of lithium atoms
ranging in size from Li, to Li,, and bulk
metallic solids, including surfaces, are
investigated through first principles
electronic structure calculations, which
are based upon density functional theo-
ry and the electron localization function
(ELF). It is found that large lithium pz-
type contributions in the electronic
wavefunction cause the electrons to
localize in interstitial regions, which
leads to multicenter bonding for both
the clusters and the solids, including
their surfaces. For the smaller clusters
these stabilizing pm interactions also
lead to short Li—Li interatomic distan-

bonds induces “distance alternation” in
the range from 2.45 A to 3.15 A. This
consequence of the additional pm inter-
actions is absent in simple solids due to
symmetry. The electronic structure of
the clusters is topologically insensitive to
deformations that do not affect their
general shape, but changes significantly
upon isomerization. The ramifications
upon dynamic properties is that the
clusters are quasi-rigid at low temper-

Keywords: bond theory - ELF
(electron localization function) -
lithium multicenter bonding

atures and retain their shape though the
distance alternation pattern is sup-
pressed. The picture which emerges for
bonding in the bulk solid is that the
metallic state arises from the presence of
a large number of partially occupied
multicenter bonds. For nanoscale clus-
ters only the surface of these clusters
exhibits strong localization, whereas
their interiors display localization
properties similar to the bulk metallic
solid. On the other hand, localized
states similar to those of the clusters
(“dangling bonds”) are found on the
(001) surface of body-centered cubic
(bee) and face-centered cubic (fec) lith-

L. . . . nanostructures
ces, which in conjunction with the longer

Introduction

Lithium—from molecules to metal: The study of metal
clusters ranging in size from a few atoms to a few hundred
atoms is an area of research that has seen great activity and
progress in recent years.'”l Of fundamental interest is how
the electronic, structural, and dynamic properties of such
aggregates evolve as the number of constituting atoms grows
from the molecular regime to the macroscopic scale. This
progression in size also represents a crossover in the way the
chemical bonds are perceived. For small systems of just a few
atoms the well-established concepts of localized chemical
bonds in molecules are readily applicable. At the other
extreme, the infinite solid also brings with it a well-defined
understanding of how bonding occurs.*? The transition
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ium solids.

between these two extremes, however, is not well defined
and it is not clear how or in what cluster size regime this
occurs. This is especially true for metal atoms in which
typically the solid-state bonding is thought of as a delocalized
rather then a local phenomenon. The evolution of the
electronic properties of lithium particles from small molecules
to the metallic solid phases has received considerable
theoretical attention. Notable theoretical achievements in-
clude the McAdon-Goddard rulesl® for the construction of
lithium clusters of various sizes; this also provides an
intriguing picture of “metallic bonding”. Based on Goddard’s
generalized valence-bond approach it was found that singly
occupied orbitals are preferentially localized in interstitial
cavities, which are triangles and tetrahedra in the case of
planar and compact three-dimensional clusters, respectively.
This discovery is intimately connected to the existence of
three- and four-center bonds and to the growth pattern that
involves packing transitions. ¥l The topology of the (total)
charge density of planar lithium clusters was analyzed in great
detail based on correlated wavefunctions.”) This study finds
that the density maxima are preferentially located within
triangles formed by three neighboring nuclei, thus giving
support to the three-center bonding idea. A complementary
analysis that employs the electron localization function (ELF)
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of Becke and Edgecombel' also reveals the existence of
three-center bonds in planar lithium clusters.''! This powerful
approach was also used upon the metallic body-centered cubic
(bee) phase of solid lithium. For this metal, as well as others, it
is found that metallic bonding is characterized by a three-
dimensional network of paths or channels, with essentially
constant localization, which connect the points of maximum
localization with respect to the ELE.'? Silvi and Gattil'*l have
recently investigated the relationship between the electronic
density topology and ELF for several metals including
lithium. They found that contrary to previous expectations
the metallic bonding does not have a prerequisite of non-
nuclear density maxima (as found in lithium clusters). Instead
they find that the metallic bond may be viewed as each atom
participating in many weak unsaturated covalent bonds.
However, this does not address the question of how does
the localization pattern evolve from multicenter bonding in
finite clusters to the network formation and channeling in the
case of extended solids. This aspect belongs to the central
themes of the present investigation.

Recently, Pauling’s empirical resonating valence-bond
theory was applied in a general ab initio implementation to
small lithium clusters by McWeeny and co-workers,['¥l thereby
shining new light on the three-center bonding features of
planar clusters. This study also highlights the importance of
the covalent character of metallic bonding, which involves
heavy mixing of the s and p atomic valence orbitals, and,
therefore, directionality due to hybridization.'! The crucial
contribution of 2p atomic orbitals to bonding in lithium
clusters and the existence of partial sp hybridization was
previously emphasized.[” > 1> 181 Another observation concern-
ing the structure of lithium clusters was reported as a side
issue in a systematic study of their structure and energetics.['”]
The fully optimized structures of various isomers were found
to be characterized by the simultaneous presence of long and
short Li—Li interatomic distances,'] for simplicity termed
“distance alternation”. But the existence of multicenter
bonds, p-orbital contributions with significant sp hybridiza-
tion, and long and short Li—Li distances cannot be unrelated.
Furthermore, what role does the p-orbital contribution to the
wavefunction play in solid lithium ? Naively, one would expect
the free-electron picture to hold extremely well for the
simplest alkali metal, yet this is not the case. Metallic lithium
shows systematic deviations from the free-electron picture of
metals in terms of conductivity and Fermi surface-related
properties,!'® 1] which can be ascribed to electronic correla-
tion effects.’*?*l However, this also suggests anisotropy in
bonding that may result from significant p-orbital contribu-
tions in the crystal orbitals. The present paper will close this
gap in our understanding by systematically examining the
influence of p orbitals upon structure and bonding in both
lithium solid and clusters.

Lithium is also the “lightest metal” with an atomic mass of
only 6—7 amu Indeed, quantum effects—in particular zero-
point motion effects—are known to play a crucial role in
determining the ground-state structure of solid lithium®-2! In
addition, it is also well known that the potential-energy
surfaces of clusters are rather flat and possess many minima of
similar energy.?”! In the limit of low temperatures, quantum-
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mechanical fluctuations are the dominating excitation mech-
anism for vibrations of the nuclear skeleton. Early work was
devoted to the lithium trimer 3! followed by a pioneering
study®? of clusters from Li,, up to Liy, for which strong
quantum effects were predicted and culminated in the state-
ment that “the clusters are fluid like at all temperatures”,*? in
particular also in the ground state. In the limit of high
temperatures thermal fluctuations will dominate over quantum
fluctuations. A rich classical —dynamical behavior of clusters
was indeed observed in various ab initio molecular dynamics
simulations.®] Issues like melting or packing transitions and
isomerization or pseudo-rotation mechanisms and pathways at
finite temperatures are of considerable current interest.[” 33-3¢]
Based on the ab initio path-integral approach to molecular
structure calculations,’” 3! the issue of quantum and classical
fluctuations could be settled. It was shown that lithium clusters
do exhibit significant quantum zero-point fluctua-
tions on the order of magnitude of 100 K thermal excita-
tion® “1 Yet this motion is not sufficient to induce fluid-like
behavior down to the ground state, at which the clusters
remain confined to distinct energy minima so that they
maintain their overall “shape”. Another significant finding
was that the Li—Li distance alternation, which is characteristic
for the static optimized clusters,['” disappears upon inclusion
of quantum effects. This means that zero-point motion is strong
enough to wash out the bond length differences, whereas it is
not sufficient to lead to isomerization reactions; this finding
was later confirmed independently.*!] Furthermore, it was
briefly alluded to that this behavior is intimately tied with the
presence of localized electronic states upon the surface of the
cluster.® The present study expands upon these aspects and
links the behavior of small clusters to that of nanoclusters and
finally to bulk surfaces.

As already motivated up to this point, the goal of the
present study is to examine and understand the evolution of
the electronic structure of lithium ranging from only a few
atoms all the way to the extended solid and surfaces. Many
previous studies have considered spectroscopic and structural
properties of lithium clusters with a fruitful interplay between
theory and experiment.”! In particular, the measured optical
spectra of smaller lithium clusters can be well understood in
conjunction with electronic structure calculation.>* In the
current work the prime interest is the relationship between
electronic structure, cluster structure, and dynamic properties.
The emphasis is put on understanding the interplay between
“localized” and “delocalized electrons” as the assemblies
grow and eventually become bulk metal. To this end, we have
applied electronic structure calculations based upon density
functional theory™! in combination with topological analysis
of the electron density through the electron localization
function (ELF)."

Computational Methods

Electronic structure calculations: The electronic structure calculations
were based upon Hohenberg—Kohn-Sham density functional theory.!*]
Local exchange and correlation*! were supplemented with Becke’s
exchange gradient correction.*’] The two core electrons were represented
by a norm-conserving pseudo-potential,*l which includes nonlinear core
corrections.*”) The remaining valence orbitals were expanded in a 20 au
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nonperiodic cubic box by using plane waves with a kinetic energy cutoff of
30 Ry (except in the case of Li,, where the box length was 42 au and for the
bulk phases and surfaces of metallic lithium for which the cutoff was 20 Ry,
see below for details). The overall approach gave excellent results not only
for the cluster structures, but more importantly for the crucial energy
differences between various isomers of a given cluster, see refs. [17, 40] for
a detailed analysis of these issues. All calculations were carried out with the
ab initio molecular dynamics package CPMD.

The structures up to Li,, were taken from our previous studies.!'? 3 41 The
structure of the Li,, cluster was obtained by performing a 2 ps Car-Par-
rinello molecular dynamics simulation®! at 500 K within a 42 au cubic cell
and 15 Ry plane wave cutoff. The initial structure was obtained by taking a
3a x3b x2c segment of the bee lithium structure with an additional four
capping atoms in the ¢ direction to create as isotropic a distribution of
atoms as possible. This was followed by simulated annealing down to a
temperature below 10 K over a period of another 1 ps. In order to check
this result, the procedure was repeated (randomization of atomic positions,
heating, molecular dynamics, annealing) resulting in a final cluster that was
only 2 kcalmol~! lower in energy; this indicates that structures obtained
from this procedure are located within low-lying energy basins of the
potential-energy surface. In a final step residual forces were removed by
local geometry optimizations. All cluster structures discussed in this work
have been characterized by stationary-point analysis of the potential-
energy surface and are local minima. Note that although we are confident
that low-energy configurations were obtained even for the two largest
clusters, we do not in any way presuppose that these are the global minima
on the potential-energy surface.

Having obtained the real-space structures, the electronic structure was
reoptimized at a higher cutoff (20 Ry for Li, and 30 Ry for all other
clusters) in order to calculate the ELF. This cutoff, which is larger than the
one required in order to converge structures and energies,*)) assures a
smoother representation of the Kohn—Sham orbitals for the purpose of the
electronic structure analysis.

The calculations of bulk lithium were performed within the framework of
fixed-volume supercell calculations with the I" point of the Brillouin zone.
In conjunction with large supercells, this amounts to a sufficient sampling of
k points in the Brillouin zone of the primitive cell, vide infra. For simplicity,
only the body-centered cubic (bec) and face-centered cubic (fcc) phases are
considered, fcc being a representative of close-packed structures. In
particular, a 5a x 5b x 5¢ cubic supercell (250 atoms, a =3.51 A) for bec
and a 4a x 4b x 4c cubic supercell (256 atoms, a=4.41 A) for fcc have
been used with lattice constants taken from experiment.’” In order to
investigate surfaces, the (001) surface of both bcc and fec solids were used.
These calculations were based on a 4a x 4b x 4¢ (128 atoms, thickness ten
atomic layers) slab for bec and a 2a x 25 x 2¢ (120 atom, thickness eight
atomic layers) slab in the case of fcc. The slabs were separated by a 10 A
vacuum region. Structure relaxation for only those atoms residing on the
upper two atomic layers were conducted by simulated annealing from 50 K
to temperatures below 5 K. All bulk and surface calculations were
performed with a 20 Ry energy cutoff.

Electronic structure analysis: The analysis of the electronic structure and
bonding has been carried out mainly using the electron localization
function (ELF)!"" supplemented by its topological bifurcation analysis.[>’!
Several excellent review and research papers discuss in depth the
foundations, properties, and interpretations of the ELFI!2 558 g0 that only
a concise presentation is required here. The ELF can be viewed as a local
measure of the Pauli repulsion between electrons owing to the exclusion
principle in three-dimensional space. It therefore makes it possible to
define regions of space that are associated with different electron pairs in a
molecule or solid. The definition of ELF is given by Equations (1)-(4),

1
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whereby the sum is over all singly occupied one-electron (spin-) orbitals
1;(r) in a N-electron system.

The ELF is normalized between zero and unity and its value for the
homogeneous electron gas—a well-defined reference state—is 1/2. Note
that Equation (1) reduces to the trivial solution 7(r) =1 for two-electron
systems, such as, in particular, Li, or Li;" if only the valence electrons are
taken into account. The function #(r) is large in spatial regions in which the
Pauli repulsion ~ Dy(r) is small, that is, where two electrons with antiparallel
spin are paired in space. This can be understood by interpreting the full-space
integral [dr Dp(r) of the two additive terms that constitute D in Equation (1),
see refs. [12, 54, 56] and references cited therein for the underlying work.
The integral of the first term is the total kinetic energy of N noninteracting
fermions in the ground state, whereas that of the second term is minus the
kinetic energy of the corresponding bosonic system. The latter is a lower
bound for the former so that [dr D, > 0. Both kinetic energies correspond
to those of indistinguishable particles, the only difference being that in the
fermionic case the antisymmetrization induces a nodal structure of the
ground-state wavefunction that increases the curvature of the orbitals and,
thus, the total kinetic energy. In contrast, the bosonic N-particle ground-
state wavefunction and, therefore, its density is built from a single orbital
for all N particles. If analogous arguments are invoked locally by using
Dy(r) instead of its integral, it becomes evident that Dj quantifies the
“amount of Pauli repulsion” at a given point r in space. As a result, this
excess Pauli kinetic energy is expected to be small in a region in which a
pair of electrons with opposite spin states is localized. As a result of the
particular normalization chosen, this means that # approaches unity in
these regions. Conversely, the Pauli energy is large in a region in which two
or more of these electron pairs approach each other. A complementary
description in terms of the orbitals nodes and a link to the orbital picture of
bonding is worked out in ref. [57], and the connection to Bader’s analysis in
terms of the Laplacian of the density is established in ref. [56].

The location of the maxima of 7(r) with values denoted by ™ are attractors
because other points in space can be connected to them by maximum-
gradient paths. The set of all the points in space that were in this sense
“attracted” by one special point define the basin of that particular attractor.
In addition, higher #™* values correspond to more tightly localized electron
pairs in space and as such may be used as an indicator to discriminate
different bonds. If the electron density is integrated over a given basin, the
corresponding number can be interpreted as the number of electrons that
are involved in that particular bond. In general, there is more than one
attractor present for a N-electron system and thus more than one basin. The
set of those ELF values for which a given basin just merged with another
one, the bifurcation value 7*, is another set of characteristic numbers. The
so-called bifurcation diagram results from connecting successively on a
descending ELF scale every attractor maximum with its bifurcation values
until finally all attractors are connected; this corresponds to the situation in
which all electrons are contained in one large domain encompassing the
entire system. Analyzing the topology of the electronic structure in terms
such “bifurcation hierarchies” is a valuable method in order to compare the
bonding characteristics of various systems with each other.'> 3 Finally, it is
worth noting that the present ELF and charge density analyses are based
exclusively on the chemically relevant valence electrons, thus leaving out
the “trivial attractors” due to the core localization.

Results and Discussion

The molecular realm

From Li, to List—three-center and four-center two-electron
bonds: The first non-trivial candidates to discuss are the Li,
and Lis™ molecules or “clusters”. The structure of the lowest
energy isomer of Li, is that of two edge-sharing triangles, both
of which lie in the same plane (D,,), see Figure 1a. This
molecule may be described as containing one short Li—Li
distance of 2.58 A across the center of the cluster, and four
equivalent long ones of 3.00 A located along the outer edges.
In general an Li—Li interatomic distance is classified to be
“short” or “long” if it is in the range 2.40—2.80 A or 2.80—
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Figure 1. Structure of the ground state isomers of a) Li, and b) Lis*. The
lithium positions (vertices) are connected by lines. Schematic representa-
tion of c),d) the two occupied canonical Kohn-Sham valence orbitals, and
e),f) the corresponding localized orbitals of both clusters, respectively. In
panels c) and d) the left and right subpanels correspond to the lowest wand
highest occupied orbitals, respectively. Empty, filled regions of the orbitals
distinguish their sign in the respective region.

3.20 A respectively. For reference purposes, note the bond
lengths of 2.65 A and 2.90 A for Li, and Li;™, which are ideal
representatives of two-center two-electron and three-center
two-electron bonding cases, respectively. Previously, it has
been reported!® % - 14 13 that the electrons are localized within
the center of the two triangles in Li, thereby forming two
three-center two-electron bonds; the electron density of the
Li, molecule was analyzed in detail in several studies.”! Also
in the case of the lowest energy isomer of Lis™ with its trigonal
bipyramidal shape, see Figure 1b, the two distinct types of
distance, short and long, are present. The three Li—Li contacts
along the equator of the bipyramid are found to be short,
2.70 A, whereas the six to the atoms capping the triangle are
long, 3.15 A. Previous studies!® 15 again find that there are two
multicenter bonds, each containing a pair of electrons within
the center of a distorted tetrahedron. Thus, Lis™ may be
considered as consisting of two four-center two-electron
bonds, which are face-sharing across the equator of the
bipyramid.

To understand how these findings come about it is
appropriate to start this examination with the canonical
Kohn - Sham orbitals drawn schematically in Figure 1c and 1d
for Li, and Lis*, respectively. These orbitals are obtained by
projection of the plane-wave basis set upon a localized
(minimal atomic) basis derived from the pseudo-wavefunc-
tion. The lowest energy orbitals contain only lithium s-type
character for both clusters, see the left subpanels in Figure 1c
and 1d. However, this is not true for the remaining orbital,
which is found to have a substantial (=25 % ) p-type character,
see the right subpanels in Figure 1c and 1d. This large
p-orbital contribution has been highlighted previously in
various reportsl* % 14 1516 ‘but without connecting this finding
to the distance alternation and multicenter bonding features.

How is the large p-orbital contribution related to the
distance alternation? The orbital representation in Figure 1c
and 1d makes clear this point: in Li,, the p-orbitals “act in
phase” across the short Li—Li contact thereby creating an
extra m-like bonding interaction. This fits well with the
observed contraction of the associated Li—Li distance, which
is even shorter than that of Li,. The same is true for Lis": the
presence of p-orbital contributions in the highest occupied
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Kohn-Sham orbital leads to a stabilizing mt-bonding inter-
action across the equator of the cluster and explains the
shrinkage in the equatorial plane to a length close to that in
the dimer. Thus, the distance alternation can be explained
naturally by a p-orbital contribution to the molecular wave-
function, which leads to an additional stabilization and thus
shortening of the involved interactions.

How does this relate to electron localization? The canon-
ical Kohn—Sham orbitals can easily be transformed to obtain
localized orbitals as is illustrated schematically in Figure le
and 1f for Li, and Lis™, respectively. Based on these orbitals,
the valence charge density can be redistributed into two three-
center two-electron bonds (localized in the upper and lower
triangle) for Li, and two four-center two-electron bonds
(localized in the upper and lower tetrahedron) for Lis™, see
the left and right subpanels for each case. The directionality of
the p-orbital is essential in this explanation, because without
being able to form the sp-hybrid orbitals at the atoms that
interface the two triangles or tetrahedra, this transformation
would not yield these simple bonding patterns.

The topology of the electronic structure of Li, and Lis™ can
also be examined in the language of the electron localization
function (ELF) as defined in Equation (1). This is a truly
complementary approach as orbital hybridization schemes are
nonunique, whereas the interpretation of the ELF might not
always be evident at the outset. The ELF analysis can be
performed graphically by plotting isosurfaces with #7(r) = 5’
of this scalar function in three-dimensional space like the ones
shown in Figure 2a and 2b for Li, and Lis*, respectively. In this

il ol

€l di
Je-Te R R

Ji- 22 h 4=-2e
—

fi ELF 1 - EF A
Figure 2. ELF isosurfaces at 7* =0.9 for a) Li, and b) Lis*. The lithium
positions are marked by black balls, which are connected by sticks to guide
the eye. The ELF bifurcation hierarchy is represented in diagrammatic
form in c) and d) for Li, and Lis*, respectively. Labels on the bifurcation
diagrams are: 3c-2e three-center two-electron bond; 4c-2e four-center two-
electron bond.

representation, the attractors and their basins are rendered
evident by visual means. Both clusters show two degenerate
attractor basins with strong electron localization, that is, ™
is very close to unity. In the case of Li,, both basins (with the
ELF maxima in the center of the triangles) contain two
electrons that are shared between three centers, whereas four
centers are held together by two electrons in the Lis* case
(with one attractor in the center of each tetrahedron). Note
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that the short Li—Li bonds are
situated in regions of low ELF
values, that is, between the at-
tractor basins, which is a direct
consequence of the m-bonding
contribution. The bifurcation
value for which the two attrac-
tor basins are confluent and
form one basin that contains
all electrons occurs at a well-
separated value of about # ~ 0.5
for both cases. This is repre-
sented schematically in Fig-
ure 2c and 2d by the use of
bifurcation diagrams.*l In this
diagram the maxima of ELF are
represented by the terminus of
a branch on a tree diagram and =4
the bifurcation value is repre-

sented by the merging of two

branches. The independence of

the three-center and four-cen-

ter bonds as found in Li, and

Lis*, respectively, is well reflect- i}
ed by the large separation be-

Al

L]

Lig (%}

e e e

;' ]

b
L

tween the values of #™* and 5*
as seen in the bifurcation dia-
gram of Figure 2c and 2d. Thus,
the topological ELF analysis
substantiates the earlier finding
that Li, is bound by two three-
center two-electron  bonds,
whereas Lis™ is best described
by two four-center two-electron
bonds. One distinct advantage of using ELF to analyze bonding
over other schemes is that multicenter bonds can easily be
located graphically “by inspection” of ELF isosurfaces.

e} @ EF

Planar and nonplanar Lis— from three-center two-electron to
multicenter bonding: Next, consider a slightly larger, but as it
will turn out much richer case: Lis with two distinctly different
isomers as depicted in Figure 3a. The first isomer is the well-
known planar Dy, structure, which has only longer Li—Li
distances in the range 2.97-3.00 A. The second isomer is an
octahedron that is subject to axial compression, which results
in a structure with D, symmetry. Overall, this isomer contains
nine short Li—Li distances, eight of 2.80 A from the axial
positions to the four atoms in the central plane, and the
unusually short central Li—Li distance of only 2.47 A (cf.
2.65 A in Li,). The former of these two isomers has been the
subject of intense study,® % ! 1151 whereas the latter one has
received attention only recently.l'” 3] This is despite the fact
that it is clearly much lower in energy by about 5 kcalmol~! as
carefully assessed in ref. [17] based on various methods, see
Table 7 therein. The planar D5, structure is known to contain
three three-center two-electron bonds,® % - 14151 byt what of
the more stable D, isomer?

To this end, we compare the isosurfaces of the (valence
electronic charge) density p(r) with the ELF (Figure 3b and
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Figure 3. a) The structures of the planar D5, and three-dimensional D, isomers of Lis and the T, and C, isomers
of Lig. The corresponding valence charge density isosurfaces at p'*° =0.850™* (p™** denotes the value of the
absolute maximum of the valence charge density) are shown in b) for each cluster, and the ELF isosurfaces at
7 =0.9 and #*° =0.8 are shown in c) and d), respectively. Schematic bifurcation diagrams are shown in e) for
ELF of each cluster. Labels on the bifurcation diagrams are: 3c-2e three-center two-electron bond; 4c-2e four-
center two-electron bond; Mc-6e multicenter six-electron bond.

3d, respectively). In accord with previous studies!® * 4l we find
for the planar D3, isomer the density located predominantly
within the three outer triangles of the cluster, Figure 3b. As in
ref. [11], the ELF provides three strong attractor basins (with
maxima in the centers of the three outer triangles) that can
easily be associated with three three-center two-electron
bonds, see Figure 3c and 3d. The ELF bifurcation diagram in
Figure 3e shows that the three two-electron attractor basins
are confluent at a well-separated value of #*~0.47; this
indicates that these attractor basins can truly be thought of as
three independent localized bonds. The resulting bond lengths
of 2.97-3.00 A also compare well with the ideal three-center
two-electron bond in Li,* with a reference length of 2.90 A.

Before examining the ELF of the nonplanar D, isomer, it is
instructive to consider first the occupied canonical Kohn-
Sham orbitals as represented in Figure 4a and 4b for the Dy,
and D,, species, respectively. Inspection of these orbitals
indicates that here also there is significant (=20 %) p-orbital
character present in the highest occupied molecular orbitals.
Most importantly, the central Li—Li interaction of the Dy,
isomer contains not only the s-orbital contributions, but two
orthogonal p orbitals on the two lithium atoms that terminate
this short bond contribute to an extra m-type interaction. This
leads to a situation that would conventionally be considered
as a “triple bond”, compare with the standard orbital picture
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Figure 4. Schematic representation of the the canonical valence orbitals of
a) the planar D5, and b) three-dimensional D, isomers of Lig. Note that for
the D, isomer the orientation is such that here the central short bond lies in
the paper plane, which differs from that chosen for Figure 1a. For symbols
see caption of Figure 1.

of carbon —carbon triple bonds. Furthermore, there is no such
nt-bonding interaction for the planar D5, isomer. As such, the
planar isomer not only has longer Li—Li distances, but it is also
less stabilized by m-bonding which is precisely the reason why
the Dy, isomer is much lower in energy. One important
ramification of this finding is that the two-dimensional —
three-dimensional packing transition” 8! of these clusters can
be related to the number of additional p-orbital interactions in
compact three-dimensional versus planar structures when the
clusters grow.

In stark contrast to the planar isomer, the density of the
three-dimensional Lis isomer has, interestingly, a ring of
enhanced density around the central short Li—Li bond, see
Figure 3b. This, together with the extremely short distance of
only 2.47 A and the result of the orbital analysis, strengthens
the notion of a stabilizing “triple bond” character in this Li—Li
bond. This gets further support from the ELF analysis: there
are four attractor basins (with strong maximum localization:
7™~ 1.0) which form along the outside of the cluster, see
Figure 3c and 3d. The corresponding attractors peak in the
equatorial plane, with their maxima just outside the Li—Li
connecting lines, that is, in a region in which the charge
density is very small. Unlike the well-separated attractor
basins of the Dj, isomer, those in the D,, isomer already
merge into one basin at a much higher value #* on the
normalized ELF scale, see Figure 3e. These four basins
collapse at a bifurcation value of #* =0.86 into a single ring,
which is hosted in the region of sufficient charge density. Such
ring-type basins in ELF topologies have been seen for
compounds like acetylene with triple bonds,** (see in
particular Figure 2g and 2h in this reference) and it is
tempting to invoke a similar interpretation here. However,
to do this would amount to ignoring the fact that there are
indeed four distinct attractor basins that may each be ascribed
1.5 electrons by symmetry. These so-called unsaturated at-
tractor basins are characteristically found in molecules such as
benzene, which have multiple resonance structures, or in
metals. Although the ring feature is clearly indicative of triple-
bonding character in the 2.47 A bond, it is more meaningful to
describe this as a more delocalized multicenter six-electron
bond, rather then a two-center six-electron bond as in
acetylene. This behavior of ELF reflects the fact that
delocalization of electrons is a meaningful energetic alter-
native to “discrete” two-electron bonds in the case of small
lithium clusters.
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In summary, the Li,, Lis*, and planar Lig (D3,) clusters are
examples in which the complex bonding scenario may be
thought of as consisting of the “additive” interaction of
several independent localized two-electron bonds, albeit of a
multicenter nature. The nonplanar D, isomer of Lig, on the
other hand, does not fit into this simple picture, but is
suggestive of bonding in a more global sense, which accords
better with the concept of a cluster being “on its way to the
solid”. This example also brings to the surface a rather
tantalizing question to ponder: “is this decrease in the
energetic preference for independent two-electron bonds an
early symptom of the metallic character?”

Lig— perturbing the ideal bonding pattern: The logical next step
consists of adding more electrons to see if delocalized multi-
center bonding is generic, or a specific occurrence for Lig only.
Toward this end two isomers of Lig were examined, see
Figure 3a. The lowest energy isomer consists of a tetrahedron
with each of its four triangular faces capped by another lithium
atom giving the molecule an overall 7, symmetry. The Li—Li
distances between atoms in the central tetrahedron are 2.88 A
and those to the capping atoms are 2.94 A. These tetrahedral
subgroups are reminiscent of Lis*, which was composed of two
four-center two-electron bonds. A second low-energy C, isomer
of Lig was obtained from elaborate ab initio simulated
annealing in our previous studiesP” ! and is also depicted in
Figure 3a. It is only 0.3 kcalmol~! higher in energy than the T
isomer, which is beyond the accuracy of the currently used
electronic structure methodology to reliably distinguish. Its C,
structure is that of a pentagonal bipyramid with one of the
triangular faces capped by an additional atom with Li—Li
distances up to 3.10 A. Most notable for the present purpose is
again the existence of a short Li—Li distance (2.74 A) that cuts
across the center of the cluster, reminiscent of the central bond
in the D, isomer of the Li, cluster. These two very different but
energetically quasi-degenerate structures provide a perfect
opportunity to examine in detail how multicenter bonds
behave in larger clusters.

The charge density of the T, isomer is piled up within the
outer tetrahedral subgroups, whereas the central tetrahedron
has essentially no density within it, Figure 3b. This cluster may
then be thought of as consisting of four four-center two-
electron bonds, thereby extending the bonding and packing
schemes introduced by Lis* to larger systems. The ELF
(Figure 3c and 3d) reflects this with the presence of four
strong attractor basins #™*= 1.0 that remain isolated from
each other down to a bifurcation value of 7 =0.76 where they
merge outside of the cluster in regions of low electron density.
This value is significantly lower than in the nonplanar Lig case,
but also higher than for Li,, Lis™, and planar Lis. This signals
already an attenuation of the independence of these bonds.

The scenario of the C, isomer is distinctly different
concerning both density and ELF (Figure 3b and 3d). The
charge density (Figure 3b) reveals a distorted ring within the
pentagonal bipyramid, much like that found in nonplanar Lis.
In addition, there is a pile up of density within the outer
tetrahedral subgroup involving the capping atom, much like
those found within the T, isomer. The ELF is characterized by
five attractor basins: four on outer edges of the pentagonal
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bipyramid (with a maximum localization of #™*=0.98) and
one within the tetrahedral subgroup (™ =0.97). The former
group of four basins collapses into a single distorted ring
already at a value of »*=0.88, which is close to the value #
=0.86 in nonplanar Lis. In contrast, the attractor basin around
the capping atom remains isolated down to a significantly
lower value of #* =0.75, which is close to the value n*=0.76
in its T, isomer. Hence, the bonding within this cluster can be
described as consisting of a multicenter six-electron bond in
the core (similar to that of nonplanar Lis) and a four-center
two-electron bond that involves the capping site (similar to
the T, Lig isomer). For the Lig clusters multicenter bonds are
energetically comparable with four-center two-electron
bonds. This further strengthens the point about delocalized
bonding within clusters as being an important step toward
bonding in the bulk metal.

Implications— fluctuations, dynamics, and properties: What
are the ramifications of the multicenter bonding upon
isomerization reactions, dynamics, and general properties of
these clusters? A simple representation of the electronic
structure as provided by the one-component plasma model,*!
which does not account for the multicenter bonding, under-
estimates cluster rigidity. In particular, it leads to a too soft
(fluid-like) dynamic behavior at low temperature as com-
pared with ab initio path-integral simulations.?**! To further
probe these questions the cluster structure of the Lig C, isomer
was “shape-consistently perturbed” by artificially changing all
the Li—Li distances such that they all have the same (average)
length of 2.98 A. As a result, the distance alternation is
destroyed, whereas the general shape of the cluster is
preserved, see Figure 5a. In comparison with the optimized
C, structure, see Figure 3e, we find an identical pattern for the
ELF in terms of its topology. Furthermore, there is quanti-
tative agreement: compare Figure Sc and Se as well as the
bifurcation diagram in Figure 5g with the respective panels in
Figure 3. This model calculation is confirmed by using more
realistically distorted structures sampled from ab initio
molecular dynamics trajectoriesi*’ that were generated at
finite temperatures. As long as the cluster maintains its overall
shape, the electronic structure is found to be rather insensitive
to the precise positions of the ions.

To understand how this may transpire it is worth noting that
both the 2s and 2p atomic orbitals of the lithium atom are
extremely diffuse with radial maxima at about 1.6 A from the
nucleus. These diffuse orbitals lead to substantial overlap even
at large inter-nuclear separations with a weak distance
dependence. For example, the overlap between two Li 2s
orbitals decreases by only ~10 % as the inter-lithium distance
increases from 2.50 A to 3.10 A. Likewise, the 2p—2p m
overlap drops by about 13 % over the same range. As a result,
the change in the wavefunction as bonds are stretched or
contracted will be minimal and, hence, the ELF will be
relatively insensitive to small fluctuations of the underlying
cluster structure.

This is no longer true if the cluster shape itself changes. To
make clear this point consider a model “isomerization
reaction” in which the tetrahedral capping group of the C
isomer of the Lig cluster is transmuted into a triangle, see
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Figure 5. Structure of Lig clusters derived from the C, minimum structure
(see Figure 3a): a) distortion where all distances equally long with 2.98 A
and b) a transition state. ELF isosurfaces are depicted in ¢) and d) for ' =
0.9 and in €) and f) for #"° = 0.8 for both isomers. ELF bifurcation diagrams
are depicted in g) and h), see caption of Figure 3 for nomenclature.

Figure 5b and 5h for the involved optimized transition state,
which is about 0.7 kcalmol~! higher in energy then the C;
isomer. The ELF changes its topology and now features seven
attractor basins (with #™*=0.98-0.97) instead of five as
before. The two basins around the capping triangle are found
to merge first at n* =0.96, followed by the collapse of the five
basins within the bipyramid into a distorted ring at #* = 0.90,
and the final confluence occurs at #* =0.88. This bifurcation
hierarchy (see Figure 5h) and, thus, the chemical bonding is
qualitatively different from that of the more stable isomer (see
Figure 3e) and its “shape-consistent distortion” (see Fig-
ure 5g). Changing the cluster shape leads to grossly different
electron localization properties.

What are the implications of these findings for the dynamic
behavior, or in other words, what is the effect of “fluctuations”
on the potential-energy surface? These fluctuations might be
of thermal and/or quantum-mechanical origin, such as zero-
point motion or tunneling for a relatively light nucleus as
lithium. Independently, we and another group have assessed
previously®-#1 these effects in Lig and Liy, using finite-
temperature ab initio path-integral simulationsP” 31, that take
also the quantum nature of the nuclei into account. In “cold”
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clusters at 10 K, it was uncovered that quasi-harmonic zero-
point motion in lithium clusters is quite large and leads to
root-mean-square bond-length fluctuations of about 5%,
whereas tunneling is negligible. Such motion does eliminate
the distance alternation, that is, the distinction between short
and long Li—Li distances, but it does not lead to isomerization;
the same is true for thermal fluctuations at about 100 K.
However, this picture breaks down for “hot” clusters with
internal temperatures of several hundred Kelvin, for which, in
general, a rich dynamic behavior is found.[?>-3!

This generic dynamic behavior can now be rationalized in
terms of the topology of the chemical bonding: fluctuations in
cold clusters act only locally by breaking the Li—Li distance
alternation while preserving the general bonding pattern
(which is similar to the “shape-consistent distortion” of Liy),
whereas in hot clusters the bond topology in terms of
multicenter bonds can be changed qualitatively (which is
similar to the isomerization transformation of Lig). As a
result, the electronic properties of cold, thermalized clusters
are essentially those of the most stable isomer despite the
Li—Li distance equalization due to zero-point motion, where-
as the spectra of hot clusters are expected to be a “thermal
mixture” of those of electronically quite different individual
isomers. Thus, electronic properties as manifest in optical
spectra from thermalized cluster ensembles should be temper-
ature dependent only at high temperatures and become
invariant for sufficiently cold clusters.

Nanoscale clusters Li,, and Liy,,—a step towards the bulk and
surfaces

Up to this point only small “clusters” were analyzed so that all
of the atoms could be classified to be part of the “surface” of
the cluster, in that all the atoms display lower coordination
numbers with respect to those found in the bulk phase. In the
spirit of understanding chemical bonding in the bulk based on
bonding in clusters, the cluster size has to be increased. For this
program, the analysis, such as that presented in Figures 1 and 4,
of many orbitals for these large C,-symmetric clusters would be
cumbersome, whereas the ELF yields easier access to bonding
concepts. The largest clusters investigated here, Li,; and Liy,
are shown in Figure 6a and 6b, respectively. Like the smaller
clusters these low-energy isomers consist of closely packed
tetrahedral subunits and also feature short and long Li—Li
distances: for instance see Figure 1b of ref. [39] for a distance
distribution function. However, the location of the short Li—Li
contacts is invariably found within the first two atomic layers
from the surface, whereas those atoms within the center of the
clusters are not involved in this type of bonding. These
structural considerations imply that the electrons behave
somehow differently in these two regions, but to what extent?

The valence electron density is distributed throughout the
whole cluster, but largely confined to the cluster center,
seeFigure 6c and 6d. The ELF behaves quite differently: the
highest localization occurs at the outside of the cluster as
clearly inferred from Figure 6e and 6f for Li,, and Liy,
respectively. Attractors with a localization maximum of
7™*>0.9 as known from the smaller clusters are exclusively
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Figure 6. Structure of local minima of a)Li, and b)Liy,. Density
isosurfaces are depicted in ¢) and d) for p*° = 0.80™* and ELF isosurfaces
are shown in e) and f) for #*°=0.85 for Li,, and Li,,, respectively.

found on the surface, whereas the regions within the cluster
have significantly lower values of #™* < 0.7 for both Li,, and
Liy. These n™ values are similar to those observed in solid
lithium, in particular #™>*=0.68 for the bcc solid and #™* =
0.72 for the fcc phase (see the following section). This suggests
that the center of the Li,, cluster, and even more so that of
Liy, has already begun to take on attributes similar to that of
the bulk solid.

How does this situation arise? As seen so far the electrons
tend to reside in interstitial regions as a result of the pzx-type
component in the molecular wave function. The number of
these interstitial regions relative to the number of electrons is
small for the n<8 atom Li, clusters owing to the small
number of atoms and low coordination numbers. The atoms
within the center of the Li,, and Li,, clusters no longer exist in
such a local chemical environment and experience coordina-
tion numbers as large as ten or twelve. Accompanying these
nearest neighbors are also lots of interstitial regions over
which electron pairs may be distributed that qualitatively
should decrease the amount of electron pairs localized at any
given region in space. Consequently, this is reflected in the
ELF as a decrease in electron localization within the cluster
center. In contrast, for the atoms on the cluster surface the
bonding situation resembles that of the smaller clusters—
hence the similar ELF. Thus, the cluster surface still retains
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the bonding patterns found in the smaller species, whereas the
electrons in the cluster core are much more delocalized. Yet,
the clusters themselves have a “band gap” of approximately
1 eV and therefore cannot be classified as metallic. In conclusion,
the Li,, and Li,, nanoclusters represent a scenario between a
molecule and a metal. The inside of these species is charac-
terized by low electronic localization similar to that of a metallic
solid. The outside of these species is characterized by bonding
similar to that in the smaller cluster and leads to localized
surface states. These findings are interpreted as the onset of
metallic character within the cluster core, which becomes
readily apparent even for clusters as small as twenty atoms.

Solid lithium

Bulk lithium— the metallic bce and fec phases: How do these find-
ings for clusters relate to the electronic structure of the bulk
phases ? First, the Li—Li distance alternation seen in clusters is
found in none of the known phases of solid lithium: Li—Li
distances of 3.04 A and 3.12 A have been reported for the bcc
and fcc phases for instance, which classifies as “long”
distances in the context of clusters. Furthermore, the system
is metallic and thus the electrons must be more delocalized than
in the clusters.

To probe this, the ELF of the (100) planes of bee and fec bulk
lithium are displayed in Figure 7a and 7b, respectively. The
ELF of both phases consists of attractors that are localized in
the center of octahedral cavities formed by the six nearest-
neighbor lithium atoms. The location of the octahedral
attractors in the crystal is coincident with the maxima of the
valence electron density (not shown). The n™> values for
these octahedral attractors basins are 0.68 and 0.72 for the bce
and fcc phases, respectively. For the bec phase, the basins are
confluent already at #* ~0.66 so that a channel-like network
structure of the connected domains appears visually in the
representation shown in Figure 7a. At variance with the bcc
solid, the fcc phase exhibits a second smaller attractor basin
within the tetrahedral holes, not visible in Figure 7b, with
n™* =(.64. These four-center attractor basins merges with the
octahedral basins already at #™*=0.62. This scenario is in
qualitative agreement with previous findings.['? 13 8]

Superficially, this seems to be a unique situation from that
of the smaller clusters in which electrons were localized within
tetrahedra or triangles. This is also in contradiction with the
conclusions regarding metallic phases as based on generalized
valence-bond-theory calculations on three-dimensional clus-
ters up to 13 atoms which suggest the electrons should be
localized within tetrahedral sites of the fcc structure.l®
However, the present findings agree well with the generalized
valence-bond description for the smaller clusters n < 8. Given
that the surface to bulk ratio is large for such cluster sizes and
the dramatic surface effects as demonstrated in previous
section, it is unlikely that these small clusters provide an
adequate representation of a bulk metallic solid. On the other
hand, the ELF does coincide well with the observed z™
values found for the interior regions of the Li,, and Liy,,
clusters. This topology is reminiscent of multicenter bonding,
in particular the six-center bonding as found in the cluster
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Figure 7. The ELF is shown as a contour slice through the (100) planes of
the cubic cells of bcc and fcc metallic lithium solids in a) and b),
respectively. This same plane is shown for the relaxed (001) surface of the
bee and fee solids in ¢) and d), respectively. A contour slice in the plane of
the surface atoms for the corresponding phases is shown in ) and f). Color
of ELF contours: blue: 7 <0.5; green: 7~ 0.6; yellow: ~0.7; red: n 2 0.75.

study for three-dimensional structures, compare Figure 7a and
7b in particular with Figure 3c and 3d for D, Lis and C, Lig.
These facts taken together suggest a similar origin that will
allow us to establish the desired link between clusters and solid.

As in the smaller clusters, electrons are localized in
interstitial regions in the bulk which have so far been ascribed
to significant pm-type interactions. It would be desirable to
perform a similar analysis here as in the sections on Li, to Lig
clusters, where insights into the ELF topology were gained by
a complementary analysis based upon the canonical Kohn-
Sham orbitals. However, this is impractical if one considers all
of the over 125 orbitals that have been used in the present
supercell calculations or the complex wavefunctions which

0947-6539/00/0616-2990 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 16





Lithium Clusters

2982-2993

would arise when more then just the I point is used for
Brillouin zone sampling in smaller supercells. This practical
difficulty can be surmounted by examining the convergence of
the ELF as a function of supercell size. Consider the fcc phase
with a four atom cubic cell and the crystal orbitals obtained
only at the I point. A single cubic fcc cell does not even
qualitatively exhibit the same ELF as the larger 4 x4 x 4
supercell, but a 2 x 2 x2 supercell does. Thus, the crystal
wavefunction is sufficiently converged for the purpose of
qualitative analysis with only 16 orbitals.

In addition, this task may be reduced by invoking symmetry
to the analysis of only a few symmetry-independent crystal
orbitals. The 2 x2 x2 supercell I" point calculation corre-
sponds to a Brillouin zone sampling for the four atom cubic
cell at the following eight high-symmetry k points: 7" (0,0,0), X
(*2,0,0) (and its two symmetry equivalent points (0,%2,0) and
(0,0,%2)), M (*4,%,0) (and its two symmetry equivalent points
(*4,0,%) and (0,%4,'%)), and R (1,%,'4); the indices in brackets
are given with respect to the reciprocal vectors of the cubic
cell. The orbitals upon which this discussion will depend are
represented schematically in Figure 8; the R point generates
no occupied orbitals and, therefore, need not be considered.
There is only one occupied orbital with the symmetry of the I
point, see the lower subpanel in Figure 8. This orbital is the
lowest in energy and consists of an in-phase combination of s
orbitals on each lattice site. Note the similarity with the lowest
occupied orbital of the clusters in Figures 1 and 4. The next set
of occupied orbitals is six-fold degenerate with symmetry
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Figure 8. Schematic representation of the crystal orbitals of an fcc lattice
of lithium as viewed down the (001) axis. Orbitals are shown at special
points I" (0,0,0), X (¥,0,0) and M (5,%,0) from bottom to top, where the
indices in the brackets refer to coordinates of the k vector with respect to
reciprocal lattice vectors of the cubic cell. Solid (dashed) lines represent
first nearest-neighbor contacts between atoms with height z=0 (z =").
Atoms are located at the intersection of two solid or two dashed lines
(vertices). The centers of octahedral holes are located at the centers of the
squares formed by solid (dashed) lines for z =0 (z ="'2).
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corresponding to the X point and its two equivalent points,
each of which contributes two orbitals; see the two center
subpanels in Figure 8. These orbitals are almost entirely of s
character and are nonbonding in the direction in which the
phase of the reciprocal lattice vector is altered from 0 to %5,
but remain bonding in the other two directions. The remaining
occupied orbitals are part of a 12-fold degenerate set which
have the symmetry of the M point or its symmetrical
equivalents, where each point contributes four orbitals, see
the upper four subpanels Figure 8. These contain both s-type
and p-type character and, as for the clusters, show a pmn-
bonding interaction between pairs of first-nearest neighbors;
note that the upper and lower lobes of the partial & bonds lie
within adjacent octahedral voids. This extra ; character is
operative in all first-nearest neighbor interactions due to the
“isotropy” of the fcc or bee solids. Thus, no particular bond is
favored over others and no Li—Li distance alternation can
result because of that. Moreover, the ELF acquires its maxima
above and below the Li—Li connecting lines as in the clusters,
that is, within the octahedral cavities. This is also found for the
bce phase with the exception that there are only eight bonds
with partial m character that contribute to each attractor basin
as opposed to the twelve in fcc.

As in the previous section a qualitative understanding of the
observed increase in localization as one goes from the bcc
(7™ =0.68) to the fcc (™= =0.72) solid may be obtained by
considering how the electron pairs are distributed in these two
phases. There are three octahedral cavities in the two-atom
cubic bec cell but four in the four-atom cubic fcc cell. On first
sight, there are more interstitial sites in the bcc lattice, that is,
a ratio of % valence electrons per octahedral hole, whereas
this ratio is larger, ~1 electron per octahedral hole, for fcc.
Thus, qualitatively one may expect that the electrons in bce
lithium will have a lower probability of being localized at any
given point in space relative to those in the fcc or other close-
packed phases. There is more space over which the electron
pairs may be delocalized for the more open bcc solid as
opposed to the fcc phase, a fact which is reflected by an
increase in the #™* value for the latter.

In summary, the localization properties of the electrons in
the bulk metallic phases are intimately tied to the p-orbital con-
tribution to the wavefunction in extension to what is found in
the cluster world. These new findings suggest that associated
with the low-temperature phase transition from bcc to fcc and
other close-packed phases[® there is also a significant change
in the localization properties of the electrons. The existence of
these localization regimes with maxima that are substantially
higher then the ELF value for the free-electron gas correlates
well with the observation that Li is a “bad free-electron
metal '8 1% 211 Finally, these results strongly suggest that the
p interactions underly the recent prediction that solid lithium
under high pressures undergoes a so-called “dimerization
transition” thereby creating an anisotropic Cmca structurel®!]
with Li—Li distance alternation as found in the clusters.
Furthermore, the results of section “Implications” hint that
this feature may be radically affected at low temperatures due
to averaging effects induced by zero-point motion, thus
changing the time-averaged structure as observed in diffrac-
tion experiments, compare with refs. [25-29]
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Lithium slabs—bcc and fcc (001) surfaces: What about the
surface of metallic lithium solids? ELF is shown as a contour
slice in the (100) plane in Figure 7c and 7d and as a slice
parallel to the surface in Figure 7e and 7f for the (001)
surfaces of bcc and fec, respectively. It is found that the ELF
has large attractor basins within the interstitial sites between
the terminating atoms, which corresponds to the octahedral
holes in the bulk, with #™*=0.80 and 0.85 for bcc and fcc,
respectively. With reference to the bulk, the maximum
localization is strongly enhanced from 0.68 to 0.80 and from
0.72 to 0.85 for the bce and fec surfaces, respectively. These
attractor basins are in the same location as those in the bulk
except that the formation of the surface removes one of the
vertices of the octahedral cavity. These basins become
confluent into one large basin at about n*=0.74 for both
surfaces, forming a pattern of interconnecting rings of high
localization that is confined in two dimensions at the surface
only. The values of #* between these attractors and those in
the lower layers is the same as in the bulk phase, that is, n* =
0.62. The large range of the ELF scale over which the surface
attractor basins remain independent both of each other and
the basins within the bulk indicate that each may be thought
of as an independent “dangling bonds”.

The effect of increased electron localization is, as expected,
not confined to the first layer as can be seen from the cuts in
Figure 7c and 7d; the ELF is enhanced clearly also in lower
layers of octahedral sites. The enhancement is most pro-
nounced in the surface layer and decreases from atomic layer
to atomic layer as one moves away from the surface. Each
attractor basin below those directly on the surface is confluent
with its neighbors in an identical way as the bulk. At a depth
of about two atomic layers for fcc and four layers for bee the
attractor basins become identical with those in the bulk phase.
The increase of localization in surface layers goes hand in
hand with an increase in charge density, which is accumulated
at the surface relative to the bulk (not shown).

For both surfaces there is essentially no relaxation occur-
ring. The interlayer distance between those atoms at the
surface and those within the second layer decreases by only
about 0.01 A; this corresponds to bond length changes of
0.01 A and 0.02 A shorter than those for the bulk bee and fec
phases, respectively. Based on the discussion of in the section
on implications above, it seems likely that these surface states,
which are much more localized and also directional, induce an
extra rigidity in the surface layer. Thus the network of
dangling bonds, with the same periodicity as the bulk, will be
less likely to distort and undergo surface relaxation.

Conclusions

Lithium bonding: The bonding properties of lithium were
investigated as they evolve from molecules and small clusters
to nanoclusters and finally to bulk phases including their
surfaces. In accord with pioneering studies on that subject,
three-center and four-center bonds were found to dominate
the electronic structure of small clusters up to Lis". After
further investigations, our earlier finding of the existence of
short and long Li—Li distances (“distance alternation”) and its
correlation with multicenter bonding is now rationalized. The
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clue comes from the well-known contribution of p-type
orbitals. We have foubd that short Li—Li distances appear as
a result of an additional stabilization due to the contribution
of pm interactions that act in phase along certain directions. In
terms of structure, this stabilization amounts to a bond length
contraction of roughly 0.4 A, which corresponds to about
10%. In extreme situations this can lead to Li—Li distances
which are shorter than that of the dimer!

An interesting question is related to the resistance of the
Li—Li distance alternation with respect to fluctuations on the
Born-Oppenheimer ground-state electronic surface. Using
ab initio molecular dynamics and path-integral simulations,
we showed previously that classical thermal fluctuations at
100 K or quantum zero-point motion of the relatively light
lithium nuclei destroy the distance alternation in clusters
completely, but do not lead to isomerization. The breakdown
of the distance alternation can be understood in the light of
the present bonding analysis. It is found that the topology of
the electronic structure and, hence, the type of bonding does
not change as a result of these fluctuations, whereas isomer-
izations would require changes in the bonding topology.

A novel feature appears in the ELF topology of the lowest
energy (nonplanar D,,) isomer of Lis. This case, as well as
isomers of Lig, can be described in terms of six-center six-
electron bonding. A similar multicenter motif was found to
characterize the bonding in bcc bulk lithium: the ELF
attractors were found to reside in the center of the octahedral
interstitial holes, that is, the basin of most pronounced
localization encompasses six atoms. In accordance with earlier
findings, the channels connecting the multicenter attractors
form a three-dimensional network of “flat paths” that wind
through the interstitial space. This amounts to saying that
metallic bulk lithium is best described in terms of multicenter
bonds as a result of a crucial contribution of directional p-type
interactions. However, in the case of “isotropic solids”, such as
bee or fce crystals, the Li—Li distance alternation cannot
develop due to symmetry.

Finally, surface effects were considered in order to establish
the connection between the behavior of small clusters and the
bulk by using both large clusters and slabs. Nanoclusters that
are comprised of 20 and 40 atoms, obtained after elaborate ab
initio simulated annealing, feature an enhanced and aniso-
tropic localization at their “surface”; this includes the
occurrence of short Li—Li distances similar to those found in
the small clusters. In contrast, their “core” region is charac-
terized by ELF values quite close to those found in the bulk.
Thus, a simple picture would be that these nanoclusters
already share properties of bulk metallic lithium in the core
region, whereas their surface electronic properties resembles
those of smaller clusters. The (001) surfaces of the bec and fcc
bulk phases behave in a similar fashion to those of the
nanoclusters in that a much stronger localization occurs close
to the surface. This enhancement relaxes to the bulk value
within two (fcc) to four (bec) atomic layers. The topology of
the octahedral attractor basins does not change qualitatively
at the surface relative to the bulk, except that one vertex atom
is removed from the octahedron. The resulting rigidity of
these surfaces goes hand in hand with the observed, small
surface relaxation.
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There is a natural continuum in bonding properties as the
number of atoms within the lithium assemblies grows. At all
sizes p orbitals allow for the localization of electrons into
interstitial regions, such as the centers of triangles, tetrahedra,
or even octahedra. However, this is not the root cause of the
metallic state in the bulk. The preference for delocalization of
electrons becomes apparent even for Lig as its (nonplanar D.,)
ground state is also characterized by multicenter bonds. The
bonding is at all sizes multicentered, but it is the presence of a
large number of unsaturated multicenter bonds that ultimately
leads to the metallic state of solid lithium.
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Alkali and Alkaline-Earth Metal Ketyl Complexes: Isolation, Structural
Diversity, and Hydrogenation/Protonation Reactions
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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-

Keywords: alkali metals - calcium -
ketones - radical anions - reduc-
tions

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
)

e, 50

Q

&

Q

—
NO~—T4 D

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

HMPA,

80%  pmpa” \O/M\
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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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- - - - 1hedral angle: . . .
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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
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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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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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Angew. Chem. Int. Ed. Engl., 1993, 32, 164. Angew. Chem. 1993, 105, A. Fujita, H. Yamazaki, Y. Wakatsuki, J. Am. Chem. Soc. 1996, 118,
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Wakatsuki, Chem. Eur. J. 1997, 3, 1005; b) Z. Hou, Y. Wakatsuki, 7op. solvents.
Organomet. Chem. 1999, 2, 233; c¢) Z. Hou, A. Fujita, T. Koizumi, H. [5] All alkali and alkaline-earth metal ketyl complexes reported in this
Yamazaki, Y. Wakatsuki, Organometallics 1999, 18, 1979; d) Z. Hou, paper showed well-resolved X-band ESR spectra and UV/Vis spectra
A. Fujita, Y. Zhang, T. Miyano, H. Yamazaki, Y. Wakatsuki, J. Am. (see Experimental Section), which were similar to those previously
Chem. Soc. 1998, 120, 754; ) Z. Hou, X. Jia, Y. Wakatsuki, Angew. reported for the corresponding ketyl species generated in situ. For
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Commun. 1998, 669; b) S. Brooker, F. T. Edelmann, T. Kottke, H. W.
Roesky, G. M. Scheldrick, D. Stalke, K. H. Whitmire, J. Chem. Soc.
Chem. Commun. 1991, 144; ¢) Q. Shen, M. Qi, Y. Lin, J. Organomet.
Chem. 1990, 399, 247.

(9]

(10]

(11]

a) Z. Hou, Y. Wakatsuki, J. Chem. Soc., Chem. Commun. 1994, 1205;
b) Z. Hou, Y. Zhang, Y. Wakatsuki, Bull. Chem. Soc. Jpn. 1997, 70,
149.
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Incorporation of Chromium Carbenes in a Silica Matrix by Sol - Gel
Processing: Application to Aminolysis of Alkoxycarbene Complexes
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Abstract: Chromium carbene complexes have been immobilized in a silica matrix by
sol —gel processing based on the polycondensation of (trialkoxy)silylethylphosphane

ligands and tetraalkoxysilanes. The microstructure of the material obtained depends
on the gelation conditions. In situ gelation of alkoxy- or aminocarbene complexes
with tetramethoxysilane (TMOS) affords mesoporous materials with a homogeneous
distribution of the metal complex. The metal carbene moiety is accessible for small

Keywords: aminolysis reactions
carbene complexes - chromium -
immobilization - sol—gel processes

substrates as demonstrated for the aminolysis of the incorporated methoxy(phe-
nyl)carbene complex which slows down with increasing bulk of the amine.

Introduction

Over the past 20 years Fischer-type metal carbenes
(CO)sM=C(RYHXR (e.g. M=Cr; X=0, NR)? have found a
multi-facetted application in organic synthesis.*l Based on the
isolobal analogy!® of the pentacarbonyl metal fragment and
an oxygen atom their reactivity parallels that of organic
carbonyl compounds such as carboxylic esters or amides.
Reflecting the pronounced acceptor properties of the metal
carbonyl fragment, alkyl(alkoxy- or amino)carbene com-
plexes reveal an enhanced a-CH acidity®! which has been
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der Universitdt Bonn
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exploited in stereoselective carbon—carbon bond formation
such as in aldoll® and Michael addition reactions.”! Moreover,
alkenylcarbene ligands are excellent dienophiles and dipolar-
ophiles for [4+2] and [3+2]cycloaddition reactions.l® ®l
Beyond these ligand-centered reactions the metal carbonyl
moiety provides an efficient template for both stoichiometric
and catalytic metal-centered cycloaddition reactions as dem-
onstrated for chromium-mediated diastereoselective stoichio-
metric benzannulation and catalytic cyclopropanation reac-
tions'”). Further encouraged by the impact of metal —carbene
catalyzed olefin metathesis on the synthesis of functionalized
middle-sized rings and macrocycles''l we became interested
in the immobilization of carbene complexes, and we focused
on the incorporation of the metal carbene functionality into a
porous silica gel network.

Immobilization of organometallic compounds as increas-
ingly applied for homogeneous catalysts has become a field of
growing interest during the last two decades.['” This strategy
combines the advantages of homogeneous catalysts charac-
terized by their molecular nature with the enhanced thermo-
stability and easy separation of heterogeneous catalysts.
Chromium carbene complexes are of special interest as
retainable catalysts and as starting materials for solid state
synthesis. Recently, Fischer carbene complexes have been
attached to cross-linked polystyrene.['¥] However, inorganic
supports are superior to organic supports with respect to
thermal and mechanical stability.'?") Due to the higher rigidity
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of the inorganic polymer matrix the reaction conditions
(solvent, temperature) can be varied over a broad range which
allows a better control of the structure or microstructure of
the matrix. The rigid framework minimizes the interactions of
the immobilized complexes with neighboring functional
groups which might result in deactivation processes.

The sol-gel method!" is an attractive choice for the
heterogenization of metal complexes.I'>] The in situ incorpo-
ration of the complex into the polymer matrix allows a higher
loading than achieved by other methods,'®! since the bonding
of the metal centers is not restricted to the exterior surface of
the macroporous particles, and the active sites are homoge-
neously distributed throughout the body of the inorganic
polymer. Since the structure of the matrix, as defined by
porosity, surface area, and flexibility, can be controlled by the
reaction conditions, the active sites of the inner surface may
remain accessible for the substrates. We now report on the
immobilization of chromium carbenes incorporated into a
silica gel matrix through covalent bonds and on our efforts to
control the microstructure of these materials in order to
exploit them in reactions occurring at the metal carbene
fragment.

Synthetic strategy: Metal complexes may be anchored to a
silica-gel matrix by polycondensation of tetraalkoxysilanes
with appropriate alkoxysilanes (RO);Si—X—D, where X is a
chemically inert spacer such as a (CH,), chain and D
represents a functional group suited for complexation of a
metall'”l (Scheme 1). The properties of the gels doped with
metal complexes depend on the nature and the concentration

RO,
RO-Si—X—A + (M) —>

RO,
RO-Si—X—A—(M)
RO RO’

l
—> Si0, %—O—S|i—X—A—@

@ = coordinatively unsaturated metal complexes
D = functional group suitable for coordination to metal centers

X = chemically inert spacer (CH,),,

Scheme 1. Strategy for the immobilization of metal complexes by sol - gel
processing.

Abstract in German: Chrom-Carben-Komplexe wurden in
einer Silicagel-Matrix durch Polykondensation von (Trialk-
oxy)silylethylphosphan-Liganden und Tetraalkoxysilanen
tiber den Sol-Gel-Prozef3 immobilisiert. Die Mikrostruktur
der erhaltenen Materialien hingt von den Vergelungsbedin-
gungen ab. Die in situ-Vergelung der Alkoxy- oder Aminocar-
benkomplexe mit Tetramethoxysilan (TMOS) liefert mesopo-
rose Materialien, die eine homogene Verteilung des Metall-
komplexes aufweisen. Die Metall-Carben-Funktion ist fiir
kleine Substrate erreichbar, wie die Aminolyse des Methoxy-
(phenyl)carbenkomplex-Gels zeigt, die mit steigendem Raum-
anspruch des Amins verlangsamt wird.

Chem. Eur. J. 2000, 6, No. 16

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

of the precursors as well as on the reaction conditions such as
pH and temperature which are known to influence the
hydrolysis and the condensation reactions of alkoxysilanes
leading to structural variations of the polycondensation
products.[14<17]

Our interest in synthetic applications of Fischer metal
carbenes led us to explore whether this type of organometallic
compound is compatible with the experimental conditions
applied in the sol—gel process.

Results and Discussion

Immobilization of the carbene complex: The strategy for the
immobilization of the chromium carbene is based on the
coordination of a phosphine ligand bearing an alkyltri(alkoxy-
silyl) substituent which is suited for the polycondensation with
a tetraalkoxysilane.

The synthesis of the (trialkoxysilyl)ethyldiphenylphosphine
chromium carbene complexes 4 and 5 proceeded in two steps:
First, the phosphine ligand bearing trimethoxy- (2) or
triethoxysilyl (3) substituents was prepared following a
modified protocol based on the addition of diphenylphos-
phine to equimolar amounts of (trialkoxy)vinylsilane in the
presence of azobis(isobutyronitrile) at 110°C.l"8! In a second
step, the phosphine ligand 2 or 3 was coordinated to the
chromium methoxy(phenyl)carbene complex 1 by photo-
decarbonylation at —30°CI! (Scheme 2) affording cis/trans
(3:1) mixtures of phosphine carbene complexes 4 and 5,
respectively. The ethoxysilyl complex § was isolated as a red
solid, while the methoxysilyl analogue 4 was obtained as a
viscous oil.

OMe
©O)sCr={ + (RIQ)si """
Ph )
1 2 R'=CHs

8R'=CHs Ph_ _OMe
hv

—_—
00 (ROYs o TTECHCO)

cis: trans3 : 1

4 R'=CH,
5 R'=CoHs
Ph OMe
: 2,
Si(OR%)4 | PPh,C
— ) r(CO)
HO/catalyst ;—O—Sr/\/ 4
6-11
Catalyst Precursor R?
complex
6 NH,0H 5 C,H;
7 NaF 5 C,H;
8 NH,OH 5 CH,
9 NaF 5 CH,
10 NH,OH 4 CH;
1 NaF 4 CH,
Scheme 2. Immobilization of 1 on silica by sol—gel processing.
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The polycondensation of phosphine metal carbenes 4 and §
with excess (15 equiv) tetraalkoxysilane was carried out in the
presence of an aqueous catalyst which provided the equimolar
amount of water required for the hydrolysis of all alkoxysilyl
groups. The choice of the catalyst is crucial in two aspects;
first, it governs the microstructure of the inorganic network,
and second it must be compatible with the metal carbene
complex. Three different types of catalysts were tested:
Acetic acid (0.1 wt% in H,O) led to decomposition of the
carbene complex!?” as indicated by the disappearence of the
characteristic v(CO) absorptions in the IR spectrum of the
tetracarbonyl carbene complex as well as by the disappear-
ence of the typical red color of the complex even before
gelation occurred. In contrast, both ammonium hydroxide
(0.1 wt% in H,0) and sodium fluoride (0.1 wt% in H,0O)
turned out to be suitable catalysts; gelation occurred within
1.5 h or 15 min, respectively. The gels obtained were aged at
room temperature for five days in order to stabilize the gel
network before the solvent was removed in vacuo.

For purification purposes and in order to study the leaching
behavior, the resulting gels were washed several times with
diethyl ether in which the precursor complexes 4 and 5 show
excellent solubility. Almost no leaching was detected from
gel 11 when tetramethoxysilane (TMOS) and the (trimethoxy-
silyl)ethyldiphenylphosphine carbene complex 4 were
used as starting materials under NaF catalysis. Other combi-
nations of tetraalkoxysilane and phosphine carbene com-
plexes 4 and 5 as well as the use of ammonium hydroxide as
catalyst resulted in significant leaching as indicated by the
color and the IR spectroscopic characterization of the
washing solution.

The nature of the catalyst may dramatically influence the
gelation process, and therefore the application of different
catalysts is expected to lead to significant variations in the
properties of the resulting gels.'’) At low pH values linear
chain growth is preferred, while a microstructure with large
spherical particles is observed for the base-catalyzed gel
formation resulting in lower shrinkage and higher porosity.
Gelation times and properties do not only depend on the pH
of the solution, but also on the mechanism of the catalytic
process. We focussed on the catalysis by hydroxide and
fluoride ions which occurs by a mechanism involving nucle-
ophilic attack at the silicon center as the initial step; this
results in spherical particles. However, the microstructure of
the final xerogels changes under different pH conditions
(acidic or basic), which results in different reaction kinetics
both for hydrolysis and condensation. For the fluoride-
catalyzed system hydrolysis and condensation are much faster
leading to a network with smaller spherical particles. As a
consequence of the accelerated sol — gel reactions by fluoride
catalysis a more completely condensed network is obtained
after five days of aging; most of the functionalized trialkox-
ysilanes are incorporated by chemical bonding, resulting in a
lower degree of leaching during the following washing
processes.

The analytical characterization of the dried gels 8—11 as
determined by X-ray fluorescence reveals that the molar
Cr:P:Si ratios significantly vary with the trialkoxysilyl sub-
stitution pattern in the phosphine carbene complex precursors
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and the catalyst used for the condensation (Table 1). Only the
data for the materials 10 and 11 derived from TMOS and the
(trimethoxy)silylethylphosphine complex precursor 4 are in
satisfactory agreement with the Si:P and Si:Cr ratios calcu-
lated for a complete condensation of the complex precursor
on the silica matrix. Ammonium hydroxide and sodium
fluoride both turned out to be efficient catalysts. These results

Table 1. X-ray fluorescence analysis of the gels obtained from precursor
complexes 4 and 5 under hydroxide and fluoride catalysis.

Gel Molar ratios
Si:Cr Si:P Cr:P
8 45:1 36:1 0.8:1
9 68:1 69:1 1.0:1
10 11:1 21:1 2.0:1
11 15:1 25:1 1.7:1
16:11 16:11 1.0:1(

[a] Theoretical values, calculated on the basis of complete condensation of
both R'Si(OR); and Si(OR),.

indicate that the carbene complex can be incorporated nearly
quantitatively into the gel network under these conditions.
They are consistent with previous observations?!! that TMOS
is a more reactive component in the sol—gel process than its
ethoxy analogue TEOS.

The molar Cr:P ratios, which indicate the stability of the
carbene and phosphine to chromium bonds under the reaction
conditions of the sol—gel process, vary between 1 and 2, and
suggest that the cleavage of the phosphine ligand may become
an important undesired side reaction as demonstrated for the
trimethoxysilylphosphine complex. A comparison of the
different catalysts for the polycondensation reactions, ammo-
nium hydroxide and aqueous sodium fluoride, revealed the
latter one afforded better molar Cr:P ratios. The high relative
chromium content may reflect decomposition of the complex
and immobilization of the chromium assisted by the hydroxy
groups of the network followed by leaching of the organic
decomposition products by the washing process removing also
tetraalkoxysilane oligomers.*!

A comparison of both trialkoxysilyl precursors reveals that
the trimethoxysilyl complex 4 allows a better incorporation of
the metal carbene into the gel network than its triethoxysilyl
analogue 5. It has been demonstrated®! that under base
catalysis the self-condensation of TMOS is faster than the
cocondensation with alkoxysilyl compounds, resulting in the
formation of pure silica gel particles. The trialkoxysilane
moiety is hydrolyzed at a later stage of the reaction, and thus
is preferentially condensed to the surface of the particles
already formed. This cocondensation process should be
slower for 5 than for 4 since the hydrolysis of ethoxysilyl
groups is slower than for their methoxysilyl congeners. As a
consequence, the surface area is decreased and less hydroxy
groups might be available, resulting in a lower degree of
condensation of the trialkoxysilane. If condensation is not
completed an increased aging time is expected to assist
additional condensation reactions of the ethoxysilyl ligand to
the gel network.

The IR spectra of the gel 11 reveal four v(CO) absorptions
(A, A% B,, B,) which demonstrates the presence of an
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unchanged tetracarbonyl(carbene)phosphine complex moi-
ety. However, an additional set of less intensive v(CO)
absorption bands characteristic of a pentacarbonyl metal
fragment indicates that, to a smaller extent, decomposition of
the carbene phosphine complex has occurred during the
formation of the gel network. In general, the absorption bands
of the incorporated carbonyl complexes are broader than
those observed for their molecular precursors 4 and 5.

A solid-state *'P CP-MAS NMR study of the gel 11 showed
the presence of three different phosphorus species. Along
with the signal expected for a carbene phosphine complex
(0=52.0) two other signals are observed indicative for the
uncoordinated phosphine ligand (6 =—10.0) and its phos-
phine oxide oxidation product (6 =38.7). An additional signal
for a pentacarbonylphosphine species could not be detected
but might be hidden by the signal at § = 52.0. Decomplexation
and oxidation are common features of phosphine ligands
which are immobilized on oxidic supports.?! The *C CP-
MAS NMR data confirm the presence of both the carbene
and the (methoxysilyl)alkylphosphine ligand.

Moreover, a broad, less intense signal is observed in the
carbonyl range. Additional information about the structure of
the inorganic matrix is provided by *Si CP-MAS NMR
spectroscopy which indicates two separate sets of signals due
to the T (trioxysilyl) and Q (tetraoxysilyl) species. The
formation of Si-O-Si bonds in a given Si,_,(OSi), environment
(Q") where n denotes the number of Si-O-Si bonds formed
results in an upfield shift of about 10 ppm.! For 11 CP-MAS
¥Si-NMR experiments indicate the formation of a network
containing Q* (6 =—107) and Q® (6 =—100) species along
with minor signals of Q? (6 =—90) and T? species (0 = —64)
(Figure 1) resulting from the parent trimethoxysilyl phos-
phine ligand.

£4.0378
—-40.4584

1003585
—-106.6418

P e 11 A

(ppm)
Figure 1. Si CP-MAS solid-state NMR spectrum of 11.

The structure of gel 11 was further characterized by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). Scanning electron micrographs
display a relatively smooth surface; neither globular particles
nor pores can be observed (Figure 2 top). The samples break
in scales, and several layers can be observed; neither clusters
nor pores are detectable in the TEM micrographs (Figure 3

top).
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Figure 2. Top: Scanning electron micrograph of 11. Bottom: Scanning
electron micrograph of 12.

X-ray diffraction (XRD) studies from selected areas of the
sample indicate the completely amorphous character of the
material; no hints for a long-range order are detected in either
the high-resolution lattice images or the electron diffraction
patterns. The gel 11 appears macroscopically homogeneous.
Energy-dispersive X-ray analysis (EDX) on about a 200 nm
scale substantiates the presence of the elements of silicon,
oxygen, chromium, phosphorus, and carbon. Different areas
from the particles reveal constant metal and phosphorus
concentrations. The metal compounds are distributed regu-
larly indicating that no separation of the two starting
compounds has occurred during the condensation process; a
similar conclusion can be drawn from an electron energy loss
spectroscopy (EELS) study with a spot analysis using a 10 nm
beam. In all EEL spectra, the Cr—L,; and the P-L,; edges
appear with nearly identical ratios. A quantification of the
elements was hampered due to the intense oxygen K
ionization edge characterized by a very similar energy loss
as observed for the Cr—L,; edge. The formation of aggregates
consisting of metal-containing moieties on a molecular level
cannot be excluded.

Optimization of gelation conditions: In order to minimize
decomposition of the immobilized carbene complexes we
optimized the conditions for the formation and the aging
process of the gels. When gelation and aging were carried out
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Figure 3. Top: Transmissiom electron micrograph 11. Bottom: Trans-
mission electron micrograph of 12.

at lower temperature (2°C) decomposition decreased; on the
other hand, hydrolysis and condensation were also slowed
down leading to an incomplete formation of the gel network
which resulted in an increased leaching of the complex even
though the aging period was extended to 10 days.

The rate of the polycondensation is solvent-dependent.?®]
Increased amounts of ethanol as solvent slow down the
overall process of both hydrolysis and condensation. With the
aim of accelerating the condensation reaction, we changed the
solvent while keeping all other parameters constant. If
ethanol was replaced by methanol transesterification of the
methoxysilyl groups to their ethoxysilyl homologues, which
show lower reaction rates, should be avoided; however,
decomposition of the complex increased again.

Another aim was to control and increase the pore sizes of
the gel which are dependent on the aging conditions.’]
During the aging time a reverse esterification reaction may
occur in addition to hydrolysis and polycondensation. Since
convex surfaces are more soluble than concave surfaces,?®! an
overall mass transport is expected to occur from convex to
concave areas. This process favors a neck formation between
particles, and is suited to fill up smaller pores thus increasing
both the homogeneity of the gel network and the matrix
strength. Aging for longer periods of time increases the size
and uniformity of the pores.?”l Aging for three days reduced
the decomposition of the carbene complex, as indicated by
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less intense pentacarbonyl bands in the IR spectra of the gel,
but also increased the leaching of the complex as well as the
shrinkage of the solid after drying due to a less condensed
network. After aging for seven and ten days, the decompo-
sition increased significantly. Therefore aging for five days
seems to be the conditions of choice in order to simulta-
neously minimize both the leaching and decomposition
process of the carbene complex.

The specific surface area could also be increased by raising
the molar ratio of TMOS to the carbene (silylphosphine)
complex.l'7d Thus, gels with different molar TMOS/complex
ratios were prepared ranging from 15:1 to 50:1, and compared
with a gel obtained under the same conditions from pure
TMOS in the absence of carbene complex 4. X-ray fluores-
cence analysis reflects the TMOS/complex ratios in the
resulting gel as indicated by the Si:Cr and Si:P ratios
(Table 2). We used our standard conditions (room temper-
ature, same kind and amount of catalyst, ethanol as solvent,
aging for five days) for all experiments in order to eliminate
side effects arising from parameters other than the TMOS/
complex molar ratios. The products still contained undeter-
mined amounts of water and/or uncondensed hydroxy groups.

Increasing the TMOS/complex molar ratio allows one to
reduce the shrinkage that occurs upon drying of the wet gel

Table 2. X-ray fluorescence analysis of the gels obtained from precursor
complex 4 under fluoride catalysis.

Molar ratio ratio ratio ratio
TMOS/4 Si:Cr Si:P Cr:P
30:1 18:1 35:1 2.0:1
20:1 10:1 23:1 2.2:1
15:1 9.5:1 18:1 1.9:1
15:10] 19.5:1

[a] Molar ratio TMOS/2.

presuming the formation of a more stable network. Unfortu-
nately, decomposition of the complex is also favored by an
increasing molar ratio of TMOS/4; for instance, a 50:1 ratio
induces almost complete decomposition, as demonstrated by
the decrease of the characteristic tetracarbonyl absorption
bands in the IR spectra along with the increase in bands
indicative of hexacarbonylchromium and pentacarbonylchro-
mium complexes. This leads to the conclusion that the
decomposition gradually increases with the concentration of
the hydroxy groups present in the silica matrix.

A study of the specific surface area by nitrogen sorption
measurements according to the Brunauer—Emmett—Teller
(BET) method (Table 3) revealed that the surface increases
with the molar ratio of TMOS/4. While the aging period when
extended from three to ten days had only a marginal effect, a
significant increase of the specific surface occurred upon
raising the TMOS/4 ratio from 15:1 to 30:1.

According to the original Brunauer—Deming—Deming—
Teller (BDDT) classification! the nitrogen adsorption —de-
sorption isotherms of the gels obtained (Figure 4 top) are
characteristic of microporous solids (pore radii < 1.5 nm).['4e 301
This is consistent with the very fine texture as shown by TEM
(Figure 2top). The volume adsorbed at the lowest relative
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Table 3. Specific surface area and pore size by BET measurements of gels
obtained with different molar ratios of TMOS/4.

Ratio Aging BET Average pore  Average pore
surface volume radii
TMOS/complex [m2g1]l [emPg] [nm]
15:1 3d 375 0.23 1.2
15:1 10d 396 0.23 1.16
30:1 5d 668 0.41 1.2
100:0 5d 908 0.69 1.5

[a] The inaccuracy of the measurements is assumed to be 10%.
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Figure 4. Top: Nitrogen sorption isotherms of 11. Bottom: Nitrogen
sorption isotherms of 12.

pressure represents about 37% of the total pore volume
indicating a large amount of extremely small pores. Nitrogen
sorption measurements provided additional information on
the specific pore volume and the distribution of the pore radii.
The pore volumes and pore radii listed in Table 3 are averaged
values and do not imply the predominance of such pores. The
pore size distributions calculated by differentiation of the
pore volume adsorbed or desorbed with respect to the pore
size by the method of Barrett, Joyner, and Halenda (BJH
method)P! do not reveal any maximum; this result suggests a
broad distribution of pore sizes.

Aging in silane solution: The network of wet gels can be
strengthened and stiffened by providing additional monomers

Chem. Eur. J. 2000, 6, No. 16
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to the alcogel after gelation by aging in a TEOS solution. The
resulting xerogels revealed properties similar to those of
aerogels obtained by supercritical drying conditions which
provide highly porous materials with extremely low densi-
ty.l'7el We modified these conditions and added a solution of
70% TEOS in ethanol to the gel, prepared from TMOS and
complex 4 under fluoride catalysis, 20 min after gelation had
occurred. The resulting gel 12 underwent a significantly less
pronounced shrinkage as observed after evaporation of the
solvent and drying. But again owing to a higher Si—-OH
concentration decomposition increased.

Despite that some structural features changed significantly.
The nitrogen adsorption —desorption isotherms of this gel are
typical for mesoporous materials (pore radii 1.5-50 nm)
(Figure 4 bottom).!"% 3% The BET surface area is increased to
592 m?g~1; the pore size distribution shows a new maximum at
a pore diameter of 7-8 nm in the BJH desorption curve.
Apart from this narrow pore size distribution in the meso-
porous range, a limited number of micropores exist reducing
the average BET pore diameter to 6.2 nm. The modified
structure of the gel is further confirmed by SEM and TEM
images (Figures 2bottom and 3 bottom). As demonstrated by
SEM, the surface and edges of fracture pieces of the sample
seem to be composed of very small particles leading to a
rough, scale-like structure of the surface and the fracture.
TEM reveals agglomerations of small randomly packed
particles of approximately 15 nm in diameter. Particles up to
50 nm are resolved by electron microscopy.

Aminolysis reactions: We were interested in whether the
immobilized metal carbenes are still accessible and reactive
towards nucleophiles within the pores of the network. To test
their reactivity we focussed on the aminolysis reaction of
methoxycarbene complexest?l which in solution generally
occurs rapidly under mild conditions. For an evaluation of the
reaction in the solid phase we first studied the aminolysis with
the ethoxysilylphosphine precursor § in solution. This com-
plex, a solid which is easy to handle and to purify, provides—
apart from the metal-coordinated carbene carbon atom—with
the silicon an additional potential target for nucleophilic
attack. However, we found that the addition of the amine
exclusively occurred at the carbene carbon atom under our
standard conditions. We chose ammonia, which represents the
least bulky amine, as a qualitative reference nucleophile. It
added readily to methoxycarbene complex 5 at — 65 °C within
one hour to give a 57 % yield of aminocarbene complex 13
(Scheme 3). We then compared the reactivity of ammonia
with that of more bulky primary amines such as allylamine
and isobutylamine, and further included pyrrolidine as a
representative secondary amine. A qualitative study demon-
strated that the rate for the aminolysis reaction is mainly
governed by steric requirements in the tetrahedral intermedi-
ate formed upon addition of the nucleophile to the carbene
carbon atom; the relative rate decreased in the order of
ammonia, primary amines, and pyrrolidine.’* This order of
reactivity was confirmed by independent competition experi-
ments carried out at low temperature in homogeneous
ethereal solution with the precursor complex 5 and excess
equimolar amounts (10 equiv) of allylamine, isobutylamine,
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Ph OMe
PPhsCr(CO 1R2
(RO)ssi7 > 1LHCO) HNR'R
cis: trans3 : 1
4 R'=CH3
5 R'=C2Hs
Ph_ _NR'R?
[ORO PPh,Cr(CO)
y : r 4
- MeOH (RO)3SI” >
13-17
HNR'R? R’
13 ammonia Et
14 allylamine Et
15 allylamine Me
16 isobutylamine Et
17 pyrrolidine Et

Scheme 3. Aminolysis reactions of the precursor complexes 4 and 5.

and pyrrolidine. 'H NMR analysis demonstrated that amino-
carbene complexes 14, 16, and 17 were formed in a 3.3:3.3:1
ratio when the reaction was performed at —60°C; a 2.5:2:1
ratio was observed at —30°C. Based on these results allyl-
amine may be regarded as slightly more reactive than the
more bulky isobutylamine, while the secondary amine pyrro-
lidine is distinctly less reactive. The molecular structures of
the amino- and allylaminocarbene complexes 13 and 14 were
established by X-ray diffraction (Figure 5a, b) which con-
firmed the cis geometry of carbene and phosphine ligands.
The majority of pentacarbonyl carbene complexes adopt
solid-state conformations in which the plane of the carbene
ligand bisects the angle of the cis-M(CO), fragment.’%] The
molecular structures of aminocarbene complexes 13 and 14
reveal a rather flat potential for the rotation around the
metal —carbene bond even in the solid state, and the
orientation of the carbene ligand may be controlled by
hydrogen bonds formed by N-H donors and either silyloxy or
carbonyl oxygen acceptors. The asymmetric unit of allylami-
nocarbene complex 14 contains two independent molecules
that represent two conformers. For conformer a the bisecting
angle is reduced to 10° as a result of a weak intermolecular
NH bridge (2.6 A) to a carbonyl ligand between two
neighboring identical conformers. The same angle is observed
for complex 13 in which hydrogen bonds are formed (2.3 A) to
a carbonyl ligand and a silyloxy group. The absence of
hydrogen bonding widens the bisecting angle to 28° as
observed for conformer b. The allylamino substituent in
complex 14 is disordered but reveals an E configuration with
respect to the carbene —nitrogen bond (Figure 5b).

Silica gels including a metal aminocarbene are also
accessible by an alternative route which is based on the
gelation of a tetraalkoxysilane with a suitable aminocarbene
complex precursor. We chose the allylaminocarbene complex
15, an oily compound bearing the (methoxysilyl)phosphine
ligand, as a model complex which was subjected to our
standard sol-gel conditions using TMOS. This sequence
allowed us to evaluate both procedures and compare their

3012
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b) Isomer a

Figure 5. a) Diamond plot of the molecular structure of complex 13.
Selected bond lengths [A] and angles [*]: Cr—Cl1 2.0814(14), C1-N
1.3126(19), N-H1A 0.893(14), N—HIB 0.872(14); N-C1-C2-C3
137.03(14), Cr-C1-C2 125.35(10), C1-Cr-P 89.80(4), C22-Crl-C1-C2
80.47(12). b) Diamond plot of the molecular structure of complex 14.
The crystal contains two isomers which again consist of two conformers
with different conformations of the allyl group. The difference in the
structure is shown by black and dashed bonds in the allyl group. Selected
bond lengths [A] and angles [°]: isomer a: Cr1—Cl 2.091(2), C1-N1
1.315(3), N1-H1 0.883(17); N1-C1-C2-C3 112.5(2), Cr-C1-C2 121.46(14),
C1-Cr1-P1 96.43(6), C25-Crl-C1-C2 76.21(17); isomer b: Cr2—C29
2.092(2), C29—N2 1.309(3), N2—H2 0.874(17); N2-C29-C30-C31 — 69.2(3),
Cr2-C29-C30 122.53(15), C29-Cr2-P2  94.51(6), (C53-Cr2-C29-C30
61.39(17).
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efficiencies by monitoring the color changes and IR spectra Ph_ _OMe
during the condensation and aging processes. | PPH,CH(CO) HNR1R2
The gel 18 prepared from the aminocarbene precursor 15 g~o_3i/\/ 2 4 ’
and TMOS (Scheme 4) had the same yellow color as the | Ph. NRIRZ
precursor complex in solution. The IR spectrum of the gel 1,12
I PPh,Cr(CO
% O_S|i/\/ ,Cr(CO)s
H
Ph Nel
hi SiOMe), 19-26
. PPhCr(CO)4 H,O/catalyst
(MeO)3Si~ >~ ZOlcatale HNR'R? Gel 11 Gel 12
15 Ph H ) ammonia 19 23
allylamine 20 24
| PPh,Cr(CO)4 isobutylamine 21 25
§* 0-si" pyrrolidine 22 26

18
Scheme 4. Immobilization of 15 on silica by sol-gel processing.

showed, apart from the bands of the tetracarbonyl amino-
carbene complex (FT-IR (KBr): 7#=2001 (m, C=0, A,?), 1907
(vs, C=0, A}, 1881 cm™! (vs, C=0, B,, B,)), the carbonyl
bands of a pentacarbonyl aminocarbene complex species (FT-
IR (KBr): 7=2057 (w, C=0, A,!), 1941 cm~! (m, C=0, A%, E)
which could be washed out to a great extent. The formation of
the pentacarbonyl species may be explained in terms of a
decarbonylative decomposition of the tetracarbonyl carbene
(ethoxysilyl)phosphine complex upon reaction with the
hydroxy groups of the surface™! providing excess CO
required for the substitution of the phosphine ligand to afford
the pentacarbonyl species.

Aminolysis of the methoxyphenylcarbene complex in the
gel 11 led to the corresponding aminocarbene complexes
(Scheme 5). As known from the behavior in solution, the IR
tetracarbonyl absorption pattern exhibits a bathochromic
shift for the aminocarbene complexes with respect to their
methoxy carbene precursors. All aminolysis reactions of gel
11 were accompanied by a color change from red to brown.
The brown color might arise from residual methoxycarbene
starting material encapsulated in the pores which eluded
aminolysis. The fact that the absorption pattern of the
pentacarbonyl impurity present in the gel remained un-
changed upon the aminolysis indicates that the pentacarbonyl
species represents the pentacarbonyl phosphine complex
rather than the pentacarbonyl carbene complex.

The aminolysis reactions in the gel are slower than the
corresponding reactions in solution. This is not surprising
since the amine has to diffuse into the narrow pores to access
the carbene complex. Whereas in solution aminolysis with
primary amines occurs readily at —78°C the gel suspended in
diethyl ether has to be warmed up slowly to —25°C. Despite
of the increased temperature the reactions of the gels required
several hours (ammonia) to several days (primary and
secondary amines). Reaction with the secondary amine
pyrrolidine was not completed even after three days; the
shoulder of the A;?> band (#=2012 cm™') indicative of the
methoxycarbene precursor further diminished within another
three days. Similarly, isobutylamine reacted more slowly than
the less bulky allylamine. These results illustrate that ami-
nolysis reactions occurring in the pores are subject to
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Scheme 5. Aminolysis of the carbene complex in the xerogel.

significant diffusion effects, and their rate increases with
decreasing bulk of the amine.

The additional aging process applied to the gel 12 to give
23 -26 enhances both the rate and the degree of conversion of
the aminolysis reaction. For the reaction of the gel 12 with
ammonia a significant color change was observed already
after a few minutes; the resulting gel 23 had an orange color,
slightly darker than that of the gel prepared from the
aminocarbene precursor 15. In contrast, under identical
conditions the gel 11 underwent visible color changes only
after 2 h.

Conclusion

Fischer carbene complexes are compatible with the conditions
applied for the sol —gel process and, thus, can be immobilized
in a silica gel matrix by this methodology. The metal carbene
fragments are tethered to the network by complexation of a
trialkoxysilyl phosphine ligand providing far stronger bonding
than previously achieved by more conventional adsorption of
metal carbenes from solution onto a silica surface. The oxidic
matrix causes only minor decomposition arising from decar-
bonylation and ligand substitution processes. The carbene
complexes are homogeneously distributed throughout the
whole matrix. Based on the rigidity of the gel network and the
defined pore volume in the xerogel, the methoxycarbene
ligand is accessible for the addition of amine nucleophiles in
subsequent aminolysis reactions. Mesoporous materials with a
relatively narrow pore size distribution are obtained which
undergo an accelerated and more complete reaction with
amines when pre-aged in silane solution. This type of metal
carbene xerogels may be extended to carbene ligand centered
carbon —carbon bond formation resulting from insertion of
alkyne nucleophiles into the metal —carbene bond?! or from
[n + 2]cycloaddition reactions.!

The enhanced decarbonylation of the immobilized complex
might be used for cyclization reactions occurring at a low-
valent chromium template which are known to be accelerated
by adsorption of the reactants onto silica.’] Finally, the gels
offer the possibility of cleaving the reaction products and
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removing them while the chromium template is retained in
the oxidic polymer. In this case the chromium carbonyl
complex can be used as a traceless linker.*!

Experimental Section

General: All reactions were performed in flame-dried glassware under an
atmosphere of argon with standard Schlenk techniques.

'H and C NMR spectra in solution were recorded on Bruker AM 250 and
DRX 500 spectrometers; *'P NMR spectra were recorded on a Bruker
AMX 300 spectrometer. Chemical shifts are given in ppm using tetrame-
thylsilane (for 'H NMR spectra) and phosphoric acid (for 3P NMR
spectra) as external references in solution. Solid state *C and ?Si NMR
spectra were recorded on a Bruker DRX 400 at 100.63 MHz and
79.49 MHz, respectively. The samples were spun in a 4 mm rotor at
4 kHz. A cross polarization sequence was used with typical contact times of
1-3ms (C) or 10 ms (¥Si) and a recycle delay of 3—5s. Solid-state 3'P
NMR spectra were recorded at 161.35 MHz on a Varian Unity 400
spectrometer. The (CP) MAS spectra were recorded at spinning frequen-
cies of 4—6.5 kHz, a contact time of 1 ms and a recycle delay of 3 s. FT-IR
spectra were obtained on a Nicolet Magna 550 spectrometer. MS(EI) and
HR-MS (EI) were recorded on a Kratos MS-50 spectrometer. Elemental
analyses were carried out with an Elementaranalysator CHN-O-Rapid
(Heraeus). X-ray fluorescence analyses were obtained on a Siemens SRS
3000 wavelength dispersive system. The measurements were carried out on
a sliced sample of 6 mm in diameter in helium (inaccuracy 0.2 % ). Melting
points were recorded with a Biichi SMP 20 and are uncorrected. Nitrogen-
sorption measurements were performed with a Micromeritics Sorptomat
ASAP 2000 and 2400. Surface areas were calculated according to the BET
method at 774 K in the partial pressure range of 0.05 < p/p,<0.2. The
samples were pretreated (degassed) overnight at 30°C before each
measurement. Pore volumes were calculated according to the BJH theory.
SEM was recorded on a Philips XL 20 microscope (W-Filament (HV ) =
30kV)) and TEM on a Philips CM 300 FEG UT operating at 297 kV and
equipped with a GIF (Getan Imaging Filter) and a slow scan CCD camera.
Samples for these measurements were prepared by grinding the dried gels
in a mortar and dispersing them on a holey carbon film supported on a
copper grid. XRD on powder were recorded with a Philips PW1050 (Bragg-
Brentano-Geometry) with Coyg, radiation. Precoated sheeds (Merck,
60F,s,) were used for TLC; column chromatography was performed with
silica gel (Merck, grade 60, 0.062 —0.200 mm), dried in vacuo for two days at
200°C. A high-pressure mercury lamp type TQ 150 Fa. Heraeus was used
for photodecarbonylation.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-133895 (13)
and CCDC-133894 (14). 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).

Starting materials: Diethyl ether and petroleum ether (40/60) were dried by
distillation from calcium hydride under argon. Liquid starting compounds
were degassed by the freeze pump and thaw technique. Pentacarbonyl-
[methoxy(phenyl)carbene]chromium (1)? and (alkoxysilyl)ethylphos-
phines 2 and 38! were prepared according to published procedures. All
other chemicals were used as received from commercial sources.

cis/trans-Tetracabonyl[ (2-trimethoxysilyl)ethyldiphenylphosphine][me-

thoxy(phenyl)carbene ]Jchromium(0) (4): A solution of carbene complex 1
(1.25 g, 4 mmol) and alkoxysilylphosphine 2 (1.56 g, 4 mmol) in diethyl
ether (240 mL) was irradiated with a 150 W mercury lamp for 4.5h at
—30°C under a flow of argon. The color of the solution changed from
orange to dark red. The cold solution was filtered through celite, and the
solvent was removed under reduced pressure. Column chromatography
under argon at —30°C (eluent: petroleum ether/diethyl ether=5:1)
afforded cis isomer 4 (2.25 g, 3.64 mmol, 85%) as a dark red viscous oil;
R;=0.24 (petroleum ether/diethyl ether =2:1, — 28 °C). In solution at room
temperature partial isomerization occurred resulting in an equilibrium cis/
trans ratio of 3:1. '"H NMR (500 MHz, C¢Dy): cis isomer: 6 =0.75-0.97 (m,
2H; SiCH,), 2.71 (dt, 2Jyp=12.5 Hz, 3y =4.5 Hz, 2H; PCH,), 3.37 (s,
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9H; SiOCHj;), 3.99 (s, 3H; OCHj;), 6.65-6.70 (m; ArH), 6.92-710 (m;
ArH), 747-7.61 (m; ArH); trans isomer: 6 =0.75-0.97 (m, 2H; SiCH,),
2.79 (dt, 2Jyp=12.3 Hz, 3/yy =4.7 Hz, 2H; PCH,), 3.38 (s, 9H; SiOCH,),
4.06 (s, 3H; OCH,), 6.65-6.70 (m, ArH), 6.92-7.10 (m, ArH), 7.47-7.61
(m, ArH); BC NMR (125 MHz, CDy): cis isomer: 6 =3.5 (d, %/cp=2.4 Hz,
1C; Si-CH,), 26.7 (d, Jp=18.3 Hz, 1C; PCH,), 50.3 (s, 3C; Si(OCHa);),
64.0 (s, 1C; C(OCHy)), 122.4 (s, 1 C; CArC,), 128.4-129.0 (m; ArC), 129.3
(d; PArC), 130.3 (d; PArC), 132.6 (d; PArC), 137.7 (d, Jcp=312 Hz, 2C;
PArC,,), 153.3 (s, 1 C; CArC,,), 221.5 (d, %Jcp = 14.9 Hz,2C; COy;), 226.5
(d, 2Jcp=16.7Hz, 1 C; COap to P), 232.5 (d, 2Jcp=13.9 Hz, 1 C; COyps tO
C), 348.8 (d, ¥cp=13.0 Hz, 1 C; Cypene); trans isomer: 0 =3.4 (d, 1C; Si-
CH,), 26.0 (d, Ycp=19.1Hz), 50.8 (s, 3C; Si(OCH,;);), 66.0 (s, 1C;
C(OCHy)), 121.5 (s, 1C; CArC,), 128.4-129.0 (m; ArC), 129.4 (d; PArC),
130.2 (d; PArC), 132.3 (d, PArC), 138.1 (d, YJcp=31.7 Hz, 2C; PArC,,),
153.3 (5, 1C; CArCiy,), 222.6 (d, %Jcp=11.5 Hz, 4 C; COy), 345.2 (d, Jcp =
10.1 Hz, 1C; C.ypene); 'P NMR (121.5 MHz): cis isomer: 0 =52.7; trans
isomer: 6 =57.3; FT-IR (petroleum ether): cis isomer: ¥ =2016 (m, C=0,
A?), 1928 (sh, C=0, A,'), 1915 (vs, C=0, B,), 1893 cm~!(m, br, C=0, B,);
trans isomer: ¥ =2009 (w, C=0, A,,), 1939 (m, C=0, B,,), 1893 cm~' (m, br,
C=0, E,); MS (FAB): m/z (%): 618 (4) [M*], 590 (1) [M* — CO], 506 (100)
[M*—4CO],386 (20) [M* —4CO — C(OCHj;)(C¢Hs)]; MS (70 eV, EI): m/z
(%): 506 (3) [M*+ —4CO], 414 (2) [M* —3 CO — C(OCH;)(C¢Hs)], 386 (9)
[M*—4CO — C(OCH,)(CeHs)], 334 (33) [M*—4CO - CrC(OCH;)-
(C¢Hs)], 284 (4) [CrC(OCH;)(C¢Hs)*], 186 (57) [HPPh,*], 121 (100)
[(H;CO),Sit]; HR-MS (EI): caled for C;H,;05SiCrP [M*—4CO —
C(OCH;)(C¢Hs)]: 386.0560; found 386.0570; caled for C;,HgOsCr-
[CrC(OCH,)(C¢Hs)]*: 283.9777; found 283.9783.

cis/trans-Tetracarbonyl[ (2-triethoxysilyl)ethyldiphenylphosphine][methoxy-
(phenyl)carbene]chromium(0) (5): A solution of carbene complex 1
(1.25 g, 4 mmol) and alkoxysilylphosphine 3 (1.51 g, 4 mmol) in diethyl
ether (240 mL) was irradiated with a 150-W mercury lamp at —30°C for 4 h
under a flow of argon. The color of the solution changed from orange to
dark red. The cold solution was filtered through celite, the volume was
reduced to 20 mL and cooled to —60°C. Precipitation of a red solid
occurred which was filtered at —50°C, washed with cold diethyl ether and
dried under reduced pressure to afford pure cis isomer 5 as a red powder
(1.66 g, 2.5 mmol, 61%); m.p. 95°C; R;=0.52 (petroleum ether/diethyl
ether 2:1, —28°C). In solution at room temperature partial isomerization
occurred resulting in a 3:1 mixture of the cis/trans isomers. 'H NMR
(500 MHz, [Dg]toluene): cis isomer: 0 =0.77-0.89 (m, 2H; Si-CH,), 1.10 (t,
3Jyn=7Hz, 9H; OCH,CH,), 2.67 (dt, !Jyp=13 Hz, 3Jyy=4Hz, 2H;
P-CH,), 3.40 (s, 3H; OCH,), 3.70 (q, 3Jyz =7 Hz, 6H; OCH,CHj;), 6.65—
6.68 (m; ArH), 6.87-7.14 (m; ArH), 7.56 - 7.61 (m; ArH); trans isomer: 0 =
0.77-0.89 (m, 2H; Si-CH,), 1.11 (t, 3/, s =7 Hz, 9H; OCH,CHj;), 2.76 (dt,
2up=13Hz, 3Jyy=4Hz, 2H; P-CH,), 371 (q, yn=7Hz, 6H;
OCH,CH;), 4.02 (s, 3H; OCHj;), 6.65-6.68 (m; ArH), 6.87-7.14 (m;
ArH), 7.56-7.61 (m; ArH); 3C NMR (125 MHz, [Dg]toluene): cis isomer:
0=5.0 (d, 2Jcp=2.4Hz, 1C; Si-CH,), 185 (s, 3C; OCH,CHs;), 27.0 (d,
1Jcp=18.7Hz, 1C; P-CH,), 58.6 (s, 3C; OCH,CH,), 63.8 (s, 1C; OCH,),
128.4-130.4 (m; ArC), 132.7 (d, 2C; P-ArC,,), 153.4 (s, 1C; C-ArCy,,),
2215 (d,%Jcp=14.4Hz,2C; COy;), 226.4 (d, *Jcp=6.4 Hz, 1 C; CO\ransop)>
232.4 (d, 2Jcp=13.9 Hz, 1 C; COyraps 10 carbene)> 348.8 (d, 2Jcp=13.0Hz, 1C;
Cearbene); trans isomer: 0 =4.8 (d, 1 C; Si-CH,), 18.5 (s, 3C; OCH,CH,), 26.2
(d,%Jcp=18.7Hz,1C; P-CH,), 58.6 (s, 3C; OCH,CH3,), 65.8 (s, 1 C; OCHj),
128.4-130.4 (m; ArC), 132.4 (d, 2C; P-ArC,,,), 153.4 (s, 1C; C-ArCy,,),
222.6 (d, 2Jcp=12.0Hz, 4C; COy), 345.0 (d, 1C; Ceupene); *'P NMR
(121.5 MHz): cis isomer: 6 = 52.0, trans isomer: 0 = 57.0; FT-IR (petroleum
ether): cis isomer: 7=2016 (m, C=0, A?), 1928 (sh, C=0, A,'), 1915 (vs,
C=0, B)), 1894 cm™' (m, C=0, B,); trans isomer: 7 =2009 (sh, C=0, A,,),
1940 cm™! (m, C=0, B,); MS (70 eV, EI): m/z (%): 568 (2) [M*— CH;—
C¢Hs], 456 (10) [M™—3CO — C(OCH;)(C4Hs)], 428 (60) [MT—4CO —
C(OCH;)(C¢Hs)], 376 (42) [M™—4CO — CrC(OCH;)(C¢Hs)], 186 (100)
[HPPh,*], 163 (92) [ (C,H;0);Si*]; C;,H3,05CrPSi (660.7): caled: C 58.17, H
5.64, Cr 7.87, P 4.69; found: C 58.01, H 5.55, Cr 7.79, P 4.49.

cis-Tetracarbonyl[ (2-triethoxysilyl)ethyldiphenylphosphine][amino(phe-

nyl)carbene]chromium(0) (13): Ammonia (3mL) was condensed at
—65°C into a solution of 5 (0.23 g, 0.35 mmol) in diethyl ether (10 mL).
Within 45 min the color of the solution changed from dark red to yellow.
The solution was stirred for another hour to complete the reaction. After
removal of the cooling bath the excess ammonia and the solvent were
removed under reduced pressure. Crystallization from petroleum ether/
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diethyl ether (3:1) gave orange crystals of 13 (0.13 g, 0.2 mmol, 57 % ); m.p.
97°C; R;=0.1 (petroleum ether/diethyl ether 2:1, —28°C). 'H NMR
(500 MHz, [Dg]toluene): 6 =0.68-0.79 (m, 2H; Si-CH,), 1.09 (t, 2Jyuy=
7Hz, 9H; OCH,CH,), 2.56 (dt, 2Jyp=13 Hz, 3]y =4 Hz, 2H; P-CH,),
3.68 (q, *Jyn=7 Hz, 9H; OCH,CHj), 6.50 (s, br., 2H; NH,), 6.79-7.11 (m;
ArH), 7.33-7.50 (m; ArH); “C NMR (125 MHz, [Dg]toluene): 6 =4.7 (d,
3]cp=2.4Hz, 1C; Si-CH,), 185 (s,3C; OCH,CH,), 26.9 (d, ?J.p=18.2 Hz,
1C; P-CH,), 58.6 (s, 3C; OCH,CH,), 124.1 (s; C-ArC), 128.4-130.2 (m;
ArC), 132.7 (d, 2Jcp=9.6 Hz; P-ArC), 1372 (s; C-ArC), 1374 (d, Jcp=
3 Hz; P-ArC), 153.3 (s, 1 C; C-ArC,), 222.0 (d, %Jcp=14.4 Hz, 2C; CO),
228.0 (d, 2Jcp=5.3 Hz, 1 C; COyansiop)> 229.9 (d, 2Jcp=12.5 Hz, 1 C; CO
o carbene)s 292.7 (d, 2Tep=11Hz, 1C; Cupene): P NMR (121.5 MHz): 6 =
55.4; FT-IR (petroleum ether): 7#=2004 (m, C=0, A?), 1917 (s, C=0, A,'),
1898 (vs, C=0, B,), 1882 cm™! (s, C=0, B,); MS (FAB): m/z (%): 645 (2)
[M~], 533 (100) [M* —4CO], 456 (2) [M* —4CO — C¢Hs], 371 (19) [M* —
4CO — C(NH,)(C¢Hs) — C,Hs — C,H,], 347 (15) [M*—(CO),Cr(NH,)-
(C¢Hs) — C,Hy], 163 (5) [(C,H50)5Si7]; CsH3O;NCrPSi (645.68): caled:
C 57.66, H 5.62, N 2.17; found: C 57.72, H 5.63, N 2.15.

cis-Tetracarbonyl[ (2-triethoxysilyl)ethyldiphenylphosphine][allylamino-
(phenyl)carbene]chromium(0) (14): Allylamine (0.35 mL, 13 equiv) was
added at —65°C to a solution of 5 (0.23 g, 0.34 mmol) in diethyl ether
(10 mL). After 0.5 h the reaction was completed (TLC control) and the
color of the solution had changed from dark red to yellow. The cooling bath
was removed and the residual allylamine and the solvent were removed
under reduced pressure. Crystallization from petroleum ether/diethyl ether
(3:1) gave yellow crystals of 13 (215 mg, 0.31 mmol, 91 %); m.p. 72°C; R;=
0.38 (petroleum ether/diethyl ether 2:1, —28°C). 'H NMR (500 MHz,
[Dg]toluene): 6=0.82 (m, 2H; Si-CH,), 1.10 (t, 3/yz=7Hz, 9H;
OCH,CHj), 2.68 (dt, 2Jyp=13 Hz, 3y =4 Hz, 2H; P-CH,), 2.90 (br.,
2H; N-CH,), 3.70 (q, ¥/yn="7 Hz, 6H; OCH,CHj,), 4.83 (m, 2H; =CH,),
5.02-5.13 (m, 1 H; CH,-CH=), 6.65 (d; ArH), 6.88—7.11 (m; ArH), 7.53 (t;
ArH), 8.08 (s, br., 1H; NH); *C NMR (125 MHz, [D;]toluene): 6 =4.9 (d,
1C; Si-CH,), 18.6 (s, 3C; OCH,CH,), 27.4 (d, ?Jcp, =178 Hz, 1 C; P-CH,),
52.4 (s,1C; N-CH,), 59.0 (s, 3C; OCH,CH,), 118.2 (s, 1 C;=CH,), 120.3 (s;
ArC), 1264 (s, 1C; HC=), 127.6-129.5 (m; ArC), 132.2 (s; ArC), 132.7 (d,
%Jcp=9.6 Hz; P-ArC), 137.4 (d, Jcp=28.3 Hz,2 C; P-ArCy,,), 150.4 (5, 1 C;
C-ArCy,), 221.7 (d, 2Jcp=13.9 Hz,2C; COy), 228.1 (d, ’/cp =43 Hz, 1 C;
COlrans 10 p)> 230.1 (d, 2 cp=13.4 Hz, 1C; CO\raps 10 carbene)s 287.1 (d, Ycp=
11.4 Hz, 1C; Coppen); 'P NMR (121.6 MHz): 0 =56.2; FT-IR (petroleum
ether): 7=2003 (m, C=0, A?), 1918 (s, C=0, A,"), 1893 (vs, C=0, B,),
1878 cm~! (s, C=0, B,); MS (FAB): m/z (%): 685 (1) [M*], 573 (25) [M* —
4CO], 532 (6) [M'—-4CO-C;Hs], 428 (100) [M*-4CO-
C(NH(G;H;)(C4Hs), 371 (22), 347 (17); C3H,,O;NCrPSi (687.77): caled:
C59.38, H 6.16, N 2.04; found: C 59.4, H 6.00, N 2.38.

cis-Tetracarbonyl[ (2-trimethoxysilyl)ethyldiphenylphosphine ][ allylamino-

(phenyl)carbene]chromium(0) (15): Allylamine (0.029 g, 0.5 mmol,
1.1 equiv) was added at —55°C to a solution of 4 (0.284 g, 0.46 mmol) in
diethyl ether (6 mL). After 45 min the reaction was completed (IR, TLC
control), while the color of the solution changed from dark red to orange.
After the solution had been warmed to room temperature, evaporation of
the solvent and chromatographic workup (eluent: petroleum ether/diethyl
ether 2:1, —30°C) yielded 15 as a viscous orange oil (0.28 g, 0.44 mmol,
95%); R;=0.2 (petroleum ether/diethyl ether 2:1). '"H NMR (500 MHz,
CDClLy): 6=0.48-0.62 (m, 2H; Si-CH,), 2.41 (dt, Jyp=14 Hz, 3y =
4 Hz, 2H; P-CH,), 3.25 (br., 2H; N-CH,), 3.46 (s, 9H; OCH};), 5.02-5.20
(m, 2H; =CH,), 5.36-5.56 (m, 1H; CH=CH,), 6.57 (d, 2H; ArH), 7.07-
7.60 (m; ArH), 8.05 (s, br., 1H; NH); *C NMR (125 MHz, CDCL,): 6 =
2.67 (d, 2Jcp=2.4Hz, 1C; Si-CH,), 26.3 (d, Jcp=177 Hz, 1C; P-CH,),
50.8 (s, 1C; N-CH,), 52.5 (s, 3C; OCHj;), 119.6 (s, 1 C; =CH,), 120.6 (s, 1 C;
C-ArC), 1270 (s, 1C; HC=), 128.7 (s, 1C; C-ArC ), 129.2 (d, 2C; P-ArC),
130.1 (d, 2C; P-ArC), 132.6 (s, 1C; C-ArC), 137.6 (d, 'Jp=28.8 Hz, 2C;
P-ArCy,,), 150.7 (s, 1C; C-ArC,,,), 222.3 (d, /cp=13.9 Hz, 2C; COy),
229.0 (d, Jcp=4.8 Hz, 1 C; CO\pups10p)» 231.0 (d, 2Jcp=13.4 Hz, 1 C; CO\pps
10 carbene)s 288.1 (d, 2cp=11.5Hz, 1C; Cyppene); >'P NMR (121.5 MHz): 6 =
55.6; FT-IR (petroleum ether): #=2004 (m, C=0, A?), 1918 (s, C=0, A}}),
1894 (vs, C=0, B,), 1879 cm™! (s, C=0, B,); MS (FAB): m/z (%): 643 (4)
[M*], 587 (1) [M+—2CO], 531 (52) [M*—-4CO], 490 (5) [M*—4CO —
C;H;], 386 (100) [M+ —4CO — C(NH(C;H;)(C4Hs) ], 371 (6) [M* —4CO —
C(NH(G;H5)(CgH;) — CH3], 319 (27); MS (70 eV, EI): m/z (%): 386 (2)
[M*—4CO — C(NH(C;Hs)(C¢Hs)], 334  (42) [M*+*—4CO-CrC-
(NH(CH3)(CHy)], 309 (6) [(CO)CrC(NH(C;H)(CGHs) ], 186 (91)
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[HPPh,*], 121 (100) [(H,CO)Si*]; HR-MS (EL): caled. for C,,Hy;0,SiCrP
[M* —4CO — C(NH(C;H;s)(C¢Hs)]: 386.0560; found 386.0557; caled for
C,H)NO,Cr [CrC(NH(C;H;)(CgHs)*]: 309.0093; found 309.0094.

cis-Tetracarbonyl(2-triethoxysilyl)ethyldiphenylphosphine[isobutylamino-
(phenyl)carbene]chromium(0) (16): Isobutylamine (0.12 mL, 1.1 equiv)
was added at —68 °C to a solution of 5 (0.18 g, 0.27 mmol) in diethyl ether
(7 mL). After 3 h the reaction was completed (TLC and IR control), while
the color of the solution had changed from dark red to yellow. The cooling
bath was removed and isobutylamine and the solvent were evaporated.
Crystallization from petroleum ether/diethyl ether (3:1) gave yellow
crystals of 16 (121 mg, 0.17 mmol, 64 % ); m.p. 56 °C; R;=0.50 (petroleum
ether/diethyl ether. '"H NMR (250 MHz, CDCL;): 6 =0.55 (m, 2H; Si-CH,),
0.75 (d, *Jyu =7 Hz, 6 H; CH(CH,),), 1.14 (t, *Jy =7 Hz, 9H; OCH,CH5),
1.53 (m, 1H; CH(CH,),), 2.36-2.48 (m, 4H; P-CH,, N-CH,), 3.70 (q,
3Jyn="7Hz, 6H; OCH,CH,), 6.58 (d, ArH), 7.10 (t,2H; ArH), 7.25 (t, 4H;
ArH), 733-755 (m, ArH), 8.03 (br, 1H; NH); *C NMR (62.5 MHz,
CDCl;): 6=4.0 (d, %Jcp=2.6 Hz, 1C; Si-CH,), 18.2 (5,2 C; CH(CHs),), 19.6
(s, 3C; OCH,CHj;), 263 (d, Yep=17.8 Hz, 1C; P-CH,), 285 (s, 1C;
CH(CH,),), 57.1 (s, 1C; N-CH,), 58.4 (s, 3C; OCH,CH,), 120.2 (s, ArC),
126.1 (s, ArC), 127.8 (s, ArC), 128.4 (d, P-ArC), 129.2 (s, ArC), 132.4 (d,
P-ArC), 136.7 (d, %Jcp=28.6 Hz, 2C; P-ArC,), 150.0 (s, 1C; C-ArCyy,),
221.1 (d, %Jcp=14.3 Hz, 2C; COy), 2279 (d, Y/ cp=4.8 Hz, 1 C; COaps10p)>
229.7 (d, 2cp=14.0 Hz, 1 C; CO ans 10 carbene)s 284.3 (d, 2Jcp=11.4Hz, 1C;
Cearvenc); P NMR (121.6 MHz): 0 =56.8; FT-IR (petroleum ether): 6 =
2002 (m, C=0, A?), 1917 (s, C=0, A,!), 1892 (vs, C=0, B,), 1875 cm™ (s,
C=0, B,); MS (FAB): m/z (%): 701 (1) [M*], 589 (100) [M* —4CO], 532
(7) [M*-4CO-CH,], 428 (16) [M*—4CO — C(NH(C,Hy)Ph)];
C35sH,4,0,NPCrSi (701.79): caled: C 59.90, H 6.32, N 2.00; found: C 59.82,
H 6.39, N 1.96.

cis-Tetracarbonyl(2-triethoxysilyl)ethyldiphenylphosphino[phenyl(pyrro-
lidino)carbene]chromium(0) (17): Pyrrolidine (0.55 mL, 13 equiv) was
added at —65°C to a solution of 5 (0.33 g, 0.5 mmol) in diethyl ether
(10 mL). After 1 h the solution was allowed to warm to —30°C and after
another hour the reaction was completed (TLC and IR control). The color
of the solution had changed from dark red to orange. The cooling bath was
removed and the solvent and pyrrolidine were evaporated. Aminocarbene
complex 17 was obtained as an orange oil which could not be further
purified by chromatographic workup due to partial decomposition. R;=
0.43 (petroleum ether/diethyl ether 2:1); '"H NMR (500 MHz, CDCL): 6 =
0.49 (m, 2H; Si-CH,), 1.13 (t, 3y =7 Hz, 9H; OCH,CHj3), 1.72 (pquin,
3Jyn="7Hz, 2H; N-CH,CH,), 1.82 (pquin, */y ;=7 Hz, 2H; N-CH,CH,),
2.38 (dt, Vyp=14 Hz, 3Jyuy =4 Hz, 2H; P-CH,), 2.94 (t, */yy =7 Hz, 2H;
N-CH,), 3.69 (q, *Jyu=7Hz, 6H; OCH,CH;), 3.82 (t, *Jyu=7Hz,
N-CH,), 6.33 (d, 3y =77 Hz, 2H; 1,1"-Ar-H_ypene)> 7.02 (t, 3/ =75 Hz,
1H; 3,3-Ar-Heypene)s 7.16 (t, Sy =77 Hz; 2,2"-Ar-Hypene)s 726 —7.50 (m;
ArH); ®C NMR (125 MHz, CDCLy): 6 =4.4 (d, %/c» =3.8 Hz, 1 C; Si-CH,),
18.3 (s, 3C; OCH,CH;), 25.2 (s, 1 C; N-CH,CH,), 25.5 (s, 1 C; N-CH,CH,),
270 (d, Yep=177Hz, 1C; P-CH,), 55.5 (s, 1C; N-CH,), 58.8 (s, 3C;
OCH,CH;), 59.2 (s, 1C; N-CH,), 119.8 (s; ArC), 125.7 (s; ArC), 128.8 (s;
ArC), 128.9 (d; P-ArC), 129.9 (s; ArC), 133.1 (d; P-ArC), 138.1 (d, Jep=
26.4 Hz, 2C; P-ArC,), 155.9 (s; C-ArC,,,), 222.3 (d, ¥Jcp=14.4Hz, 2C;
COy;), 228.8 (d, 2Jcp=4.8 Hz, 1 C; CO\rans10p)- 230.8 (d, 2Jcp=12.0 Hz, 1 C;
CO rans 1o carbeney » 277.8 (d, 2 cp=13.0 Hz, 1 C; Cyppene); *'P NMR (202 MHz):
0 =>52.4; FT-IR (petroleum ether): 6 =2000 (m, C=0, A ), 1911 (s, C=0,
A", 1886 (vs, C=0, B,), 1876 cm™! (s, C=0, B,).

General procedure for the sol-gel process: Precursor complex 4, 5, or 15
(0.5 mmol) was dissolved in degassed ethanol (300 equiv), and degassed
tetraalkoxysilane (15 equiv) was added. Hydrolysis and condensation
reactions were started by adding an equimolar amount of water (with
respect to the number of alkoxy groups) which contained 0.1wt% of
catalyst (NaF, NH,OH). To guarantee homogeneity the solution was stirred
until gelation occurred (15-90 min). The reaction mixture was allowed to
age at room temperature for five days. Then the solvent was removed in
vacuo. The resulting material was washed several times with diethyl ether
and the solvent was evaporated at 10~* Torr for 10 h.

11: Aqueous NaF catalyst (0.57 mL) was added to a suspension of 4
(309.3 mg, 0.5 mmol) and TMOS (1.142 g, 7.5 mmol) in ethanol (8.8 mL,
150 mmol). Gelation occurred within 17 min giving a dark red granulate-
like material (860 mg). In the IR spectra in addition to the v (CO)
absorptions of the tetracarbonyl complex less intense v(CO) absorptions of
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a pentacarbonyl complex are observed. FT-IR (KBr): Tetracarbonyl
carbene complex: 7=2014 (m, C=0, A?), 1924 ( sh, C=0, A,"), 1902 (vs,
C=0, B,), 1890 cm! (m, C=0, B,); pentacarbonyl complex: 7 =2064 (C=0,
A), 1949 (C=0, E) cm™!; 3P CP-MAS NMR (161 MHz): 6=52, —10
Ph,P(CH,),Si(OE),(O,5)s ., 39 —Ph,P(O)(CH,),SI(OED),(O,5)s ,; °C
CP-MAS NMR (100 MHz): 6 =4.6 (CH,-Si), 16.6 (OCH,CH,), 24.0 (P-
CH,), 50.6 (Si-CH,), 59.3 (Si-OCH,CHs;), 65.7 (C-OCH,), 129.8 (ArC),
208.8 (Cearvony)-

12: FT-IR (KBr): Tetracarbonyl carbene complex: #=2015 (m, C=0, A?),
1926 ( sh, C=0, A,'), 1909 (vs, C=0, B,), 1890 cm™! (m, C=0O, B,);
pentacarbonyl complex: 7 =2065 (C=0, A), 1948 (C=0, E) cm".

18: FT-IR (KBr): Tetracarbonyl carbene complex: #=2001 (m, C=0, A?),
1908 ( sh, C=0, A,'), 1881 cm~! (m, C=0, B,, B,); pentacarbonyl complex:
7=2064 (C=0, A), 1948 (C=0, E) cm™".

General procedure for the aminolysis of tetracarbonyl[methoxy(phenyl)-
carbene]chromium(0) immobilized on silica: The starting material
(200 mg) was suspended in diethyl ether (5—7 mL) and amine (allylamine,
isobutylamine, pyrrolidine) (0.5-1 mL) was added at —65°C. The suspen-
sion was shaken from time to time and warmed slowly to —25 °C, while the
color changed from red to yellow-brown. After three days the solvent was
decanted and the gel was washed several times with diethyl ether and dried
in vacuo to give a yellow-brown granulate which was characterized by FT-
IR (KBr): (In addition to the absorption pattern of the tetracarbonyl
complex, unchanged absorption bands of a pentacarbonylcomplex are
observed.)

20: Tetracarbonyl carbene complex: % = 2000 (m, C=0, A,?), 1905 ( s, C=0,
A'), 1880 cm™! (m, C=0, B, B,); pentacarbonyl complex: 7= 2063 (C=0,
A), 1944 (C=0, E) cm™.

21: Tetracarbonyl carbene complex: #=2000 (m, C=0, A?), 1905 (s, C=0,
ALY, 1879 (vs, C=0, B,), 1869 cm~! ( sh, C=0, B,); pentacarbonyl complex:
7(CO)=2063 (C=0, A), 1944 (C=0, E) cm™ ..

22: Tetracarbonyl carbene complex: 7 =1997 (m, C=0, A,?), 1899 ( s, C=0,
ALY, 1877 (vs, C=0, B,), 1870 cm™! ( sh, C=0, B,); pentacarbonyl complex:
7=2063 (C=0, A), 1946 (C=0, E) cm™".

24: Tetracarbonyl carbene complex: 7 = 2000 (m, C=0, A,?), 1908 ( s, C=0,
AY), 1882 cm™' (m, C=0, B, B,); pentacarbonyl complex: 7 =2063 (C=0,
A), 1943 (C=0, E) cm™".

25: Tetracarbonyl carbene complex: 7 = 2000 (m, C=0, A?), 1907 ('s, C=0,
AY), 1881 (s, C=0, B,), 1870 cm™! (sh, C=0, B,); pentacarbonyl complex:
7=2064 (C=0, A), 1942 (C=0, E) cm™".

26: Tetracarbonyl carbene complex: 7 =1996 (m, C=0, A2), 1899 (s, C=0,
AY), 1879 (s, C=0, B,, B,); pentacarbonyl complex: 7#=2063 (C=0, A),
1945 (C=0, E) cm™".

Reaction of ammonia with Tetracarbonyl[methoxy(phenyl)carbene]chro-
mium(0) immobilized on silica: At —70°C 3mL of ammonia was
condensed into a suspension of the starting material (200 mg) in diethyl
ether (3mL). After 4h the residual ammonia and the solvent were
removed in vacuo affording a yellow-brownish granulate.

FT-IR(KBr): (In addition to the absorption pattern of the tetracarbonyl
complex, unchanged absorption bands of a pentacarbonylcomplex are
observed.)

19: Tetracarbonyl carbene complex: 7 =2000 (m, C=0, A,?), 1905 ('s, C=0,
AY), 1885 (s, C=0, B,), 1877 cm™! (s C=0, B,); pentacarbonyl complex:
7=2062 (C=0, A), 1948 (C=0, E) cm™".

23: Tetracarbonyl carbene complex: 7 =2001 (m, C=0, A,?), 1905 ( s, C=0,
A,Y), 1883 cm™! (s C=0, B,, B,); pentacarbonyl complex: 7#=2064 (C=0,
A), 1944 (C=0O, E) cm™".
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Conformational Equilibrium and Potential Energy Surface of 1-Fluorobutane
by Microwave Spectroscopy and Ab Initio Calculations

Laura B. Favero,!®! Assimo Maris,'?! Alessandra Degli Esposti,?! Paolo G. Favero,"!
Walther Caminati,*®! and Gottfried Pawelke!*!

Abstract: The rotational spectra of four
(GT, TT, TG, and GG) of the five
possible conformers of 1-fluorobutane
have been assigned by combining free
jet and conventional microwave spec-
troscopy. The geometry optimization
was performed at the MP2 (full) level
of theory with the 6-31G (d) and 6-311G
(d, p) basis sets and by using the B3LYP
(3df, 3pd) density functional method.
The relative stability of the five rotamers
is calculated at the QCISD (T)/6-311G
(d, p) level of theory. In spite of the fact

stable than at least one of the observed
conformers it was not possible to detect
its rotational spectrum. GT and TG are
the most and the least stable species,
respectively. The rotational spectra of
several vibrational satellites of the four
conformers have been studied by con-
ventional microwave spectroscopy. The
overall conformational equilibrium is

Keywords: ab initio calculations -
conformation analysis . density
functional calculations - molecular

governed by the two-dimensional po-
tential energy surface of the skeletal
torsions MeC—-CC and FC-CC, which
have been evaluated by a flexible model
analysis, based on the experimental
values of the relative conformational
and vibrational energy spacings, and on
the shifts of second moments of inertia
upon conformational change and vibra-
tional excitation. The relative energy of
the fifth stable conformer (GG’) was
determined to be 333 cm™! from flexible
model calculations, and to be 271 cm™'

that ab initio calculations indicated the

dynamics -
unobserved GG’ conformer to be more

Introduction

Conformational equilibria of alkanes have been extensively
studied and it is well known that local gauche and trans
configurations are stable minima and that the torsional
potential energy surfaces depend on steric and electrostatic
forces.'l Accordingly linear alkanes have a large number of
conformers; the number of which rapidly increases with an
increase in the length of the chain. The are already nine
minima in the torsional potential energy surface for mono-
substituted n-butanes, corresponding to five different con-
formers. A precise and certain identification of the five
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from the most accurate ab initio calcu-
lations.

rotamers in such a complex mixture has not been reported for
any of these derivatives so far.

1-Fluorobutane (FB) represents a simple and interesting
model molecule for this kind of study, since it possesses a
permanent dipole moment, which allows the measurements of
the rotational spectra of the various conformers, and it is small
enough to allow high level ab initio calculations. Figure 1
shows the five plausible conformers of 1-fluorobutane: GT,
TT, TG, GG, and GG/, according to the configuration (gauche
or trans) of the fluorine atom and of the methyl group,
respectively. In the GG conformer the F atom and CH; group
are on opposite sides of the plane formed by the three central
carbon atoms of the molecule, while the reverse is true for the
GG’ species.

In spite of the fact that 1-fluorobutane is the simplest
1-halogenated derivative of butane, its rotational spectrum
has never been reported, while the microwave (MW) inves-
tigations of Cl-, Br-, and I-butane are, to different, partial
extents, available in the literature. Most of the experimental
data in the gas phase concern the configuration equilibrium of
chlorobutane. The two most recent gas-phase electron dif-
fraction investigations of this molecule suggest the following
room temperature abundance ratios TT/GT/TG/GG/GG": 25/
50/5/15/5 (Fagerland etal. @), and 13/60/12/12/1 (Aarset
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Figure 1. Draft of the five possible conformers of 1-fluorobutane.

et al.Bl), but the smaller values have a large uncertainty. We
reported the rotational spectra, first of three conformers,*
then of a fourth conformer®! by combined free jet and
conventional rotational spectroscopy. The fifth conformer,
GG’, which is 600-700 cm™! higher in energy than the most
stable conformer (TT), escaped our investigation. We ob-
tained information on the two-dimensional (2D) potential
energy surface of the two skeletal torsions governing the
conformational equilibrium from additional measurements
(e.g. dipole moments, rotational spectra of several vibrational
satellites, and their vibrational energies).’l The treatment of
these data with a 2D flexible model® allowed the determi-

Abstract in Italian: Gli spettri rotazionali di quattro (GT, TT,
TG and GG) dei cinque possibili conformeri dell' 1-Fluoro-
butano sono stati assegnati combinando spettroscopia rotazio-
nale in espansione supersonica e spettroscopia rotazionale
convenzionale. L'ottimizzazione della geometria e’ stata otte-
nuta al livello MP2 (full) della teoria con i set di basi 6-31G
(d) e6-311G (d, p), ed usando il metodo funzionale di densita’
B3LYP (3df, 3pd). La stabilita’ relativa dei cinque rotameri e’
stata calcolata al livello QCISD (T)/6-311G (d, p). Malgrado i
calcoli ab initio abbiano indicato che il conformero non
osservato, GG', sia piu’ stabile di almeno uno dei conformeri
osservati, non €' stato possibile identificare il suo spettro
rotazionale. GT e TG sono la specie piu’ stabile e quella meno
stabile, rispettivamente. Gli spettri rotazionali di parecchi
satelliti vibrazionali dei quattro conformeri sono stati studiati
con la spettroscopia a microonde conventionale. L' equilibrio
conformationale €' governato, nel suo complesso, dalla super-
ficie di energia potenziale bidimensionale delle torsioni
scheletali MeC-CC ed FC-CC, che sono state calcolate con
un model flessibile, basandosi sui valori sperimentali delle
energie relative conformazionali e vibrazionali, e sulle varia-
zioni dei momenti planari di inerzia per effetto delle intercon-
versioni conformazionali e delle eccitazioni vibrazionali. L'
energia relativa del quinto conformero (GG') risulta essere
333 em™ dai calcoli col modello flessibile, e 271 cm™ dai
calcoli ab initio piu’ accurati.
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nation of the conformational
surface, which resulted in good
agreement with the ab initio
calculations. Only low-resolu-
tion MW spectra are available
for the Br and I derivatives.[”!

We set ourselves the chal-
lenging goal to obtain more
precise information for fluoro-
butane, for which it was antici-
pated that it should be possible
to observe all the five possible
conformers, especially when
the suggestions given by the ab
initio calculations were taken
into consideration. The results
of such ab initio calculations are
particularly useful in assigning
the microwave spectra of sub-
stituted alkanes, since they help to discriminate between the
large number of features originating from the different
conformers.

Results and Discussion

Rotational spectra

The rotational spectrum of fluorobutane recorded with a
conventional spectrometer appears very crowded, due to the
large number of rotamers and of low-energy vibrational
satellites. Thanks to the relatively good agreement between
the ab initio and the experimental rotational constant values
of the GT, TT, and TG conformers (see later), the assignment
of their rotational spectra was rather straightforward already
at room temperature. The radiofrequency —microwave dou-
ble resonance (RFMWDR) techniquel'” was very useful,
however, in assigning the first transitions, several u,-R-type
doublets. Many more rotational transitions were then meas-
ured by conventional Stark modulation and by free jet
absorption millimeter wave spectroscopy (FJ-AMMW). The
GG conformer, whose experimental rotational constants were
indeed quite far away from the preliminary ab initio
calculated values, was assigned only by using the FI-AMMW
spectrometer.’l We did not succeed, however, in spite of a
long and careful search with the available techniques, in
assigning the spectrum of the GG’ conformer. This fact is very
puzzling because the GG’ conformer should be more stable
than the TG one and it should have a high g, value.

The rotational spectra of several vibrational satellites were
also assigned by using RFMWDR. All of them correspond to
excited states of the skeletal torsions. We label 7y and 1y, the
skeletal torsions of the CH,F and CH,CH; groups, respec-
tively. Correspondingly, the notation (vg, vy ) will indicate the
various excited states. Five, three, two, and two torsional
satellites have been assigned for the GT, TG, TT, and GG
conformers, respectively. The measured transition frequencies
of all conformers and vibrational satellites are available as
Supporting Information. The spectroscopic constants ob-
tained by treating the experimental frequencies with the
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Table 1. Rotational constants, centrifugal distortion constants and inertial defect of the GT, GG, TG, and TT conformers of flurobutane in the ground and

vibrational excitated states.

VE=0,Vme=0 ve=0,Vpe=1 vp=1, Ve =0 v =0, viye =2 vp=2, Vje =0 vp=1, vy =1

Ve=0,Vye=0 vp=0,vpye=1 vp=1, vy =0

A [MHz] GT 12586.647(3)1") 12466.38(2)  12718.60(3)  12353.67(2)
B [MHz] 2331.9187(5) 2335.584(2) 2325.900(3) 2339.269(4)
C [MHz] 2155.3353(4) 2159.739(2)  2150.084(3)  2164.039(4)
Ay [kHz] 0.8277(4) 0.87(1) 0.90(2) 0.82(4)
Ay [kHz] —17.619(7) —17.57(5) —7.8(1) —17.84(5)
Ag [kHz] 67.05(3) 51(4) 67(9) 59(5)

oy [kHz] 0.1365(1) 0.1427(5) 0.1334(4) 0.1509(2)
Ok [kHz] 2.29(2) 0.96(8) 2.9(1) ol

Hyy [kHz] - - - -

Hy, [kHz] - - - -

Hy [kHz] -22(1) - - -

hy [kHz] - - - -

A, [uA]E] —22.3963 —22.9216 —21.9679 —23.4155
o [kHz] 42 54 48 47

Nitans, 105 42 38 32

A [MHz] TG 12555.81(1)  12577(2) 12455(2)

B [MHz] 2287.400(2)  2286.240(4) 2287.877(4)

C [MHz] 2115.262(2)  2114.598(6)  2119.989(5)

Ay [kHz] 0.680(4) 0.68(3) 0.73(3)

A [kHz] —4.85(3) —4.98(8) —5.30(7)

Ag [kHz] 60(1) 60141 601

o; [kHz] 0.133(2) 0.1334 0.1331

Ok [kHz] 4.7(8) 4.7 4.7u

A, [uA?] —22.2706 —22.2415 —23.0832

o [kHz] 50 57 52

N, 68 25 24

trans.

12840.18(2)  12585.86(3) GG 8537.082(3) 8559(2) 8537.08214
2320.503(4)  2329.910(2) 2875.8126(9)  2884.62(3)  2868.7(1)
2145.476(5)  2154.878(2) 2678.040(1)  2679.85(3)  2669.7(1)

0.9l 0.834(6) 6.399(4) 5.37(4) 471(4)
—10.2(4) —8.22(8) —45.16(1) —-369(2)  —45.16
670 70.0(8) 125.86(5) 386(157)  125.861
0.13341 0.1421(5) 1.7503(2) 1.4(1) 1754
0.9l 1.50(7) 21.37(1) 21.371 21.374)
- - —0.276(7) - -
- - —1.6(3) - -
— _ Qlb] — _
- - 0.0333(1) - -
—21.5921  —225359 —46.2202 — 454545  —46.0641
75 48 42 77 52
12 35 105 29 8

12355 TT 19008.463(6)  18446(17)  18690(10)
2289.91(1) 1934.331(1)  1936.239(4) 1934.997(3)
2124.26(1) 1837.215(1)  1842.368(4) 1839.778(3)

0.71(4) 0.195(3) 0.181(7)  0.130(8)
—5.92(9) —2.34(5) —28(2) 8.4(3)
601! 77.3(41) 77,30 77,31
0.1331 0.0168(1) 0.01681  0.0168
4.71d] Qfbl Qlb! Qlbl
—23.6950 —12.7762 135169 —13.5226
56 50 24 20
20 68 82 48

[a] Standard errors in parentheses are in units of the last digit. [b] Parameter fixed to zero because not statistically significant. [c] Parameter fixed to the
excited state vp=1 vy, =0 value. [d] Parameter fixed to the ground state value. [e] A, = — 1.+ 1,,+ I, [f] Parameter fixed to A,,=A;,+ (A19— Apy)-

quartic Watson Hamiltonian, “A” reduction, I' representa-
tionl are reported in Table 1, in which some statistical
parameters of the fits are also shown.

Relative intensity measurements

Microwave relative intensity measurements have been per-
formed in order to estimate the conformational and vibra-
tional energies. These measurements have been made follow-
ing the method of Esbitt—Wilson.'l We needed to take
quantitatively into account the fact that during the measure-
ments the line intensity decreased sensibly. A first-order
kinetic equation satisfactorily reproduces the decay of [FB],
the fluorobutane concentration, according to Equation (1).
The value of k was estimated to be 0.52(9) h—1.

[FB] =[FB]e ™ M

Dipole moments

It is not easy to measure dipole moments for a complex
molecular system such as fluorobutane. Nevertheless, based
on some lucky circumstances and approximations, we could
estimate the dipole moments of all four conformers. For
example it has been possible in several cases!' to find a few
transitions having the M — dependent Stark coefficients
(AB#) much smaller than the coefficients (AA®) which do
not depend on Ml (g(=a, b, c¢) indicates the dipole moment
component). In these cases, due to the overlapping of several
Stark lobes, a single giant Stark lobe (SGSL) appears when an
electric field is applied. This technique has been used here to

3020
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determine the dipole moment components of two rotamers.
The cell was calibrated with the 3-2 transition of OCS (u=
0.71521 DI, The Stark coefficients and the Av/E? slopes of
the various Stark lobes are given as Supporting Information,
while all experimentally estimated dipole moment compo-
nents are given in Table 2.

GT conformer: It has been possible to measure the Stark
shifts of some lobes of three Q-branch transitions. In addition
four R-type transitions with SGSL have been individuated.
The fitting of these data has allowed a relatively precise
determination of the three dipole moment components, as
shown in Table 2.

TG conformer: Three transitions with a SGSL have been
identified. From these data we could determine ux, and u.,
while u, was fixed to zero because u,? was small and negative.
These assumptions are in agreement with the results of ab

Table 2. Experimental and calculated (B3LYP/6-311G (3df, 3pd)) dipole
moment components (D) for the various conformers of fluorobutane.

Experimental values Calculated values

Uy Hy U Hiot Ua Hy U Hiot
GT 097 (1) 1.50 (2) 03 (1) 1.81(3)  —0.78 138 049 1.66
TT 17(2) 093(2) 0.0@  1.98% 1508 —115 00 1.89
GG 1.01(7) 1.10(6) 1.02(5) 1.810) 0.85 096 1.04 165
TG 19(1) O 0.51(3) 1.98(6) —1.83  —004 042 188
GG’ - - - - 0.20 1.69 028 1.73

[a] Fixed to zero by simmetry. [b] Fixed (see text). [c] Fixed to zero. See
text.
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initio calculations (see later), which supply the value u,2>=
0.00016.

TT conformer: Two transitions with a SGSL have been found.
In order to give an estimate of the u, and y, dipole moment
components (u, is zero by symmetry), we needed, however, to
assume the value of the total dipole moment to be the same as
for the TG conformer, as indicated by the ab initio calcu-
lations (see later).

GG conformer: The dipole moment components have been
estimated from relative intensity measurements of u,-, -,
and u-type transitions, assuming the overall dipole moment
to have the same value as for the GT conformer as suggested
by ab initio calculations. The estimated values have been
obtained by averaging various measurements from different
rotational lines.

Conformational equilibria

By combining microwave relative intensity measurements of
several lines and the values of the dipole moment components
of the various conformers it was possible to estimate the
energies of the TT, GG, and TG conformers relative to GT, in
the vibronic ground states, using Equation (2), where wyy is
the conformational degeneracy (wxy=1 for TT and wyy=2
for all the other conformers). Ixy and Avyy are the peak height
and line width, u,xy the considered dipole moment compo-
nent, and yxy and vxy the line strength and frequency,
respectively. The following values have been obtained: Eqr,
Egsg, and E;g=110(40), 170(40), and 360(50) cm~!, respec-
tively.

Exy=KTIn[(wxyl GTAVG'I‘.ng.XYVXYVZXY)/ (wgrl xYAVXY.“Zg.GTVGTVZGT) 1,

XY =TT, GG, TG o)

Two-dimensional potential energy surface of the vy and vy
skeletal torsions

A total of 45 experimental data, that is three conformational
energies (Err, Egg, and Eqg), nine vibrational energies of the
vibrational satellites relative to the local ground states, the
three planar moments of inertia of the GT ground state, and
30 shifts of second moments of inertia with respect to the GT
ground state, have been used to obtain information on the 2D
potential energy surface of the two torsions. Data relative to
the excited states, for which some assumptions on the
rotational constant were made, have not been included.
Planar (or second) moments of inertia, defined and related to
the rotational constants through Equation (3) represent the
mass distribution along the principal inertial axes.

M,, =Sma? = hi(167)(— 1/A + 1/B + 1/C), etc., 3)

Meyer’s 2D flexible model,[®l has been applied to the above-
described data to determine the five parameters of the
potential energy function given in Equation (4), in which x

V(x, y) =12[V (1 — cosx) + V(1 — cos3x) +
Viy(1 — cosx) + V3, (1 — cos3x) + Vsinxsiny]  (4)

Chem. Eur. J. 2000, 6, No. 16
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and y denote the 7y and 7y, skeletal torsions, x=0 and y =0
correspond to the values of the dihedral angles F-C-C-C and
C-C-C-CH;=180°. The C-C-F [a(1)], C-C-C[a(2)], and C-C-
CH; [a(3)] valence angles, were also considered as model
parameters, as well as their relaxations upon skeletal torsions,
according to Equation (5).

a(i) = ay(i) + dax(i)(1 — cosx) + day(i)(1 — cosy) ®)

These structural relaxations were included in the model
calculations to describe the changes of the reduced mass upon
torsional motions. Only the da,(2) and da,(3), could be
determined, while the remaining four da values were fixed to
zero. In this way it has been possible to obtain ten parameters:
five of them describing the potential energy function, three
equilibrium valence angles, and two structural relaxation
parameters.

Table 3 reports the experimental vibrational and conforma-
tional energies and their values calculated with the flexible
model. The ab initio results are also given for comparison. The

Table 3. Flexible model results and comparison with experimental data
and ab initio calculations in fluorobutane: vibrational energies [cm™'].

(Vevme) — (VeVme)®! obs. Flexible model ~ Ab initiol”
GT  (0.0)6r— (0.0)¢r 0 0
0.1)gr— (0.0)6r 80(18) 84
(1,0)gr— (0,0)gr 120(12) 123
ADgr— (0,0)gr 200(20) 205
(0,2)6r— (0,0)6r 167(10) 166
TT 0,0)11r— (0,0)r 110(40) 110 157.4
0,1)1r— (0,0)ry 50(40) 100
(1,0)1r— (0,0)p 95(30) 116
GG (0,0)g6 — (0,0)sr 170(40) 173 154.2
(0.1)66 — (0.0)66 70(30) 66
TG (0,0)16 — (0,0)r 360(50) 356 356.9
(1,0)16 = (0.0)r6 105(40) 97
0,116 — (0.0)rg 120(40) 109
GG’ 3330l 271.0

[a] States between which the energy differences are calculated. [b] Ener-
gies of the potential minima with respect to the GT one [QCISD(T)6-
311G** method]. [c] Difference between the potential energy minima of
the GG’ and GT conformers.

experimental and calculated values of the planar moments of
inertia of the ground state of the most stable conformer (GT),
and their shifts upon conformational and/or torsional excita-
tion are given in Table 4. They are missing for two excited
states for which the assignment was based on some assump-
tion made on their rotational constants. In Table 5 the
determined parameters are shown. Flexible model calcula-
tions have been performed in the ranges —170 <x <50 and
—170 <y <50°, so as to include the four observed conformers,
corresponding in first approximation to the four positions (°)
(0,0=TT), (0, +£120=TG), (£120,0=GT), (£120,
+120= GG). Only the upper sign is consistent with the
considered range, which has been numerically solved into
41 x 41 mesh points.! The GG’ conformer is roughly located
at (£120, +£120).

Table 6 lists the values of the energies and of the dihedral
angles at the stationary points. We can see that Egq, the
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Table 4. Flexible model results and comparison with experimental data.
Second moments of inertia M, [u A?] of the GT conformer and shifts of the
second moments of inertia AM,, = M,,(v) — M,,(0) [u A?].

Vevme)s (VEVae) g Obs. Calcd
a 205.52 206.51
b 28.95 29.09
c 11.20 10.46
GT (0.1)1,(0,0)6r a —0.60 —0.60
b 0.13 0.05
c 0.26 0.23
(1,0)61,(0,0)6r a 0.78 0.31
b —-0.20 —-0.14
c —0.21 —0.16
(1,1)61,(00)6r a 0.12 —-0.31
b —0.07 —0.08
c 0.07 0.10
(0,2)61,(0,0)Gr a -1.19 -123
b 0.25 0.11
c 0.51 0.45
(2,0)61,(0,0)gr a 1.47 0.63
b —-0.39 -0.29
c —0.40 —-0.33
TT (0,0)r7,(0,0)r a 49.36 49.49
b —8.76 —8.98
c —4.81 —3.86
(0,1)77,(0,0)rr a —0.92 —0.69
b 0.15 0.01
c 0.66 0.25
(1,0)r1,(0,0)rr a —0.46 —-0.29
b 0.08 —0.17
c 0.37 0.21
Gg (0,0)66,(0,0)r a —52.90 —52.76
b 713 7.36
c 11.91 12.09
(0,1)66,(0,0)ca a —-0.16 —021
b 0.04 0.13
c -0.37 -0.39
TG (0,0)16,(0,0)gr a 428 4.59
b 0.16 0.41
c —0.06 0.21
(1,0)16:(0,0)16 a —0.45 —~0.30
b —0.08 0.00
c 0.41 0.27
(0,1)76,(0,0)1c a 0.13 0.21
b —-0.05 -0.19
c —-0.02 -0.17

Table 5. Flexible model parameters.

Potential energy parameter Structural parameter

Vi [em™] 990(25)k! a(1) [] 111.8(6)
Vi [em™] —140(10) a(2) [] 113.6(4)
Vi, [em™1] 790(25) da, (2) 7] 1.4(3)
Vi, [em™] 340(20) a(3) [] 110.7(5)
Vy [em™] —212(50) da, (3) [°] 1.5(4)

[a] Errors in parentheses are expressed in units of the last digit.

Table 6. Values of the energies [cm~'] and dihedral angles [°] at the minima
of the potential energy function.

Conformer x [7] v [°] V(xy) [em™!]

GT —-120.8 -14 —-106.5

TT 0.0 0.0 0.0

GG —1202 -116.9 65.2

TG -12 -117.6 250.9

GG’ —1214 1183 226.7

3022 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

energy value of the GG’ conformer, extrapolated from
experimental data relative to the other four local minima, is
relatively close to the most accurate ab initio values, which are
there reported, as discussed in the following section.

The potential energy surface is plotted in Figure 2. The four
minima, whose energies relative to the most stable conformer
are 0, 107, 172, and 357 cm~!, correspond to GT, TT, GG and
TG, respectively. The energy of GG’ has been extrapolated to
be 333 cm~L
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Figure 2. The 2D potential energy surface of the v (x) and vy (y) skeletal
torsions in 1-fluorobutane referred to the most stable GT conformer. GT,
TT, GG, and TG correspond to the local minima identified by the energy
values 0, 107, 172, and 357 cm™!, respectively. The contours are drawn every
300 cm! starting from 40 cm™!.

Ab initio calculations

Our investigation of 1-chlorobutane,®! performed at the
MP2(full)/6-31G (d) level of the theory!'®'®l showed that this
method was reliable to estimate the rotational constants of the
four rotamers observed in the microwave spectral region with
a difference of at most 1.5% from their experimental values.
An excellent agreement among the calculated and exper-
imental relative energies was found using the quadratic
configuration interaction approach with single, double, and
a perturbational estimate of the triple excitations!"”! with the
6-311G(d, p) basis set,? namely the QCISD(T)/6-311G**
method.

In the present case of fluorobutane, the ab initio calcu-
lations,?!] performed at the same level of the theory using the
Gaussian 98 suite of programs,® produced rotational con-
stants, which deviate from the corresponding experimental
values by up to 7% for the GG rotamer. Although the ab
initio and experimental rotational constants are related to
structures with a different meaning (r, and r,, respectively),
such a discrepancy is larger than that usually observed. The
experimentally determined rotational constants represent a
thorough test on the accuracy of the calculated molecular
geometry. The molecular orbitals were examined by using the
Mulliken population analysis.[?]

The difficulty encountered in calculating the geometry of
the five rotamers with the same accuracy arises from the
delicate balancing between the electronegativity effects of the
fluorine atom on the carbon chain and the long-range F—H
interactions. Therefore, an accurate estimate of these effects
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turns out to be crucial for the calculation of the most stable
geometry of each rotamer. For this reason the flexibility of the
basis set in the valence region was increased and diffuse and
polarization functions were included to account for long-
range intramolecular interactions, which contribute to stabi-
lizing the various rotamers. The geometry optimizations for
the larger basis set were performed using the B3LYP[P4
density functional method, requiring less computational effort
than the MP2(full) method. It is known, in fact, that the
hybrid functional B3LYP is adequate to accurately calculate
the molecular geometries.”! This is confirmed for fluorobu-
tane by tests on the basis set convergence using the B3LYP
density functional method, which also showed a good agree-
ment with the rotational constants estimated by the MP2(full)
method for calculations using the same basis set.

Table 7 compares the rotational constants calculated for the
TT, TG, GT, GG, and GG’ rotamers of fluorobutane (see
Figure 1) using the MP2(full) method with the 6-31G(d) (set
I) and the 6-311G(d, p) (set II) basis sets along with those
obtained with the B3LYP/6-311G (3df, 3pd)?® density func-
tional method (set III). The difference between the exper-
imental and the calculated value is reported within paren-
theses. The agreement between the calculated and exper-
imental values of the A rotational constants improves, in
going from set I to set II, for all the observed rotamers but the
TT one. Moreover, the rotational constants of the GG rotamer
are still affected by large deviations from their experimental
values. The B3LYP/6-311G (3df, 3pd) density functional
method shows an impressive improvement of the estimated
rotational constants of the GT and GG rotamers, while the
calculated values of the A rotational constants of both the TT
and TG rotamers are worsened. A comparison of the geo-
metrical parameters of the five rotamers calculated by the
different methods indicates that the largest differences are in

the estimates of the C-C-C-C skeleton angles; for instance, the
dihedral angles of the TG, GG, and GG’ rotamers can change
by up to 8°. The optimized bond length and angles of the five
rotamers of fluorobutane calculated using the B3LYP/6-311G
(3df, 3pd) and the MP2(full)/6-311G (d, p) methods,
MP2(full)/6-31G (d) for the TT rotamer are available as
Supporting Information.

The B3LYP/6-311G (3df, 3pd) geometry sets the distance of
the C,H and C,H’ hydrogen atoms from the fluorine atom (see
Figure 1) both at 2.61 A for TTand at 2.57 and 2.62 A for TG,
respectively. That of the GT, GG, and GG’ rotamers with the
neighboring C,H hydrogen atom is set at 2.63 A, 2.63 A, and
2.61 A, respectively. In addition, the fluorine atom of the GT
rotamer is 2.62 A from the C;H hydrogen, while that of the
GG rotamer is close to the C;H' hydrogen atom (2.61 A), and
that of the GG’ rotamer is close to the C,H hydrogen
(2.46 A).

In Table 8 the energy differences for the five rotamers,
calculated by using the optimized geometry of the different
methods neglecting the zero-point correction, are reported
with reference to the energy of the most stable GT rotamer.
The results indicate that the B3LYP/6-311G(3df, 3pd) method
tends to overestimate the differences, up to 100 cm™! for the
GG rotamer, with respect to the energies calculated with the
accurate QCISD(T)/6-311G** method using the B3LYP/6-
311G (3df, 3pd) geometries for all the rotamers. The relative
energies calculated with the QCISD(T)/6-311G** method
using the MP2(full)/6-311G(d, p)-optimized geometries in-
dicate a lowering of energy differences for all the rotamers but
the TT, with the largest variation for GG, of 30 cm~!. The
QCISD(T)/6-311G** difference between the energy of the
GT rotamer, calculated by using its B3LYP/6-311G(3df, 3pd)-
optimized geometry, and that of the TT and TG rotamers,
calculated by using the geometries obtained with the

Table 7. A, B, and Crotational contants (in MHz) of 1-fluorobutane calculated with the I) MP2(full)/6 —-31G (d) method, IT) MP2(full)/6 - 31G (d, p) method,
IIT) B3LYP/6-311G (3df, 3pd) method. The differences between the calculated and the experimental value are given in parentheses.

TT TG GT GG GG’
I) A 1899433(—14.13) 12676.85(121.04) 12383.39(—203.26) 7995.47(— 541.61) 7313.13
B 1940.14(5.81) 2294.03(6.63) 2383.82(— 51.90) 3124.53(248.72) 3641.90
C  1840.96(3.75) 2118.15(2.89) 2186.88(31.54) 2812.06(134.02) 2702.82
MM A 19145.48(137.02) 12563.69(7.88) 12495.00(—91.65) 8045.70(— 491.38) 7343.05
B 1939.03(—4.70) 2319.22(31.82) 2366.46(— 34.54) 3104.08(228.27) 362031
C  1841.60(—4.39) 2130.47(—15.21) 2179.38(24.04) 2800.74(122.70) 2696.67
M) A 19169.64(161.18) 12763.40(207.59) 12586.43(—0.22) 8631.40(94.32) 7404.98
B 1927.96(—6.37) 2262.92(—24.48) 2330.99(-0.93) 2837.21(—38.60) 3506.08
C  1831.08(—6.13) 2097.85(— 17.41) 2152.64(2.69) 2651.75(—26.29) 2639.89

Table 8. Energy differences for the five rotamers of fluorobutane with respect to the energy of the GT rotamer. Under the column labeled geometry
optimization is specified the method used to calculate the equilibrium geometry. The energy differences are calculated with I) the B3LYP/6—-311G(3df,3pd)

method and II) the QCISD(T)/6 -311G** method.

Geometry optimization T TG GT GG GG’
I) B3LYP/6-311G (3df ,3pd) 183.98 490.08 0.00 254.12 358.10
II) B3LYP/6-311G(3df, 3pd) 181.36 407.97 0.00 154.18 271.05

MP2(full)/6-311G** 187.94 399.81 0.00 12421 258.58

MP2(full)/6-31G*(TT) B3LYP/6-311G(3df, 3pd)(GT) 157.35

MP2(full)/6 -311G**(TG) B3LYP/6-311G(3df, 3pd)(GT) 356.87

Chem. Eur. J. 2000, 6, No. 16
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MP2(full)/6-31G(d) and MP2(full)/6-311G(d, p) methods,
respectively, are also reported. A comparison of the calcu-
lated and experimental relative energies is presented in
Table 3 and shows the excellent agreement with the relative
energies calculated with the QCISD(T)/6-311G** method,
using the geometrical parameters corresponding to the rota-
tional constants which better compare with the experimental
data of each rotamer. Relying on the previous results we can
expect that the GG’ rotamer is 271 cm~! higher in energy than
the GT rotamer.

It is well-known that a high energy conformer can relax to a
more stable one during a supersonic expansion, provided that
the interconversion barrier is not much higher than k7, where
T is the temperature before of the expansion.’” To check if
such a phenomenon could explain the nonobservability of the
GG’ species, a further investigation was performed to
calculate the interconversion barriers of the GG’ rotamer to
the more stable GT and GG rotamers. We optimized the
geometry of the transition states with the B3LYP/6-311G (3df,
3pd) method, and calculated the energy differences using the
QCISD(T)/6-311G** method. Torsional barriers of 696 cm™!
and 1541 cm~! were obtained, respectively; they are much too
high to account for a conformational relaxation.

In Table 2 the dipole moments obtained with the B3LYP/6-
311G (3df, 3pd) (set I) and QCISD(T)/6-311G** (set II)
methods calculated at the optimum geometries of each
rotamer are compared to the experimentally estimated values.

Conclusion

The rotational spectra of four conformers of fluorobutane
have been assigned combining conventional and free jet
microwave spectroscopy. This represents, to our knowledge, a
shared “record” as regards the number of rotamers assigned
with microwave spectroscopy for a given molecule. Several
torsionally excited states have also been analyzed. From
experimental data, the 2D potential energy surface of the two
skeletal torsions that generate the conformational equilibria
have been determined by using a flexible model approach.
The quality of the fitting, and even the choice of the potential
energy function, would be improved if precise vibrational
spacings became available, either from far infrared or single
vibronic fluorescence levels experiments. These data are,
however, difficult to obtain due to the presence of numerous
species in the complex equilibrium mixture.

By combining the experimental and the theoretical ab initio
approaches we were able to perform a thorough investigation
on the conformational dynamics and energetics of all the five
rotamers of fluorobutane. The different techniques employed,
on the one hand substantiated the results obtained by giving
complementary information, on the other hand they allowed
better assessment of the accuracy of the theoretical methods
used. In fact, initially the ab initio calculations performed at
the MP2(full) level of theory with the 6-31G(d) and 6-311G(d,
p) basis sets supported the assignment of the rotational
spectra of the GT, TT, and TG rotamers. Subsequently, the
comparison with the experimental data revealed that the
nonbonded F-H interactions were not properly accounted
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for and that more polarization functions had to be included in
the basis set of the GT, GG, and GG’ rotamers. Moreover,
using the B3LYP/6-311G (3df, 3pd) method, it was revealed
that accurate results are obtained from a delicate balancing of
the description of the electronegativity effects and of the
nonbonded F-H interactions of the fluorine atom.

The assignment of the rotational spectrum of the GG’
conformer would have given completeness to this investiga-
tion. Unfortunately, we were unable to record it. A combi-
nation of factors such as a higher conformational energy with
respect to the ab initio value and a predominant b-type
spectrum could explain this failure. Only a few of its weaker
transitions are suitable to be observed with the RFMWDR
technique in the frequency range available to our conven-
tional spectrometer. Some of these could fall, as predicted by
the calculated rotational constants, in a frequency range
crowded with much more intense signals belonging to other
conformers. As to the jet conditions, only a few calculated
doublet transitions looked promising for the assignment of the
GG’ spectrum, but we could not identify them.

The relative energies of the observed conformers obtained
in this work show that the order of stability of the various
conformers changes considerably with respect to chlorobu-
tane; the order of increasing energy is TT, GT, GG, TG, GG’
for chlorobutane, and GT, TT, GG, GG’, TG for fluorobutane.

Experimental Section

Chemicals: 1-Fluorobutane was prepared from 1-bromobutane and
potassium fluoride in sulfolane at 200°C. A stirred solution of 1-bromo-
butane (67 g, 0.49 mol; Aldrich) in dry sulfolane (600 mL) was heated with
dry potassium fluoride (70 g, 1.2 mol) to 180200 °C under nitrogen for 5 h.
The 1-fluorobutane was collected in a trap at —78°C and distilled over a
Vigreux column; b.p. 32.5°C; yield 26 g (69 % ).

Microwave spectrometers: The microwave spectra were recorded with a
free jet millimetre wave spectrometer!®! (FI-AMMW) in the frequency
ranges 60-78 GHz and with a conventional Stark modulated microwave
spectrometer’” in the frequency ranges 26—40 GHz. In the latter case the
cell was kept cold at about —40°C. The jet was obtained by expanding a
mixture of the sample in argon (ca. 2 %) at a stagnation pressure of 0.2 atm
at room temperature, to a final pressure of 103 Torr. The nozzle diameter
was 0.35 mm.
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Metal-Induced B—H Activation: Addition of Methyl Acetylene Carboxylates
to Cp*Rh-, Cp*Ir-, (p-cymene)Ru-, and (p-cymene)Os Half-Sandwich
Complexes Containing the Chelating 1,2-Dicarba-closo-dodecaborane-

1,2-dithiolate Ligand

Max Herberhold,* Hong Yan, Wolfgang Milius, and Bernd Wrackmeyer*!?]

Abstract: The reactions of the 16e half-
sandwich ~ complexes  [Cp*M{S,C,-
(BiyHyp)}] (1: M=Rh; 2: M=Ir)
and  [5%-(4-isopropyltoluene)M(S,C,-
(BioHyp)] (3: M=Ru; 4: M=0s) with
both methyl acetylene monocarboxylate
and dimethyl acetylene dicarboxylate
were studied in order to obtain more
evidence for B—H activation, ortho-met-
alation, and B(3,6)-substitution of the
carborane cluster. In the case of rhodi-
um, the reaction of 1 with methyl
acetylene monocarboxylate led to new
complexes after twofold insertion into

insertion together with B-substitution at
the carborane cage (8). In the case of
iridium, the reactions of 2 with methyl
acetylene monocarboxylate gave two
geometrical isomers 10 and 11, in which
the alkyne is inserted into one of the
Ir—S bonds, followed by hydrogen trans-
fer from the carborane via the metal to
the former alkyne and formation of an
Ir—B bond. Only one type each (12 and

Keywords: B—H activation - carbor-
anes - insertions - sulfur - transition
metals

13) of these isomers was obtained from
the reactions of the ruthenium and
osmium half-sandwich complexes 3 and
4. The 16e starting materials 1—4 react-
ed with dimethyl acetylene dicarboxy-
late at room temperature to give the
complexes 14-17, respectively, which
are formed by addition of the C=C bond
to the metal center and insertion into
one of the metal—sulfur bonds. The
proposed structures in solution were
deduced from NMR data (‘H, "B, 1*C,
15Rh NMR), and X-ray structural anal-
yses were carried out for the rhodium

one of the Rh—S bonds (7), and twofold

Introduction

Although numerous organothiolato complexes of transi-
tion metals have been reported, and in some cases their
chemistry has been studied,!! the chelating 1,2-dicarba-closo-
dodecaborane(1,2)-dithiolate ligand has received only
scant attention. In the 16e half-sandwich complexes
[CP*M(S,Ca(ByoHy)}] [M=Rh (1,2 Ir (2)*¥] and [(p-
cymene)M(S,C,(B,;Hyp)}] [M=Ru (3), Os (4)],) the metal
centers, the metal—sulfur bonds, and the B(3,6)—H bonds of
the o-carborane cage are reactive sites for interactions with
unsaturated substrates. We have shown recently that the
reaction of 1 with methyl acetylene monocarboxylate can be
controlled to give selectively a 3,6-disubstituted o-carborane
derivative (Scheme 1). This reaction must follow a fairly
complex pathway, for example involving not only addition!”
of the C=C bond to the metal center, insertion of the C=C

[a] M. Herberhold, B. Wrackmeyer, H. Yan, W. Milius
Laboratorium fiir Anorganische Chemie der Universitdt Bayreuth
95440 Bayreuth (Germany)
Fax: (+49)921-55-2157
E-mail: Max.Herberhold@uni-bayreuth.de
B.Wrack@uni-bayreuth.de
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complexes 7 and 8.

Rh——S Rh——S
(l; +2 MeO,C—=-H / I

C
s _— \
N CHCl,, 62°C N /// B) CO,Me
C.
\ meoc  NeZ
\—o17
1 5

Scheme 1. Reaction of 1 with methyl acetylene monocarboxylate to give 5.

unit® into the metal—sulfur bond, and B—H activation,! but
also formation and cleavage of a metal—B bond, and therefore
further studies were indicated. Insertion of the C=C unit was
found in the case of the reaction of 1 with dimethyl acetylene
dicarboxylate,l! and analogous products have been obtained
from the reaction of [CpCo{S,C,(B,H,,)}] with alkynes.['"]
Bearing in mind that selective B-substitution of the o-
carborane cage is still a challenge,[''l and that the concept of
transition metal induced activation of element—hydrogen
bonds is of considerable interest,['?l we have tried to obtain
more information on the reaction of 1 with methyl acetylene
monocarboxylate (Scheme 1), and we have also studied the
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behavior of other comparable 16e half-sandwich complexes of
iridium (2), ruthenium (3), and osmium (4) towards methyl
acetylene carboxylates.

Results and Discussion

Reaction of 1 with methyl acetylene monocarboxylate: The
results are summarized in Scheme 2. If the reaction of 1 with
MeO,C—C=CH is carried out in boiling chloroform, the main
product is 5, as reported previously.®) However, the same
reaction in CH,Cl, at room temperature affords several
products of which three (5, 7, 8) could now be isolated and
fully characterized. A minor product 6 is almost insoluble, and
so far we have failed to obtain suitable crystals for X-ray
structural analysis. The molecular ion of 6 in the FD mass
spectrum suggests that it should be the dimer of the 1:1
reaction. However, the '"H and C NMR data of diluted
solutions are also consistent with a monomeric complex which
has a structure analogous to that established for the com-
plexes 14—17 (vide infra). In the cases of the two major
products, 7 and 8, NMR spectroscopy indicates that the
molecular structures, as determined by X-ray diffraction in
the solid state, are retained in solution.

Reactions of 2 with methyl acetylene monocarboxylate: The
iridium complex 2 reacts with MeO,C—C=CH as shown in
Scheme 3. There is again a fairly insoluble product 9,

Abstract in German: Die Reaktionen der 16e Halbsandwich-
komplexe [Cp*M{S,C,(B;,H,5)}] (1, M=Rh, 2, M=1Ir) und
[n5-(4-Isopropyltoluol) M{S,C,(B,,H,0)}] (3, M=Ru, 4 M=
Os) mit Acetylenmonocarbonsdiure-methylester und Acetylen-
dicarbonsdure-dimethylester wurden untersucht, um weitere
Hinweise auf B-H-Aktivierung, ortho-Metallierung and
B(3,6)-Substitution des Carboran-Clusters zu erhalten. Im Fall
von Rhodium fiihrte die Reaktion von 1 mit Acetylenmono-
carbonsdure-methylester zu neuen Komplexen nach zweifa-
cher Insertion in eine der Rh-S Bindungen (7), bzw. nach
zweifacher Insertion und zusdtzlicher B-Substitution am
Carboran-Geriist (8). Im Fall von Iridium ergaben die Re-
aktionen von 2 mit Acetylenmonocarbonsiure-methylester
zwei geometrische Isomere 10 und 11, in denen jeweils die
C=C-Bindung in eine der Ir-S Bindungen insertiert, ein
Wasserstoff vom Carboran iiber das Metall zu dem ehemaligen
Alkin-Kohlenstoffatom iibertragen, und eine Ir-B Bindung
ausgebildet worden war. Nur jeweils ein Typ (12 bzw. 13)
dieser Isomere wurde bei den analogen Reaktionen der
Ruthenium- (3) und Osmium Halbsandwichkomplexe (4)
erhalten. Alle 16e Edukte 1-4 reagierten mit Acetylen-
dicarbonsdure-dimethylester schon bei Raumtemperatur zu
den Komplexen 14— 17, die unter Addition der C=C-Bindung
an das Metall und Insertion in eine der Metall-Schwefel
Bindungen entstanden waren. Die vorgeschlagenen Strukturen
in Losung beruhen auf NMR Daten ("H, "' B, 3C, "> Rh NMR),
und fiir die Rhodiumkomplexe 7 und 8 wurden Rontgenstruk-
turanalysen durchgefiihrt.
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1/2 {Cp*Rh[HCC(CO,Me)SC,S(B1oH10)}2

6
MeO,C—=—H \@
MeO,C.
Rh
J s
Rh——S l
Me0,C~ Xx—5 C

/4
A N
\C\ /\ 2 MeO,C—==-H \ /\

-
’

3 MeO,C—H 7
MeOZC\é’
T

S C

MeOZC
R

X

MeOZC . B:

2 MeO,C—=—H

MeO,C

Scheme 2. Reactions of 1 with methyl acetylene monocarboxylate.

1/2 {Cp*IHCC(CO,Me)SC5S(B1oH1o)l}:

: =

T MeO,C I |S
MeO,C—=H H \ c
/1

s\sz
Ir S A /\

|
s/\c//c

\ MeO,C—==H

Scheme 3. Reactions of 2 with methyl acetylene monocarboxylate.

analogous to 6. A labile complex 10 was isolated in a mixture
with the more stable 11. According to the NMR data (see
Table 1) these complexes are geometrical isomers with the
same structural units. However, there is a cisoid structure in 10
and a transoid structure in 11 (cisoid and transoid: the n?-
(S)CH=CH and the B—C(1) bonds in the coordination sphere
of the metal point into the same (cisoid) or into opposite
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directions (transoid)). Both complexes 10 and 11 possess an
Ir—B bond, and a hydrogen atom has been transferred from
boron to the olefinic carbon atom which had been attached to
the iridium center in the first insertion product (see
Scheme 6). This hydrogen transfer is stereoselective. The
stereochemistry of the insertion is the same as that which must
be assumed for the analogous reaction of 1, taking into
account the structures of 5,/ 7 and 8. However, in the case of
the reaction of 1 with MeO,C—C=CH, we have failed to detect
such complexes with Rh—B bonds, although rhodium com-
plexes of this type are formed if other alkynes (e.g. phenyl-
acetylenel®) are used. It is also noteworthy that there is no
further reaction of either 10 or 11 with MeO,C—C=CH, in
contrast to the situation for 1. The derivative 11 with the
transoid arrangement of the #>-EC(H)=C(H)CO,Me and the
B—C(1) bond is the final product. NMR spectra of solutions
containing 10 and 11 show a steadily decrease in the signal
intensities for 10, and the signal intensities for 11 increase. It is
not quite clear as yet how 10 is converted into 11.0°! Further
intramolecular rearrangements were not observed.

Reactions of 3 and 4 with methyl acetylene monocarboxylate:
The ruthenium and osmium complexes 3 and 4 react with
MeO,C—C=CH in the same way as 2 to give the complexes 12
and 13, each with a M—B bond (Scheme 4). The 3C NMR data

@/L Meozcjz \/f\

MeO,C—==-H
\ c///\ 2
12 (transoid)

%
3, 4 /@

M =Ru, Os Os

i
H S\C\///'B'\

MGOQC

13 (cisoid)

Scheme 4. Reactions of 3 and 4 with methyl acetylene monocarboxylate.

(Table 1) suggest that a transoid structure is present in 12 and
a cisoid structure in 13. In contrast to the case of 10 and 11,
there were no further rearrangements observed for 13 after
prolonged time at room temperature or after heating at 60°C
in CDCI; solution.

3028
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Reactions of 1-4 with dimethyl acetylene dicarboxylate:
Although there is no firm evidence so far, it must be assumed
that the first product in all reactions of 1-4 with
MeO,C—C=CH arises from oxidative addition of the C=C
bond to the 16e metal center, followed by insertion into one of
the metal—sulfur bonds. Such a product 14 was indeed
obtained from the reaction of 1 with MeO,C—C=C—CO,Me,"
and we have found now that the analogous addition/insertion
products 15-17 are the result of the reactions of
MeO,C-C=C-CO,Me with the 16e complexes 2-4
(Scheme 5). These complexes are fairly stable with respect

MeO,C

M\S
MeO CI/ (I;
o 8\01///\
=-CO,Me A\

AN
s/\C //;\

N\ MeO,C
|2]3| 14|15|1e| 17
M=Rh | Ir Ru,Os M=Rh| Ir Ru[Os
ring = Cp*| Cp* | p-cymene ring = Cp*|Cp* | p-cymene

3 days
110 °C Y toluene

MeOzc
MeO,C

c1/

Scheme 5. Reactions of 1-4 with dimethyl acetylene dicarboxylate.

to further rearrangements. Thus, heating in boiling toluene for
three days was necessary to enforce the conversion of 15 into
18. The progress of the reaction could be monitored by "B
NMR spectroscopy, and the appearance of a new "B NMR
signal at 6 = —24, typical of the carborane cage Ir—B bond,
indicated the rearrangement.

Mechanistic implications: The reaction pathway leading from
1 to 5—as had been suggested in part previouslyl®l—is
summarized in Scheme 6. Although there are still a few gaps
with respect to isolated intermediates, most of the types of
complexes shown in Scheme 6 have been identified or even
characterized by X-ray structural analysis (exceptions are A
and C). The equilibrium between B and B’ is assumed in order
to explain B—H activation, since the structure B appears to be
fairly rigid, and the rhodium atom cannot come close to the
B(3)—H or B(6)—H positions of the carborane cage. In the
structure B’ the thodium atom would be more mobile than in
B, and therefore can approach reactive sites at the carborane
cage in order to take over a hydrogen atom as shown in C. The
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P B to E, and in 7 the strength of
S + Meoc=—H CP'RA_ >(B10H10) the coordinative S — Rh bond
Cr'Rh j>(B1°H1°) =S may be increased, hamperin
g MeO,C~ _ H y 1nere ) pering
1 A further reactions. In the com-
l plexes 14-17, the presence of a
second carboxylate substituent
_S *Rh/s . .
Cp*Rh j>(B10H10) cp*Rh\j> B1oH10) MeOzC N J>(B10H10 may also cause an increase in
J\ S — +MeOL—="1 s the strength of the respective
MeO,C \/ MeO2C Xy H . . .
H Moot H coordinative S — M bond, since
B’ B (cf. 14 -17) o these derivatives are exception-
l H)W_J\H ally stable examples of type B.
5 5 CoRh-S B\ COo;M It can be expected that the 16e
i . *Rh/ \(B o) MeO,C b \ >(BgHo) complex E reacts with the al-
Cp R~ ~(Bofe) Ve Csu‘:' e y kyne to give the addition/inser-
MeO,C s . S tion product F. If a second
! H H MeO,C H . !
c D (cf. 10-13) 8 1nsert10n. takes place, the com-
+ MeO,C—=—H T plex 8 is formed as another
i H H stable product, for the same
H H reasons as discussed for 7. How-
COzMe . .
B CO,Me ever, in competition, the analo-
s</\ +Me0,C—=-H Cp*Rh (B9H9 int lecul
corll ety —— gous intramolecular rearrange-
P ~g MeO,C ments as from B to E will
E (cf.1and 5) H E(fiB) transform F i.nto the 16e com-
l plex 5, in which both the B(3)
H H H H and B(6) positions are substi-
cozme tuted. This twofold substitution
COzMe
*Rh BaHa then helps to protect the 16e
Cp*Rh (BBHS) MeOzC complex 5 against further reac-
CO Me tions with the alkyne.
5 H H G (cf.D)
Scheme 6. Mechanism proposed for the reaction of [Cp*Rh{S,C,(B;H,o)}] (1) with methyl acetylene NMR spectroscopic results:
monocarboxylate (complexes assigned to capital letters were not isolated). The *C NMR data are given

hydrogen atom is passed stereoselectively to the olefinic
carbon atom to give complex D which has a structure
comparable to that of 10—13. Apparently, the insertion of a
second alkyne (from B to 7) competes with the pathway from

Table 1. BC NMR datal® of the complexes 6 and 9-17.

in the Tables 1 and 2, whereas
'H, !B and !Rh NMR data are listed in the Experimental
Section. In all cases, the NMR spectroscopic results are in
support of the proposed structures in solution. Both 'H and
13C NMR spectra (see Figure 2) indicate that the complexes

E,C,B,Hy, Cp* or p-cymene C-E C—M C=0 Me-O
6 91.8,94.9 9.6, 101.3 [5.7] 117.1 168.8 [37.0] 171.9 51.4
9 90.2, 92.4 8.9, 95.7 118.8 151.9 172.5 51.2
10 94.1,97.5 8.8,103.8 58.9 29.6 174.4 51.6
11 101.3,105.7 8.9, 100.6 53.7 50.0 171.7 51.6
12001 105.8, 105.9 17.6, 20.9, 25.3, 31.5, 95.9, 98.2, 102.1, 103.4, 105.9, 120.4 67.4 56.1 175.8 521
105.4, 106.1 19.2, 21.3, 24.5, 30.5, 96.2, 98.4, 101.9, 102.5, 112.4, 113.9 67.7 55.3 176.2 52.3
13 93.3,100.3 18.5, 23.3, 23.6, 30.9, 90.7 (broad), 95.1 (broad), 97.8, 98.6 57.8 28.9 179.1 51.9
14 77.7,97.2 9.3,100.3 [5.8] 123.0 182.2 [28.4] 158.5 [2.0], 168.5 52.0,52.7
15 73.3, 94.6 9.0, 94.8 129.4 169.5 162.4, 165.4 51.9,52.4
16 76.1, 94.6 19.0, 22.8, 30.8, 88.3, 88.5, 88.9, 91.5, 105.1, 107.6 122.8 187.5 157.5,172.9 52.0,52.2
17 72.5,94.0 18.9, 23.0, 23.3, 30.8, 80.3, 80.9, 84.5, 98.2, 99.2 129.7 172.6 161.6, 171.0 51.9, 52.0

[a] The complexes 6 and 9—13 were measured in CDCl;, 14-17 in CD,Cl,, at 22°

by dynamic processes. [b] Measured at —30°C; two isomers (ratio ~1.6:1) as a

Table 2. PC NMR datal®! of the complexes 5, 7, and 8.

C; J('®Rh,"3C) (£0.5 Hz) in brackets; (broad ) denotes signals broadened
result of hindered rotation of the p-cymene ring.

E,C,B,H,, Cp* C-E C-C-E C-C-Rh C-Rh =C-B C=C-B C=0 Me—O

5 994 103,99.5[74] - - - - 1382 (br) 1326  167.1 51.0

7 93.9,100.0 9.0,103.1[5.1] 125.8 1453 [2.7] 107.9 165.6 [36.0] - - 165.6, 172.8 52.1,53.1

8 91.5[12],954[1.7] 89,1033 [52] 1280[L.7] 1455 [2.8] 105.6 162.8 [36.0] 139.0 (br) 1335  165.1, 166.6, 172.8 [0.6] 50.9, 52.2, 52.9

[a] In CDCl;, at 22°C; J('*Rh,'*C) (£ 0.5 Hz) in brackets; (br) denotes signals broadened by partially relaxed '*C-!'B coupling. [b] Data from reference [6].
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12 and 13 are fluxional with respect to rotation of the p-
cymene ligand about the metal-ring-centroid axis. All ''B
NMR spectra show the typical pattern of signals for o-
carborane derivatives, [l and the "B NMR signal of the
boron atom linked to the metal is readily identified by
comparison of 'H coupled and 'H decoupled "B NMR
spectra. The *C NMR spectra are particularly instructive (cf.
Figures 1 and 2) for structural assignments. By inspection of
the data sets available for related complexes, together with
direct structural information,* ' the §('*C) data can be used
to distinguish between cisoid and transoid structures (see e.g.
the data for 10/11 and 12/13): there are significant changes in
the '"H NMR data (see Experimental Section), and both in the
O0(**C)(carborane) and in the §(**C) values of the terminal
carbon atom of the coordinated C=C bond. Chemical shifts
O0(1®Rh) were determined by heteronuclear 'H{!®*Rh} double-
resonance experiments,'® which also allowed one to differ-
entiate between coupling constants J("H,'H) and J('**Rh,'H).
The O6('Rh) values of 7 (+439+1) and 8 (+462+1) are
similar, in agreement with the comparable structural features
in the vicinity of the rhodium atom.

X-ray structural analyses of the complexes 7 and 8: The
molecular structures of the rhodium complexes 7 and 8 are
shown in the Figures 3 and 4, respectively. In each case, the
rhodium atom is part of a bicyclic ring system fused at the
Rh—S(1) bond with angles close to 90°. Both the five- and the
six-membered rings are nonplanar. The arrangements of the
carborane cages are different in 7 and 8 with respect to B(3)
and (B6). In 7, the rhodium atom is tilted owing to the
nonplanar five-membered ring into the direction of B(6) and a
similar tilt is observed in the case of 8 towards B(3), B(6)
being already substituted. In both complexes, the coordinative
S(1) - Rh bond is somewhat shorter (8—9 pm) than the
Rh—S(2) bond. Clearly, if this coordinative bond would be
sufficiently weak, the rhodium atom could approach more
easily the site of B(6)—H (in 7) or B(3)—H (in 8). The bond
length C(1)—C(2) in the 16e complex 5 is shorter (by 4—5 pm)
than in the 18e complexes 7 and 8. Otherwise, the structural
features of the carborane cages in 5, 7, and 8 remain
unchanged. There is a rather large bond angle C(12)-C(11)-
B(6) (132.6°), similar to the analogous data for 5 with the 3,6-
disubstituted carborane cage.

Conclusion
) P) 0) 0)
Meozlf &h In the course of the reactions of
5/ / ™~ the 16e half-sandwich com-
M) DI ¢ plexes 1-4 with methyl acety-
Meﬁzc J) ¢ A\ / lene carboxylates firm evidence
c) IMeo,c K)_ )? of metal-induced B—H activa-
E) H?D) cocl, LMN)H) G) tion is provided by the identi-
J) fication of the iridium, rutheni-
K) ')“/J‘F) [I)) G) A‘) B) um, and osmium complexes
. - : 10-13 and 18, in which a
'613('0)1;30 " 140 120 100 80 60 40 20 ' metal-boron bond is present.

Figure 1. 62.9 MHz *C{'H} NMR spectrum of the rhodium complex 8 in CDCl; measured at 22°C. All sixteen
13C resonances are visible. The 3C(1,2) carborane signals, marked (A) and (B), are somewhat broader and less
intense than the other signals of quaternary carbon atoms, and there is the typical broad signal of the olefinic
carbon atom (G) linked to boron by a two-center, two-electron (2c/2e) bond. The C(F) resonance signal is
observed as a doublet with “J(!*Rh,"*C) =36.0 Hz.

Os.
MeOzC D K,L)
; C) H)
) ke >$B , D)
S~ B
S C\ /\ |,J)G)
N)
E) 13 A) ‘B)
'S‘S(IC')ﬂ'so' "Ti0 120 100 80 60 40 20

Figure 2. 62.9 MHz BC{'H} NMR spectrum of the osmium complex 13 in CD,Cl, at 22°C. All 3C NMR signals
are observed. Note the broad signals (N) and (M) for the quaternary carbon atoms of the p-cymene ring,
indicating slow rotation of this ring about the Os-ring-center axis.
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Although the analogous rhodi-
um complexes could not be
detected, the structures of the
products, in particular those of
5 and 8, leave no doubt that the
mechanistic proposals are cor-
rect and consistent. Both, the
alkyne insertion reaction and
the hydrogen transfer proceed
with remarkable stereoselectiv-
ity. Geometrical isomers, as in
the case of 10 and 11, arise from
the orientation of the C(1)-
C(2)-B plane at the metal cen-
ter. It is not clear at present why
the transoid complexes are
sometimes favored (e.g. 11, 12)
and sometimes not (13). How-
ever, it is beyond doubt that
further intramolecular
rangements leading to substitu-
tion of the carborane cage can-
not take place readily in the
transoid complexes.

rear-
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Figure 3. Molecular geometry of the rhodium complex 7. Selected bond
lengths [pm] and angles [°]: Rh—C(3) 204.3(3), Rh—ring centroid 186.9,
Rh—S(1) 228.47(10), Rh—S(2) 236.40(10), S(1)—C(6) 175.2(4), S(1)—C(1)
180.8(4), S(2)—C(2) 177.6(4), C(1)—C(2) 167.9(5), C(3)—C(4) 134.5(6),
C(4)—C(5) 144.9(6), C(5)—C(6) 135.5(5), C(3)—C(7) 150.5(6), C(5)—C(9)
150.4(6), C(1)—B(6) 171.8(5), C(2)—B(3) 174.5(6); C(3)-Rh-S(1) 92.23(12),
C(3)-Rh-S(2) 86.08(12), S(1)-Rh-S(2) 91.02(4), C(6)-S(1)-Rh 114.48(13),
C(6)-S(1)-C(1) 104.24(18), C(1)-S(1)-Rh 107.95(12), C(2)-S(2)-Rh
104.07(12), C(4)-C(3)-Rh 127.7(3), C(3)-C(4)-C(5) 129.6(4), C(4)-C(5)-
C(6) 128.6(4), C(5)-C(6)-S(1) 122.6(2), S(1)-C(1)-C(2) 114.6(2), S(2)-C(2)-
C(1) 119.7(2); S(1)-Rh-S(2)/S(1)-C(1)-C(2)-S(2) 165.3, S(1)-Rh-C(3)/C(3)-
C(4)-C(5)-C(6)-S(1) 162.4, S(1)-Rh-C(3)/S(1)-Rh-S(2) 93.9.

Figure 4. Molecular geometry of the rhodium complex 8. Selected bond
lengths [pm] and angles [°]: Rh—C(3) 203.6(3), Rh—ring centroid 1873,
Rh—S(1) 228.99(7), Rh—S(2) 237.95(8), S(1)—C(6) 175.8(3), S(1)—C(1)
182.1(3), S(2)—C(2) 177.6(3), C(1)—C(2) 166.9(4), C(3)—C(4) 134.6(4),
C(4)—C(5) 143.9(5), C(5)—C(6) 134.3(4), C(3)—C(7) 150.2(4), C(5)—C(9)
151.8(4), C(1)-B(6) 176.3(4), C(2)—B(3) 173.9(4), B(6)—C(11) 155.3(5),
C(11)—C(12) 134.0(5), C(12)—C(13) 145.6(5); C(3)-Rh-S(1) 91.30(9), C(3)-
Rh-S(2) 88.85(9), S(1)-Rh-S(2) 90.78(3), C(6)-S(1)-Rh 115.03(11), C(6)-
S(1)-C(1) 103.85(13), C(1)-S(1)-Rh 107.64(9), C(2)-S(2)-Rh 103.89(9),
C(4)-C(3)-Rh 129.2(2), C(3)-C(4)-C(5) 129.7(3), C(4)-C(5)-C(6) 128.6(3),
C(5)-C(6)-S(1)  123.0(2), S(1)-C(1)-C(2) 115.00(18),  S(2)-C(2)-
C(1).119.57(18), C(12)-C(11)-B(6) 132.6(3), C(11)-C(12)-C(13) 127.5(4);
S(1)-Rh-S(2)/S(1)-C(1)-C(2)-S(2) 164.8, S(1)-Rh-C(3)/C(3)-C(4)-C(5)-
C(6)-S(1) 165.4, S(1)-Rh-C(3)/S(1)-Rh-S(2) 91.1.

Experimental Section

General and starting materials: The preparative work was carried out by
observing all precautions to exclude air and moisture. The starting
complexes [{Cp*MCL},] (M =Rh, I1!') and [{(p-cymene)MCL},] M=
Rul'® Osl"l) were prepared according to established procedures; n-
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butyllithium (1.6M in hexane), ortho-carborane, 1,2-C,B,,H,,, and the
methyl acetylene carboxylates were used as commercial products without
further purification. The 16e complexes [Cp*M{S,C,(B,oH,)}] (M = RhB!,
Ir* 20 and [ (p-cymene)M({S,C,(B;,H;)}]F (M = Ru, Os) were obtained as
described. NMR measurements: Bruker ARX 250 and DRX 500 spec-
trometers, using 5 mm tubes with solutions in CDCl; or CD,Cl, at 20-23°C
(see also Tables 1, 2); chemical shifts are given with respect to CHCly/
CDCl; (6(*"H) =7.24; 6(**C) = 77.0) or CDHCI, §(*H) = 5.33, 6(**C) =53.8),
external Et,0-BF; (6(Y'B)=0 for Z(''B)=32.083971 MHz), and
O0('®Rh)=0 for EZ('®Rh)=3.16 MHz. Mass spectra: VARIAN MAT
CH7 for EI-MS (70 eV), direct inlet; VARIAN MAT 311A for FD-MS.
IR spectra: Perkin Elmer 983 G.

Synthesis of 5-8: Methyl acetylene carboxylate (0.38 mL, 4.5 mmol) was
added to the green solution of 1 (200 mg, 0.45 mmol) in CH,Cl, (30 mL).
The solution was stirred for three days at ambient temperature to give a
brown solution. After removal of the solvent, chromatography of the
residue on silica gel (Merck, Kieselgel 60) gave 6 (orange), 7 (red), and 5
(green) by elution with CH,Cl,. Further elution with CH,CL/THF (50:1)
afforded 8 as a red zone.

5: Yield 25 %; m.p. 202°C (decomp); C,H33BiO,RhS,: caled: C 39.21, H
5.43, B 17.65; found: C 38.87, H 5.35, B 18.10. Spectroscopic data as
reported previously.[!

6: Yield 5%; m.p. 190°C (decomp); 'H NMR (CDCl;): 6 =1.71 (s, 15H;
Cp*), 3.61 (s, 3H; OMe), 5.11(s, 1H; CH); "B NMR (CDCL): 6= —9.5,
—5.4(5:5); IR (KBr) [em']: 7 = 2572, 2593 (B-H); 1698 (COOMe); EI-MS
(70 €V): miz (%): 613 (4, [M* — [Cp*Rh(S,C,ByoH o)1), 529 (25, 1/2[M]*),
444 (100, [Cp*Rh(S,C,B1,Hio)]).

7: Yield 50 %; m.p. 232°C (decomp); C,,H3;B,,0O,RhS,: caled: C 39.21, H
5.43,B 17.65; found: C 38.31, H 5.35, B 18.20; '"H NMR (CDCl;): 6 = 1.63 (s,
15H; Cp*), 3.69 (s, 3H; OMe), 3.88 (s, 3H; OMe), 6.73 (d, Jpny =2.7 Hz,
1H; CH), 7.54 (d, Jrny = 0.8 Hz, 1H; S-CH); "B NMR (CDCl;): 6 = —12.7,
—10.2, =75, —5.3 (1:3:3:3); 'Rh NMR (CDCl): 6 =439+ 1; IR (KBr)
[em~1]: 7=2566, 2592, 2602, 2611 (B—H); 1693, 1702, 1723 (COOMe); EI-
MS (70 eV): m/z (%): 613 (25, [M*]).

8: Yield 10 %; m.p. 260°C (decomp); 'H NMR (CDCl;): 6 =1.62 (s, 15H;
Cp*), 3.66 (s, 3H; OMe), 3.75 (s, 3H; OMe), 3.80 (s, 3H; OMe), 6.13 (d,
Junp=15.0Hz, 1H; B—CH=, br.), 6.23 (d, Jy=15.0 Hz, 1H; CH=), 6.56
(d, Jrnp=2.6 Hz, 1H; CH), 7.55 (d, Jgpy=0.9 Hz, 1H; S—CH); "B NMR
(CDCly): 0=—13.4, —9.3, —8.0, — 5.6, —3.8 (1:3:1:3:2; the broad B(CH,)
signal overlaps with the resonances at 6 =—3.8 and —5.6); '®Rh NMR
(CDCL): 0=462+1; IR (KBr) [cm™']: #=2589 (B-H); 1702, 1729
(COOMe); EI-MS (70 eV): m/z (%): 697 (41, [M]*).

Synthesis of 9-11: The complex 2 (106 mg; 0.2 mmol) and methyl
acetylene carboxylate (0.18 mL, 2.0 mmol) were dissolved in CH,Cl,
(20 mL). The mixture was stirred for three days at ambient temperature.
The color changed slowly from purple (2) to yellow. The products were
isolated by chromatography (Merck, Kieselgel 60) using hexane/CH,Cl,
(1:1) as eluent.

9: Yield 15%; m.p. 233°C (decomp); 'H NMR (CDCl;): 6 =1.75 (s, 15H;
Cp*), 3.62 (s, 3H; OMe), 5.08 (s, 1H; CH); "B NMR (CDCl,): 6= — 9.8,
~4.9 (5:5); IR (KBr) [em™]: #=2575, 2593 (B—H); 1699 (COOMe); FD-
MS: miz (%): 1235 (100, [M]").

10: Yield, 30% (in mixture with 11). "H NMR (CDCl;): 6 =1.82 (s, 15H;
Cp*), 3.68 (d, Jun=84Hz, 1H; CH), 3.74 (s, 3H; OMe), 5.39 (d, Jyu=
8.4 Hz, 1H; CH); "B NMR (CDCl;): 6 =—27.7 (Ir—B; all other signals
overlap with those of 11); IR (KBr) [em™']: #=2581 (B—H); 1720
(COOMe); EI-MS (70 eV): m/z (%): 618 (100, [M]*).

11: Yield 50 %; m.p. 176 °C (decomp); '"H NMR (CDCl;): 6 =1.83 (s, 15H;
Cp*), 3.75 (s, 3H; OMe), 4.40 (d, Jy;, s =8.6 Hz, 1H; CH), 5.30 (d, Jyu=
8.6 Hz, 1H; CH); "B NMR (CDCL): 6 = —23.9 (Ir—B), — 11.2, - 8.5, = 7.1,
—-6.0, —4.0 (1:3:1:2:1:2); IR (KBr) [ecm™!]: #=2579 (B—H); 1718
(COOMe); EI-MS (70 eV): m/z (%): 618 (100, [M]*).

Synthesis of 12, 13: The complexes 3 (88.4 mg; 0.2 mmol) or 4 (106.4 mg;
0.2 mmol) and methyl acetylene carboxylate (0.18 mL, 2.0 mmol) were
dissolved in CH,Cl, (20 mL). The solution was stirred for 2 h (for 12) or
2 days (for 13) at ambient temperature. The color changed from blue (3) or
from purple (4) to brown-red. Column chromatography on silica gel
(Merck, Kieselgel 60) gave 12 or 13 by elution with hexane/CH,Cl, (1:2).
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12: Yield 75 %; m.p. 150 °C (decomp). Two isomers in solution (ca. 1.6:1 at
243 K) due to hindered rotation of the p-cymene ligand: '"H NMR (CDCl;,
243 K): 0=1.22 (d, Jyz=6.7 Hz, 3H; CH(CH,),), 1.32 (d, Jyi =6.7 Hz,
3H; CH(CHs),), 227 (s, 3H; CHj), 2.88 (sept. Juy=06.7Hz, 1H;
CH(CHa;),), 3.75 (s, 3H; OMe), 4.01 (d, Jyx=38.9 Hz, 1H; CH), 4.42 (d,
Jun=06.0Hz, 1H; CH,), 522 (d, Jyn=8.9 Hz, 1H; CH), 545 (d, Jyu=
6.0 Hz, 1H; CiHy), 6.02 (d, Jyy iy =6.0 Hz, 1H; C¢H,), 6.37 (d, Jy ;s = 6.0 Hz,
1H; C¢H,); minor isomer: 'H NMR (CDCl;, 243 K): =107 (d, Jyu=
6.5 Hz, 3H; CH(CHs;),), 1.19 (d, Jy ;s = 6.5 Hz, 3H; CH(CHs),), 2.45 (s, 3H;
CHs,), 2.88 (sept. Jy y = 6.7 Hz, 1 H; CH(CHs;),), 3.75 (s, 3H; OMe), 4.01 (d,
Jun=289Hz, 1H; CH), 449 (d, Jyu=6.0Hz, 1H; CH,), 534 (d, Jyu=
8.9 Hz, 1H; CH), 5.70 (d, Jizy =6.0 Hz, 1H; CsH,), 5.95 (d, Jy;; = 6.0 Hz,
1H; C¢H,), 6.37 (d, Jyy = 6.0 Hz, 1H; C¢H,); the following data are for the
mixture of the two isomers: 'B NMR (CDCl;, 243 K): 6 = — 6.5 (broad);
"B NMR (CDCl;, 293 K): 6 =—11.5, —9.3, —8.3, - 70, —6.2, —4.2, —2.8
(overlapping signals without assignment of Ru—B); IR (KBr) [cm™']: =
2582 (B—H); 1705 (COOMe); EI-MS (70 eV): m/z (%): 526 (82 %, [M]*).
13: Yield, 85%; m.p. 173°C (decomp); 'H NMR (CDCL): 6 =1.22 (d,
Jun=06.7Hz, 3H; CH(CHa),), 1.24 (d, Jyy = 6.7 Hz, 3H; CH(CH,),), 2.64
(s, 3H; CHj;), 2.74 (sept. Jyu = 6.7 Hz, 1 H; CH(CH3,),), 3.73 (s, 3H; OMe),
323 (d, Jyu=81Hz, 1H; CH), 4.92 (d, Jyu=>5.4Hz, 1H; CH,), 5.38
(broad 1H; CH,), 5.55 (broad, H; CH,), 5.55 (d, Jyy =8.1 Hz, 1H; CH),
6.13 (d, Jun=5.4 Hz, 1H; CH,); "B NMR (CDCl): 6 =—19.1 (Os—B),
—14.2, —12.6, —11.2, —4.8 (1:1:1:2:5); IR (KBr) [em™']: #=2570, 2588
(B—H); 1712 (COOMe); EI-MS (70 eV): m/z (%): 615 (72, [M]").
Synthesis of 14—17: Dimethyl acetylene dicarboxylate (0.13 mL, 1 mmol)
was added to a solution of 1-4 (0.2 mmol) in CH,Cl, (20 mL) at room
temperature. The color of the mixture turned red immediately. Evapo-
ration of the solvent under reduced pressure gave a red residue which was
recrystallized from a mixture of CH,Cl,/hexane. In the cases of 16 and 17,
the product mixture was first purified (before recrystallization) by
chromatography on silica gel (Merck, Kieselgel 60) using CH,Cl, as the
eluent.

14: Yield 80% (red needles), m.p. 187°C (decomp); 'H NMR (CD,CL,):
0=1.68 (s, 15H; Cp*), 3.75 (s, 3H; OMe), 3.78 (s, 3H; OMe); ''B NMR
(CD,CL): 6=-11.0, —9.2, =78, —5.8, —5.3, —4.0 (3:1:1:2:2:1); '®Rh
NMR (CD,Cl,): 6 =1049 £2; IR (KBr) [em™']: 7 =2558, 2575, 2589, 2632
(B—H); 1702, 1721 (COOMe); EI-MS (70 eV): m/z (%): 587 (5, [M]"), 444
(13, [Cp*Rh(S,C,B o Hy) ]*).

15: Yield 85 % (orange needles), m.p. 185°C (decomp); 'H NMR (CD,CL,):
0=177 (s, 15H; Cp*), 3.74 (s, 3H; OMe), 3.78 (s, 3H; OMe); ''B NMR
(CD,CL): 6=-12.4,-10.9, —9.1, = 7.9, — 5.3, —4.0 (1:2:1:1:4:1); IR (KBr)
[em™1]: 7 =2576, 2592, 2584, 2631 (B—H); 1703, 1720 (COOMe); EI-MS:
mlz (%): 676 (28, [M*]), 534 (88, [Cp*Ir(S,C,BoH,0) 7).

16: Yield 76 % (red needles), m.p. 150°C (decomp); 'H NMR (CDCLy): 6 =
1.10 (d, Jyy = 6.8 Hz, 6H; CH(CHy,),), 2.19 (s, 3H; CHj), 2.64 (sept, Jyy =
6.8 Hz, 1H; CH(CHs;),), 3.72 (s, 3H; OMe), 3.81 (s, 3H; OMe), 5.37 (d,
Jun=06.0Hz, 1H; CH,), 542 (d, Jyyu=63 Hz, 1H; CH,), 548 (Jyu=
6.3 Hz, 1H; C¢H,), 5.61 (d, Jyy=6.0 Hz, 1H; C¢H,); "B NMR (CDCL):
0=-11.1,-9.2, -75, —5.1, —4.0 (3:1:2:3:1); IR (KBr) [cm™']: #=2565,
2583, 2590, 2606, 2617, 2633 (B—H); 1714 (COOMe); EI-MS (70 eV): m/z
(%): 584 (75, [M]"), 442 (100, [(p-cymene)Ru(S,C,B,,H,()]*).

17: Yield 80 % (orange powder), m.p. 125°C (decomp); 'H NMR (CDCl,):
0=112(d, Jyg=6.8 Hz, 3H), 1.14 (d, Jyz = 6.8 Hz, 3H; CH(CH,),), 2.32
(s, 3H; CH,), 2.61 (sept, Jyy = 6.8 Hz, 1 H; CH(CH;),), 3.73 (s, 3H; OMe),
3.79 (s, 3H; OMe), 5.43 (d, Jy =5.7 Hz, 1H), 5.50 (d, Jy ;= 6.0 Hz, 1H),
5.46 (d, Jyp=6.0 Hz, 1H), 5.76 (d, Jyy=5.7Hz, 1H; C¢H,); "B NMR
(CDCLy): 6 =—12.0, —10.8, — 9.0, — 7.5, — 5.0 (1:2:1:2:4); IR (KBr) [cm™!]:
7=2584 (B—H); 1709 (COOMe); EI-MS (70 eV): m/z (%): 673 (8, [M]*),
531 (29, [ (p-cymene)Os(S,C,BoH;o) ).

Crystal structures of 7 and 8: Intensity data collections were carried out on
a Siemens P4 diffractometer with Moy, radiation (a =71.073 pm, graphite
monochromator) at room temperature. The hydrogen atoms of the
carborane cage were located by difference Fourier syntheses. The remain-
ing hydrogen atoms are in calculated positions. All non-hydrogen atoms
were refined with anisotropic temperature factors. The hydrogen atoms
were refined applying the riding model with fixed isotropic temperature
factors.

7: CyH33B,i0,S,Rh, red platelet of dimensions 0.36 x 0.16 x 0.06 mm,
crystallizes monoclinically, space group P2,/c; a=1021.74(13), b=
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2038.5(3), c=1374.1(3) pm, B="96.596(12)°, Z=4, u=0.774 mm~'; 8012
reflections collected in the range 2°—27.5° in 6, 6514 reflections independ-
ent, 5127 reflections assigned to be observed (I > 20([)); full-matrix least-
squares refinement with 335 parameters, R1/wR2 values 0.0452/0.1236,
absorption correction (¥ scans), min/max transmission factors 0.4051/
0.4598; max/min residual electron density 1.72/ —0.84 ¢ 10~ pm—.

8: C,H3B(O¢S;Rh, red plate of dimensions 0.30 x 0.18 x 0.10 mm,
crystallizes monoclinically, space group P2,/c; a=1039.90(8), b=
2125.7(2), ¢=1465.85(15) pm, Z=4, u=0.696 mm~'; 7051 reflections
collected in the range 2°-25° in 6, 5661 reflections independent, 5041
reflections assigned to be observed (I>20([)); full-matrix least-squares
refinement with 390 parameters, R1/wR2 values 0.0341/0.1019, absorption
correction (¥ scans), min/max transmission factors 0.2429/0.2681; max/min
residual electron density 0.82/ — 0.57 ¢ 107 pm~3.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-139453 (7)
and CCDC-139454 (8). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax:
(444)1223-336033; e-mail: deposit@ccdc.cam.ac.uk).
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Electrochemical Reduction of a Bridging Imide:
Generation of Ammonia at a Dimolybdenum Tris(z-thiolate) Site

Jean-Yves Cabon,!*! Christine Le Roy,?! Kenneth W. Muir,™ Francois Y. Pétillon,!?!
Francois Quentel,®! Philippe Schollhammer,®! and Jean Talarmin*!?]

Abstract: The electrochemical reduc-
tion of the imide complex [Mo,(cp),(u-
SMe);(u-NH) " (1) has been investi-
gated in THF and MeCN electrolytes by
cyclic voltammetry, controlled-potential
electrolysis and coulometry. In the ab-
sence of free protons, the electrochem-

in the shift of the equilibrium between
1* and amide dication 2** (MeCN elec-
trolyte) or induces an isomerisation of
the imide ligand (THF electrolyte). This
allows the electrolysis to be conducted
at a potential 600 mV less negative than
the reduction potential of 1. Control-

led-potential electrolyses in the pres-
ence of acid (2 equiv HTsO) produce
the ammine derivative. Ammonia is
released from these compounds either
by coordination of the solvent (MeCN
electrolyte) or by the binding of chloride
to the ammine-tosylate complex (elec-

ical reduction produces the amide de-
rivative [Mo,(cp),(u-SMe);(u-NH,)] (2)
after consumption of 1 Fmol~! of 1*. In
THEF in the presence of acid, the reduc-
tion of 1 occurs through a two-electron
process. The presence of acid also results

Introduction

We have recently described some aspects of the reactivity of
dinuclear, thiolate-bridged molybdenum complexes towards
hydrazine and substituted hydrazines.'?l Treatment of
[Mo,(cp),(u-SMe);(u-Cl) | with hydrazine afforded a complex
with a bridging amide ligand, [Mo,(cp),(u-SMe);(u-NH,)] .M
The two-electron oxidation of this complex®! produced the
imide derivative [Mo,(cp),(u-SMe);(u-NH)]™ (1), which has
now been obtained by the treatment of [Mo,(cp),(u-
SMe);(MeCN),|" with trimethylsilylazide.

This report discusses the reductive electrochemistry of 1*. It
provides the first example of the reduction of a bridging NH
ligand to ammonia, via amido and ammine derivatives, at a
conserved dinuclear metal-sulfur site, namely [Mo,(cp),(u-
SMe);]. In biological N,-fixation processes!* ! the cleavage of
the N=N triple bond is likely to lead to the formation of imido,
amido and ammine complexes, possibly at a di- or polynuclear
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trolyses in THF in the presence of acid
and chloride). The final products, iso-
lated almost quantitatively (>95%),
are [Mo,(cp),(u-SMe);(MeCN),|" and
[Mo,(cp),(u-SMe);(u-Cl) ], respectively.

complexes

nitrogen fixa-

metal-sulfur site. ) In view of this knowledge, the present
work can be seen as modelling certain steps in the reduction of
dinitrogen, although it is clear that the site involved in the
enzymatic process is not based on a pair of Mo atoms.[®7]
What is being modelled here is the reduction of an imide
ligand, which bridges two metal centres, to ammonia by
successive electron and proton transfer steps. This work also
permits the comparison of the electron transfer chemistry and
reactivity of imide ligands which bridge a pair of transition
metals to that of imide ligands bonded to a single metal
atom.[*> 10111 A partial account of this work has already
appeared in a preliminary form.!'?

Results and Discussion

Electrochemical reduction of the imide complex [Mo,(cp),-
(#-SMe);(u-NH) ]* in the absence of acid: Cyclic voltamme-
try (CV)IB3! of 1+ shows that it undergoes an irreversible,
diffusion-controlled, one-electron reduction!*! at room tem-
perature in MeCN/or THF/[NBu,][PF,] electrolytes (EC
process, Table 1).'* 15 The oxidation of the complex has not
yet been investigated. Controlled-potential electrolyses of 1+
at the potential of the first reduction peak are complete after
consumption of approximately 1 Fmol~! of starting material
and produce good yields (>80%) of the amide derivative
[Mo,(cp),(u-SMe);(u-NH,)] (2).'" Complex 2 has been
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Table 1. Redox potentials of [Mo,Cp,(u-SMe);(u-NH)]* (1) (CV meas-
urements [V] versus Fc).

solvent Erd Primary product

E?), Epd
THF -1.25 —0.65 —2.50
MeCN -1.21 —0.64 —2.49

characterized by comparing the cyclic voltammogram and
'H NMR spectrum of the solid extracted from the catholyte
(THF or MeCN electrolytes) with those of an authentic
sample. The electrosynthesis of 2 in more than 80% yield
when no added protons are present indicates that the H atoms
necessary for its formation must be provided by the solvent-
electrolyte system.[®]

However, complex 2 is not the primary product of the
reduction of 17. The primary product oxidizes at a potential
close to that of 2 (Tablel; 2: E™ =-0.64V, THF/
[NBu,][PFg]),! but no second oxidation is detected around
0V (Figure 1a), as should be the case if 2 was the primary
reduction product (2: Ep¥=—0.04 V, THF/[NBu,][PF,]).
Furthermore, the presence of an irreversible reduction at
—2.5V (Figure 1a) in the CV of 1* is not consistent with 2
being the primary reduction product, since 2 is reduced at a
much more negative potential (EF® = —339V, THF/
[NBu,][PF4]).B] We believe that the redox processes around
—0.65 Vand —2.5 V arise from a rearranged imide radical.l'”}
Two coordination modes of the N-H fragment can be
envisaged, depending on whether or not the nitrogen lone
pair is involved in bonding with the [Mo,(cp),(u-SMe);]
moiety (Scheme 1, structures A and B).

The 'H NMR spectrum of 1%, with a resonance at 6 =20.4
which we assigned to the N-H proton,[’! suggests that the
positive charge is located on the N atom (structure A). The
electrochemical reduction of the imide with A coordination,

Abstract in French: La réduction électrochimique du comple-
xe a pont imide [Mo,(cp),(u-SMe);(u-NH) J© (17) a éte etudiee
en l'absence et en presence d’acide, dans le THF et dans
Pacetonitrile, par voltammetrie cyclique, electrolyse da potentiel
controlé et coulometrie. En l'absence d’acide, la reduction
produit le derive a pont amide, [Mo,(cp),(u-SMe);(u-NH,) |
(2), apres transfert de 1 Fmol™ 1*. En milieu acide dans le
THE, la reduction de 1T se produit selon un mecanisme ECE;
la présence d’acide se traduit egalement par le deplacement
d’un équilibre entre 1+ et 2>* (dans MeCN) ou par la formation
d’un isomere de 1" (dans le THF), permettant de produire 2
avec un gain de potentiel d’environ 600 mV. Les électrolyses
effectuces en presence d’acide (2 équiv HTsO) conduisent au
complexe ammine [Mo,(cp),(u-SMe);(NH;)(X/L) "~ (THF:
X=TsO, n=0; MeCN: L=MeCN, n=1). NH; est libére par
réaction de ce complexe avec CI (dans le THF) ou par
coordination d’une seconde molecule de solvant (dans I'ace-
tonitrile):  les  complexes  metalliques, respectivement

[Mox(cp)r(u-SMe)s(u-Cl) | et [Moy(cp),(u-SMe);(MeCN),) J*,
sont obtenus quantitativement (> 95 %).
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Figure 1. a) Cyclic voltammetry of 1* (1.5mm) in MeCN/[NBu,][PF].
Inset: Repetitive cyclic scans in the potential range b) — 0.4V to —1.8V,
c)and d) —0.9 V to — 1.8 V. In d), for each scan, the potential is held for 5 s
at —0.9 V before reversal (5 s is the time required to scan from —0.9 V to
—0.4 V and return at a scan rate v=0.2 Vs~!). Comparison of the CV in
b) and d) shows that 1* is partially regenerated by the oxidation at — 0.65 V.
(Vitreous carbon electrode, scan rate: 0.2 Vs™')

oL ol
MO/L\MO - Mo/\vm Mo/ \Mo
A B

Scheme 1. Coordination modes of the NH fragment.

that is, 1* (Scheme 2, Step A), could lead to a radical with a
pyramidal nitrogen in a B-type ligand, 13, with some relief of
the electronic strain at the metal centres. This would be
consistent with the ability of the product to abstract an H
atom from the environment (Scheme 2, Step B), and with its
reactivity towards protons (see below). The oxidation of the
1; radical at Ef = —0.65 V is not fully reversible (ip/ip <1),
and the startiné material 1" is at least partially regenerated
(compare Figures 1b-d; see also Scheme 2, Steps C and D).

Similarly, two different geometries of the [Mo-N-R]*
linkage have been considered for [X-Mo(NR)(dppe),]t com-
plexes (X = halide) that undergo an irreversible reduction.[']
In this case, the final product of the electrochemical process
was assigned as [Mo(NR)(dppe),] (linear Mo-N-R), which

0947-6539/00/0616-3034 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 16





Electrochemical Reduction of a Bridging Imide 3033-3042
H * H : CPE H M
N —‘ N —I timescale W
Me Me Me
\ +1e \ [H] \
s —s — S —s E—— s S
° Step A ° %
| Me | Me Step B \S Me
Me/ 1+ Me/ 18 Me/
A 2
+1e1L—1e Step C
+
neo |
Step D Me \
\S —S
Y
\ Me
S
Me/ 1;
Scheme 2. @ =Mo(cp).
was formed via a 17-electron intermediate with a bent
organoimide ligand.'” The electrochemical reduction of a
[X-Mo(NH)(dppe),]" produced the unstable amide deriva-
tive, but this involved proton transfer,!'*! rather than H-atom
transferl!® as is observed here for [Mo,(cp),(u-SMe);(u-
NH)]*. Although structurally characterised examples of
M, (u-NR) systems with pyramidal imido nitrogen atoms have
been described, especially for iridium,!" it should be noted — b

that in all known cases with M=Mo or W, the nitrogen
coordination is effectively planar.

The electrochemical synthesis of 2 by reduction of the imide
complex 1%, combined with the formation of [Mo,(cp),(u-
SMe);(NH;)(X)] by protonation of [Mo,(cp),(u-SMe);(u-
NH,)] (2) with HX (X=TsO, CF;CO,),’ suggests that it
should be possible to generate ammine derivatives directly by
electrochemical reduction of 1" in the presence of acid. This
would result in the reduction of an imide ligand to ammonia at
a dinuclear site in which the metal centres are in a sulfur
environment.

Electrochemical reduction of 1" in the presence of acid: The
CV of imide complex 1% in the presence of acid is dependent
on the electrolyte. The results for THF/[NBu,][PF,] differ
notably from those for MeCN/[NBu,][PF]; the experiments
with these electrolytes will now be described.

THF electrolyte

Cyclic voltammetric studies: After its generation according to
Steps A and B in Scheme 2, the protonation of 2 would have
no effect on the reduction peak current of 1% [id(1%)].
Therefore, the substantial increase of id(1")!¥ in the
presence of one equivalent of H* (p-toluenesulfonic acid,
monohydrate: HTsO, trifluoroacetic acid: CF;CO,H or
tetrafluoroboric acid in ether: HBF,/Et,0) (Figure 2) dem-
onstrates that 2 is now produced in a two-electron (ECE)
process,'> 9] although the classic criterion for the diagnosis of
such processes [deviation of i? (17)/v'?=1f(v) from linearity
at slow scan rates, v]' could not be used in this case because

Chem. Eur. J. 2000, 6, No. 16
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Figure 2. Cyclic voltammetry of 1* (1.6mm) in THF/[NBu,][PF,] a) in the
absence of acid and b) in the presence of one equivalent of HTsO. The scan
directions in b) are the same as in a) (Vitreous carbon electrode, scan rate:
02 Vs,

of the occurrence of an equilibrium involving 1t (see below
and Figure 6). The chemical step of the ECE process, that is,
the protonation of the intermediate, rearranged imide radical
1 (Scheme 3, Step B), affords the amide radical cation 2.
The second electrochemical reaction of the ECE process then
results in the reduction of 2°* (which has a reduction potential
approximately 600 mV less negative than that of 1%)
(Scheme 3, Step C).

Consistent with these observations, the oxidation steps of 2
are detected on the reverse scan when the CV is run in the
presence of one equivalent of HBF,/Et,0O, whereas the redox
systems of [Mo,(cp),(u-SMe);(NH;)(X)] are observed when
HTsO or CF;CO,H are used (Figure 2b).

We will now discuss how ammine-tosylate complex 3a is
formed. First, [Mo,(cp),(u-SMe);(NH;)(TsO)]+ (3a**) does
not result from the protonation of [Mo,(cp),(u-SMe);-
(u-NH,)]** (2**). The CV of the amide radical cation
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(electrochemically generated from 2) in the presence of " —I - Step A "
HTsO shows that it does not react with protons, since the H H\N/
reduction and oxidation peaks of 2** are almost unaffected by ~ Me ; Me
the addition of acid (Figure 3a and b). However, the CV in s —g e, \s —s
5 5
\ Me -1e \ Me
S
Me/ Me/

[ 10pa

-1 0
E/V vs. Fc/Fct

Figure 3. Cyclic voltammetry of 2** (2mm) in THF/[NBu,][PF,] a) in the
absence of acid and b) in the presence of one equivalent of HTsO. The
solution in c¢) is the same as in b), but CV shows the formation of compound
3a on the return scan (Vitreous carbon electrode, scan rate: 0.2 Vs!).

Figure 3c confirms that the reduction of 2** in the presence of
HTsO produces compound 3a, whose oxidation steps are
detected on the reverse scan (EC process, Scheme 4, Steps A
and B).[B’ 15]

Secondly, an electrogenerated mixture of 2 and 2 is
converted into the protonated derivatives 3a and 3a*" upon
addition of one equivalent of HTsO. The more anodic wave in
Figure 4, curve 1, which arises from the oxidation of
[Mo,(cp),(u-SMe);(u-NH) ] generated at the potential of
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0
E/V vs. Fc/Fc*

Figure 4. Rotating disc electrode voltammetry of 2 (1.5mm) in THF/
[NBu,][PF,] after partial oxidation at —0.25 V (0.45 Fmol~! of 2, curve 1)
and after addition of one equivalent of HTsO to the partially oxidized
solution (curve 2) (Vitreous carbon electrode, scan rate: 0.01 Vs™).

the preceding step, is typical of voltammograms of amide
complex 2. This step is absent in the voltammogram at a
rotating-disc electrode in the presence of HTsO, which shows
that the starting material has been replaced by the protonated
species 3a** and 3a (Figure 4, curve2). Therefore, the
presence of 2 is required to convert the amide radical cation
2" into [Mo,(cp),(u-SMe);(NH;)(TsO) ]+ (3at).

Finally, CV monitoring of the electrochemical reduction of
2" in the presence of 1 equivalent of HTsO shows that after
0.2 Fmol~! of 2** has been consumed, the starting material has
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been almost completely converted to the protonated form
3at.

The above results demonstrate unambiguously that the
electrochemical reduction of 1* in the presence of HTsO (one
or two equivalents) produces [Mo,(cp),(u-SMe);(NH;)-
(TsO)]* by the homogeneous cross-redox reaction shown
in Scheme 4. The subsequent reduction of [Mo,(cp),(u-
SMe);(NH;)(TsO)]** to the neutral complex is coupled to
(or followed by) a chemical step that leads to the formation of
a by-product (see section on coulometric studies).

Besides the increase of the reduction peak current of 17,
another important feature of the CV of this complex in acidic
media is the presence of a small reduction peak at a potential
less negative than the reduction of 1* (Figures 2b and 5). This

S, a
[ 10na

b

IA\

[N

—_— K c

!

-1 0

E/V vs. Fc/Fc*

Figure 5. a) Cyclic voltammetry of 1* (1.7mm) in THF/[NBu,][PF,] in the
presence of two equivalents of HTsO. The repetitive cyclic scans (c) in the
potential range —0.2V to —0.8 V show the build-up of 3a/3a**. The
broken line is the extension of the scan (steady state) to more positive
potentials, showing the reversible 3a**/3a?* couple [compare with CV in
b)] (Vitreous carbon electrode, scan rate: 0.2 Vs=').

peak, which is also detected when HBF/Et,0 is used instead
of HTsO or after electrolysis of [Mo,(cp),(u-SMe);(u-NH,)]
at the second oxidation process that produces 1* and H*,
was not observed in the absence of acid (Figure 2a). Repet-
itive scans of this system lead to the development of the
reversible couple of 3a/3a** (Figure 5c). Therefore, there is a
pathway that allows for the formation of ammine-tosylate
complex 3a by reduction at a potential 0.6 V less negative
than the reduction of 1. Single-scan CV in the potential range
from —0.2 to — 1.5 V clearly illustrates the effect of the scan
rate on the ratio of the peak currents of the first reduction
(ir4") and of the reduction of 1+ [ii¢ (17) ] (Figure 6); the ifxd!/
i (17) ratio is also dependent on the amount of excess acid
present (1-3equiv HTsO). This behaviour is typical of an
equilibrium between the species reducible at the first peak
and 1* involving protons (CE process).['> 151 As the potential

Chem. Eur. J. 2000, 6, No. 16
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Figure 6. Single-scan cyclic voltammetry of (1*) (1.7mm) in the presence
of two equivalents of HTsO in THF/[NBu,][PF,] at different scan rates.
From top to bottom: 0.01 Vs~! (current scale: 4 pA), 0.02 Vs~! (current
scale: 4 pA), 0.1 Vs~! (current scale: 10 pA), 0.2 Vs~!' (current scale:
10 pA) (Vitreous carbon electrode).

of the first reduction coincides with the reduction potential of
B-type imide cation 1§, we believe that the equilibrium
involves a proton-induced isomerisation of 1* via the unde-
tected short-lived amide dication 2** (Scheme 5, Steps A and
B).

The equilibrium, which lies towards 1* in the absence of
acid,[" is shifted to the right by the reduction of 1j; therefore,
in the presence of acid, the key-intermediate of the reduction
process, that is, the bent imide radical 1§, is produced at a
potential 0.6 V less negative than that of the reduction of 1+
(Scheme 5, Step C).

Coulometric studies: controlled-potential reduction of 1" in the
presence of p-toluenesulfonic acid (HTsO): Controlled-poten-
tial electrolyses (CPE) carried out at —1.4 V in the presence
of HBF,/Et,0 (2.1-2.4 Fmol~' of 17) lead to a mixture of
products which have not been identified. Previous studiest’!
showed that the protonation of [Mo,(cp),(u-SMe);(u-NH,)]
(2) by HBF/Et,0 or by aqueous HBF, was less clean than
when HTsO or CF;CO,H was used, presumably because THF
and/or H,O are less efficient than TsO~ or CF;CO,™ in
stabilizing the ammine complex. Therefore, we have focused
on the reduction of 1" at — 1.4 Vand — 0.8 V in the presence of
one and two equivalents of HTsO.

CPE conducted in the presence of one equivalent of HTsO
eventually affords amide complex 2 (Table 2), although
[Mo,(cp),(u-SMe);(NH;)(TsO) ]+ (3a*") is detected on the
short-CV timescale (Figure 2b), and is formed in the early
stage of the experiments (0—1 Fmol~! of 1+, Figure 7a). In
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Figure 7a, only one reversible reduction peak is observed at
approximately —0.6 V since the reduction potentials of the
amido- and ammine-tosylate radical cations are similar (2**:
Efd =—0.64 V; 3a*+: EI** = —0.60 V);P however, the forma-
tion of both cations is evident from their distinct oxidation
processes (Ep-=—0.04 V and ET™ =0.05V, respectively). A
by-product with reversible redox couples at E,,=—0.83V
and at approximately 0 V is then produced (Figure 7b) and is
reduced when the electrolysis potential is set at —14V
(Figure 7¢). This minor product, which we have not been able
to separate from the supporting electrolyte, could not be
identified. It is worth noting that this species is also formed in
small amounts along with 2 (major product) when
[Mo,(cp),(u-SMe);(NH;)(TsO)] (THF solution) is treated
with a base ([NEt,][OH] in MeOH) or is reduced at —2.6 V. It
is therefore likely that the formation of the unknown product

is connected to the decay of the
ammine-tosylate radical cation
3a"" in the present experiments.

Experimental curves of the
cell current versus time during
CPE carried out at —0.8V in
the presence of HTsO (1 or
2 equiv) have the unusual shape
shown in Figure 8. Diagrams
showing the results of CV of
the catholyte at different stages
of the electrolysis in the pres-
ence of two equivalents of
HTsO are also shown in Fig-
ure 8. The initial rise of the cell
current (from the starting point

Eyp=-0.65 V to B) is due to the shift in the
equilibrium between 1™ and 15;
the reduction of the latter at
—0.8 V leads to the build-up of
2" and 3a'* (Figures 8A and

H B; note the suppression of the
—

: A ’ reduction peak of 1]. As in the
case of the electrolyses per-
formed at —14V (2equiv
HTsO), 3a*t is formed quanti-
tatively after 1 Fmol~' of 1+ has
been consumed (Figure 8C,
Scheme 4); therefore, at this
stage of the reduction, the initial imide bridge has been
converted to a terminal ammine ligand. In the final part of the
electrolysis, the ammine-tosylate radical cation is reduced to
the neutral form 3a (Table 2) and a by-product with reversible
oxidation processes at E™' = —0.51 Vand E™* =0.15 Vis also
obtained (Figure 8D). That the the by-produzct has lost its NH;
ligand is unambiguously demonstrated by its formation when
[Mo,(cp),(u-SMe);(MeCN),) | " is treated with [NEt,][TsO] in
THF;?% accordingly, we tentatively assign it as [Mo,(cp),(u-
SMe);(H,0)(TsO)] or [Mo,(cp),(u-SMe);(u-TsO) ]2 Simi-
larly, controlled-potential electrolysis performed in the pres-
ence of CF;CO,H (2 or 3 equiv) produces a by-product that
can be prepared from [Mo,(cp),(#-SMe);(MeCN),)]* and
[NEt,][CF;CO,]. Preliminary results of the X-ray crystal
structure of this compound, [Mo,(cp),(u-SMe);(u-OCOCFs;)|
(4), indicate the presence of a bridging trifluoroacetate

see Schemes 3 & 4

Table 2. Results of controlled-potential reduction of [Mo,Cp,(u-SMe);(u-NH)|* (1*) in the presence of acid in THF/[NBu,|[PF].

Conditions Potential of n [Fmol~' of 1*] Products (yield® [%])
electrolysis [V/Fc] (average) (average)

HTsO (1 equiv) -14 1.82 2 (ca. 87)l

HTsO (1 equiv) -0.8 1.5 2 (ca. 65)I

HTsO (2 equiv) -14 2 3a (>90)¢

HTsO (2 equiv) -0.8 1.82 3a (ca. 82)

HTsO (3 equiv) -15 2.6 3a (ca. 90)

HTsO (3 equiv) -0.8 1.8 3a (ca. 82)l

H* (2 equiv), CI~ (>2 equiv) -14 1.7 5(80) 2 (10-15)

H* (3 equiv)¥), CI (>2 equiv) ~14 21 5(>95), 65 < [NH,]* <72

[a] Yields are estimated by cyclic voltammetry.l'"¥] [b] Other product with reversible redox couples at E,, = —0.83 V and about 0 V. [c] Other product with

Ef5, = —0.51 Vand 0.15 V. [d] HTsO or HBF,/Et,0.
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Figure 7. Cyclic voltammetry of the catholyte at different times of the
controlled-potential electrolysis of 1* (1.3mm) at —1.4 V (Pt cathode) in
the presence of one equivalent of HTsO (THF/[NBu][PF]):
a) 0.75 Fmol~! of 1%, b) 1.5 Fmol™' of 1%, ¢) 1.9 Fmol~' of 1*. The CVs in
a) and b) are the same as those recorded when the electrolysis is performed
at —0.8 V. (Vitreous carbon electrode, scan rate: 0.2 Vs1).

ligand.?! This species arises from a change of the coordina-
tion of the trifluoroacetate anion from terminal to bridging,
with the concomitant release of ammonia (Scheme 6).

The reaction of the ammine-trifluoroacetate complex with
ammonia produces the u-NH, derivative. The reactions in
Scheme 6 have been verified in separate experiments:
i) compound 4 could be detected by CV after stirring a
solution of [Mo,(cp),(u-SMe);(NH;)(CF;CO,)] (3b) for ap-
proximately 1 h; ii) the addition of NH; (aqueous solution) to
compound 3b generates [Mo,(cp),(#-SMe);(u-NH,)] (2).

The experiments described above show that ammonia can
be released from the ammine complex [Mo,(cp),(u-SMe)s-
(NH;)(X)] when X =CF;CO,. However, the reaction is not
complete since about 80-85% (estimated by CV)I of
compound 3b is detected in the final mixture. Electrolyses
were therefore performed in the presence of Cl™ in order to
control the NH;-decoordination step by favouring the release
of ammonia from the ammine derivatives and by stabilizing
the resulting product. We have previously shown that
substitution of the tosylate anion by chloride in [Mo,(cp),(u-
SMe);(NH;)(TsO)] (3a) leads to the formation of
[Mo,(cp),(u-SMe)4(u-Cl)] and free NH;.B!

Reduction of It in the presence of acid and chloride:
Controlled-potential reduction of 1* in the presence of 2—
2.5 equivalents of [NEt,]Cl and two equivalents of HTsO (or
HBF./Et,0) effectively affords [Mo,(cp),(u-SMe);(u-Cl)] (5)
(>80% by CV) and amide complex 2 (10-15% by CV) after
consumption of approximately 1.7 Fmol! of 1* (Table 2).
Electrolyses carried out in the presence of approximately
2.5 equivalents of [NEt]Cl and three equivalents of HTsO
result in almost quantitative formation of compound § after
2 Fmol~! of 1* have been consumed (Table 2). The charge

{ cell current

Figure 8. Experimental curve of cell current versus time during a controlled-potential electrolysis of 1* (1.3mm) at —0.8 V (Pt cathode) in the presence of
two equivalents of HTsO (THF/[NBu,][PF]). The CV in A-D are recorded after the passage of 0.25, 0.75, 1.0 and 1.9 Fmol™' of 1%, respectively (CV:

vitreous carbon electrode, scan rate: 0.2 Vs).

Chem. Eur. J. 2000, 6, No. 16
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consumed (ca. 2 Fmol™! of 1*), the amount of compound 5
produced (>95%) and the amount of [NH,]" (ca.
70 % mol [NH,]* per mole of 1*) detected after CPE in the
presence of chloride and three equivalents of HTsO are
consistent with the overall reaction shown in Scheme 7.

+ 3H* + 2Cl- +2¢ — S

1+
Scheme 7. @ =Mo(cp).

MeCN electrolyte

The CV of 1* in MeCN/[NBu,][PF;] is strongly affected by
the presence of acid, which causes the shift of the equilibrium
between imide 1+ and amide dication 22+ (Scheme 8).P This is
illustrated in Figure 9b and c, which shows the increase of the
quasi-reversible reduction of 22+ at the expense of the
irreversible reduction of 1* (CE mechanism)['> ] on addition
of acid (1 and 2 equiv HBF/Et,0, respectively).

Similar phenomena are observed when one and two
equivalents of HTsO are added, although in this case, the
reduction system of 22* is broader than when HBF,/Et,O is
used. The second reduction process is irreversible and
generates a product that possesses reversible oxidation
couples (E;’Xl =—0.35V, Figure 9c; E;’XZ =0.39 V, not shown

H 2+
|-I\ /
N

Me\ +H* Me\
S — Ss’ — [ = Sﬁ.
-——
\ Me -H \ Me
S S
Me/ 1+ Me/
22+

Scheme 8. @ =Mo(cp).
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in Figure 9c), which are detected on
the reverse and following scans and
which are characteristic of the am-
mine-acetonitrile cation [Mo,(cp),-
(u-SMe);(NH;)(MeCN) ] . This
compound had already been ob-
served when amide complex 2 was
protonated in MeCN.Bl The final
product of the protonation is
[Mo,(cp),(u-SMe)s(MeCN),]* (67),
which is a result of the substitution
of ammonia by a solvent molecule.P!
In the present case, the detec-
tion of [Mo,(cp),(u-SMe);(NH;)-
(MeCN)]* confirms that the imide
bridge is converted to an ammine
ligand by reduction of 1t in the
presence of acid. Controlled-poten-
tial electrolyses performed at the potential of the second
reduction under these experimental conditions (2 equiv
HTsO or HBF,/Et,0; Pt cathode) produce the expected bis-
acetonitrile complex 6™ almost quantitatively (>90% by CV)
after consumption of approximtely 1.7 Fmol-'. This is con-
sistent with the overall reaction shown in Scheme 9.

+ NH,

NH; OCOCF;

Cl
Conclusion

The results presented herein dem-
onstrate that a bridging imide ligand
5 at a [Mo,(u-SMe);] core can be
electrochemically reduced in the
presence of protons to ammonia
via amido and ammine intermedi-
ates. These reactions show two important features. First, the
ligand transformation is carried out at a conserved dinuclear
sulfur site, which is protected in the final metal product either
by two labile acetonitrile ligands or by a chloride bridge.
Second, under acidic conditions the reduction processes led to
the establishment of equilibria involving the imide complex
and either an amide dication (MeCN electrolyte) or a
structural isomer of the parent imide (THF electrolyte).
These equilibria allow the electrochemical reduction to be
performed at a potential that is approximately 600 mV less
negative than the reduction potential of [Mo,(cp),(u-SMe),(u-
NH)]J*.

The imide, amide and ammine complexes described herein
are dinuclear counterparts of the mononuclear species
involved in the Chatt cycle (at the M(P), core) or in the
Schrock cycle (at the (cp*)MMe; core)!'! (M =Mo, W; (P), =
tertiary monophosphines or two diphosphines; cp* = CsMes).
The above results therefore indicate that several steps of the
nitrogen fixation process could take place at a dinuclear
metal-sulfur site. We have recently presented preliminary
results concerning the electrochemical reduction of substitut-
ed diazenido, hydrazido(2-) and diazene ligands coordinated
to the [Mo,(u-SMe);] core.l'2 These studies will be reported in
full detail at a later date.
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S —S - 2
| 7'Me +H*

added to precipitate a brown product,
which was washed with pentane (yield:
0.15 g, 83 %). Elemental analysis calcd
(%) for C3H,BF,Mo,NS;: C 27.6, H
3.5, N 2.5; found: C 27.6, H 3.6, N 3.1;
spectroscopic data (‘H NMR and IR)
of 1* have been reported previously.?!

NH," analyses: In a typical experi-
ment, a THF solution of HTsO (78 pL,
47x 107" molpL™";  3equiv) and
[NEt]JCl  (0.005g, 3x107°mol;
2.5 equiv) were added to a solution

— b of 1t (0.0068 g, 1.2x 10> mol) in

THF/[NBu,][PF,] (10 mL). The solu-
tion was electrolysed at —1.4V (Pt
cathode) under argon. After 2.45C
(2.1 Fmol™" of 1*) were consumed,
cyclic voltammetry showed that 1" had
been converted to [Mo,(cp),(u-
SMe);(u-Cl)] (5). The green-yellow
catholyte was passed through a can-
nula into a Schlenk flask. The solvent

was evaporated under vacuum and the
resulting solid was extracted four
times with H,O (10 mL). The filtrates
were combined and their volume was
brought to 50 mL with water. Samples

of this solution were submitted for

1 ' 0
E/V vs. Fe/Fct

Figure 9. Cyclic voltammetry of 1* (1.2mwm) in MeCN/[NBu,][PF4] a) in the absence of acid and in the presence
of b) one equivalent and c) two equivalents of HBF,/Et,0 (Vitreous carbon electrode, scan rate: 0.2 Vs).

S ~——S +2H" +2e

1+
Scheme 9. @ =Mo(cp).

Experimental Section

Methods and materials: All the experiments were carried out under an
inert atmosphere and by using Schlenk techniques for the syntheses.
Tetrahydrofuran (THF) was purified as described previously.*! Acetoni-
trile (Carlo Erba or BDH, HPLC grade) was used as received. The acids, p-
toluenesulfonic acid monohydrate (Aldrich), trifluoroacetic acid (Aldrich),
tetrafluoroboric acid (diethyl ether complex and aqueous solution (Al-
drich)) were used as received. The preparation and purification of the
supporting electrolyte [NBu,][PF;] and the electrochemical equipment
were described previously.?l All potentials (text, tables, figures) are quoted
against the ferrocene—ferrocenium couple; ferrocene was added as an
internal standard at the end of the experiments. NH," analyses were
performed with an Ion Chromatograph Dionex DX-100 and a Dionex Al-
450 data acquisition system, and with a Waters Capillary Ion Analyzer. For
capillary ion analysis, the UV CAT2 (Waters) electrolyte was used with a
75 uM x 60 cm capillary column. 'H and 3C NMR spectra were recorded on
a Bruker AC300 spectrometer. The complexes [Mo,(cp),(u-SMe);(NH,) |2
and [Mo,(cp),(u-SMe);(MeCN),] "2 were synthesized according to liter-
ature methods.

Synthesis of [Mo,(cp),(u-SMe);(#-NH) J[BF,] (1"): N;SiMe; (0.1 mL,
0.75 mmol) was added to a red solution of [Mo,Cp,(u-SMe);(NCCH,),|BF,
(0.20 g, 0.32 mmol) in acetonitrile (20 mL). The mixture was stirred
overnight at room temperature during which time the solution became
orange. The volume was then reduced under vacuum and diethyl ether was

Chem. Eur. J. 2000, 6, No. 16
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NH," analysis by ionic chromatogra-
phy and by capillary columnn ion
analysis.

For ionic chromatography analysis, the
ion chromatograph was equipped with
a CS12 column and with a cation self-
regenerating suppressor CSRS-I. The
—| * eluent was 16mm methanesulfonic
NCMe acid (Merck) with a 1 mLmin~! flow-
rate. The NH,® concentration was
determined from peak area measure-
ments, the instrument was calibrated
with the use of standard solutions
6+ (Merck).
For capillary column analysis, the
NH,* concentration was determined
by UV experiments (185 nm, Hg lamp)
with peak area measurements. The instrument was calibrated with the use
of standard solutions.

The amount of NH," in the solution was found to be 2.9 ppm (ionic
chromatography) and 3.1 ppm (capillary column analysis), that is, 67 % and
72 %, respectively, of the maximum amount possible of NH,".
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The possibility of a “father—son” reaction involving proton transfer
from the imide cation 1* to the reduction product 13 was considered.
This mechanism, which would result in an overall one-electron
reduction of 1*, was rejected since the nitride complex [Mo,(cp),(u-
SMe);(u-N)] which would be formed along with amide 2 has never
been observed.

As suggested by a reviewer, an equally valid interpretation would be
to consider the reduction product (13) as a mixed-valence Mo(i11,1v)
complex with a bridging NH?~ ligand, for example, [Mo,"™V(cp),(u-
SMe);(u-NH)].

In THF/[NBu,][PF], the oxidation peak of 1* is essentially unaffected
by the addition of acid.

This is shown by the fact that the oxidation of the B-type imide radical
is not fully reversible [(i$/i3) <1] and that 1% is regenerated, see
Figures 1b—d.
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so that the resulting solution contained two equivalents of H,O.

The redox potentials of the unidentified tosylate complex are shifted
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than [Mo,(cp),(u-SMe);(u-TsO)].
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Synthesis and Isolation of Homeomorphous Isomers of

P-Containing Cryptands

Ingmar Bauer,*[*! Otto Rademacher,™ Margit Gruner,'*! and Wolf. D. Habicher*!?!

Abstract: The novel isomeric phosphite
cryptands 2, 3, and 4 could be synthe-
sized by a simple one-pot tripod capping
method starting from bisphenol 1 and
PCl;. The assembling of five compo-
nents led to the formation of a macro-
bicyclic structure, which probably re-
quires an appropriate preorganization of
the reactants. In contrast to the NMR
spectra of 2, 3, and 4 in solution, the

these molecules have no C; symmetry in
the solid state. In the 3P NMR spectra,
both in- and out-P atoms have remark-
ably different chemical shifts due to a
distorted geometry around the in-phos-
phorus. Phosphorus atoms in the in-

Keywords: cryptands - macrocyclic
ligands - NMR spectroscopy - phos-
phates

position have a decreased reactivity.
They are, therefore, more slowly oxi-
dized by cumene hydroperoxide than
out-P atoms. A stepwise synthesis was
developed for phosphite/phosphate-
cryptands (5, 7, 9, and 15) via the
monoprotected bisphenol 11 and the
phosphate 14. In addition, the cylindri-
cal macrotricycle 16 was isolated as a
mixture of diastereomers from the crude

X-ray structures of 2 and 3 reveal that

Introduction

Over the recent years phosphorus-containing cryptands have
become of interest because of their complexation abilities.[!)
This makes them attractive not only for metal extraction from
aqueous solution, but also as potential ligands for transition
metal catalyzed reactions in organic synthesis, such as hydro-
formylation, olefin metathesis, and hydration. The geometry
and a possibly well-defined position of the complexing
phosphorus atom could lead to outstanding catalyst com-
plexes, which could have applications for enantioselective
syntheses after a chiral modification of the cage compound.

Few macrobicycles that contain phosphorus as bridgehead
atoms have been synthesized to date. The synthesis of P- and
P(O)-cryptands and the complexing behavior of the latter
toward hydrogen-donating neutral compounds was reported
by Friedrichsen et al.?! A bis(phosphotriester) bimacrocyclic
polyether was published by Allan et al.,’! who used this

[a] Doz. Dr. W. D. Habicher, Dr. 1. Bauer, Dr. M. Gruner

Institut fiir Organische Chemie der Technischen Universitdt Dresden,
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product of this reaction.

system for alkali metal complexation and found it to form
more stable complexes than similarly sized nitrogen-bridge-
head compounds. A number of phosphorhydrazide macrobi-
cycles have been reported by Caminade et al.¥l We recently
synthesized the out,out- and the in,out-isomers of a phosphite
cage compound with P-bridgeheads.®! However, the in,in-
isomer was not obtained owing to steric hindrance induced by
the ortho-methyl substitution of the bisphenol.

Results and Discussion

One-step synthesis of P cryptands: The reaction of the non-
hindered bisphenol 1 with PCl; was performed in the presence
of triethylamine (TEA) in toluene at 25 °C by using high dilution
conditions. In this case, all three possible homeomorphous
isomers were formed in a2:2:1 (2, 4, 3) ratio with a crude yield
of 15% (Scheme 1). This seems rather high for a one-step
synthesis of such highly organized structures. Only few
examples exist for the formation of macrobicyclic cages out
of five components, the so-called tripod-capping method,!
which generally affords products in very poor yields. Fur-
thermore, the flexible arms should disfavor the formation of a
macrobicycle. The astonishingly good yield can probably be
attributed to an appropriate preorganization (self-assembly)
of the reactants; this should be realized by hydrogen bonding
of the partly dissolved bisphenol 1 in the non-polar solvent.

The three isomers 2, 3, and 4 could be isolated by column
chromatography on silica gel by using n-pentane/toluene (1:1)
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Scheme 1. One-step synthesis of macrobicycles 2, 3, and 4. The atom numbering is in accordance with the

Moreover, each molecule crys-
tallized with one molecule of
acetonitrile and half a mole-
cule toluene, the latter on
statistically distributed posi-
tions. Compound 3 also con-
sists of two macrocyclic arms,
which are identical in this case
due to the symmetry of the
molecule and gives a “cone-
like” conformation, and a
“handle”, which has two iden-
tical halves. The two outer
phenyl rings (D) of the handle
are placed in a co-planar posi-
tion to each other. In compar-
ison to the T-shaped com-
pound 2, the conformers 3a
and 3b are more similar to a

~

4 (4.4%)

magnetic equivalence of protons and C atoms in solution; a) TEA, toluene, RT, 3 d.

as the eluent. The out,out-isomer 2 behaves as the most non-
polar compound and is eluted first, followed by in,out-isomer
4, and lastly, the in,in-isomer 3. Open-chain products and
simple macrocycles bearing free OH groups remain on the
column. The in,in-product 3 can also be eluted with chloro-
form as a single isomer from basic aluminum oxide, while the
other by-products and isomeric cryptands remain on the
column. The rationale could be an alkylation of the phospho-
rus compounds with chloroform to form polar phosphonium
products, while 3 is inert to the alkylating agent as a result of
the decreased availability of the P lone pairs inside the
cryptand.

X-ray structure analyses: Colorless crystals of out,out-isomer
2 and in,in-isomer 3 were grown from MeCN/CH,Cl,. The
crystal structures of 2 and 3 (Figure 1) reveal that the
molecules have no C; symmetry in the P—P direction as
might be assumed according to the images in Scheme 1. In
addition, no internal symmetry is found for 2, which crystal-
lized in space group P1 with half a CH,Cl, molecule on
statistically distributed and disordered positions. Two “arms”
of the cage form a nearly planar macrocycle. The four phenyl
groups A, C, A’, and C' next to the oxygen are in a position
that to some extent resembles the cone-conformation of a
calix[4]arene. The two central phenyl rings B and B’, however,
are twisted out of the cone with angles of 83.8°/70.3° and 87.8°/
80.0° to the neighboring phenyl ring planes A/C and A'/C/,
respectively. This shows that the molecule is flexible enough
to evade a steric repulsion of aromatic hydrogens by distorting
two neighboring phenyl groups almost 90° to each other.

The third arm of the macrobicycle is attached to the
macrocyclic plane like a bridging handle, leading to a sort of
T-shaped conformation of the molecule. This keeps one side
of the cage open and makes the inner part of the cryptand
accessible on this side.

The crystal structure of the in,in-isomer 3 gives a different
picture (Figure 1). It contains two slightly different con-
formers (3a and 3b) of the cage compound in space group C2,
both generated by a two-fold rotation axis from their halves.

3044
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C; symmetric structure.

P
bﬁ

Figure 1. Structures of 2, 3a, and 3b in the solid state. Hydrogen atoms and
solvent molecules are omitted for clarity. Left: view into the cavity with the
“handle” arms pointing to the back. Right: view along the P-P axis with
the “handle” arms pointing downwards.
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The shape of the molecules, referred to as “T-shaped” and
“C;resembling”, is reflected by the size of the angles between
the P atoms and the first neighboring C atoms of the phenyl
groups (Table 1). In the out,out-isomer 2, the angles between
the two arms of the “conelike” macrocyclic ring are about
110°, whereas in the in,in-conformers 3a and 3b, the angles
are only 80° and 85°, respectively. In contrast, the angles

Table 1. Selected angles [°] for 2, 3a, and 3b.

2 3a 3b remark!?!
C1-P1-C25 111.76 c-Cc
C14-P2-C38 113.58 c-Cc
C1-P1-C14 84.87 c-C
C37-P2-C50 79.65 c-Cc
C1-P1-C49 100.42 c-h
C25-P1-C49 98.60 c-h
C14-P2-C62 113.58 c-h
C38-P2-C62 93.12 c-h
C1-P1-C25 109.12 c-h
C14-P1’-C25'0! 129.92 c-h
C37-P2-C61 114.64 c-h
C50-P2"-C61"b] 125.21 c-h
01-P1-02 103.09 97.33 c-C
04-P2-05 98.02 97.70 c-c
0O1-P1-03 96.65 96.14 c-h
02-P1-03 98.13 95.10 c-h
04-P2-06 96.28 95.40 c-h
05-P2-06 101.79 96.20 c-h
@ O-P-O 98.99 96.19 96.43
C4-C5-C6 C40-C41-C42 111.1 108.0 111.2 cc
C9-C10-C11 109.5 110.3 ¢
C45-C46-C47 107.8 ¢
C28-C29-C30 109.7 106.9 ¢
C64-C65-C66 108.8 h
C33-C34-C35 108.3 ¢
C52-C53-C54 110.0 h
C57-C58-C59 109.5 h
@ CPh-CiPr-CPh 109.7 108.4 109.3

@ (3a,3b) 108.8

[a] ¢ = “conelike” macrocyclic arm; h = “handle”arm. [b] Symmetry trans-
formations: © —x+1,y, —z+2; "t —x+2,y, —z+1.

between the “conelike” arms and the “handle” arm in 2 also
are about 110° or slightly smaller; in 3a and 3b, however,
these values vary from about 110° to 130°.

The distances between the phosphorus atoms in the in,in-
isomer 3 are almost the same (within 8.5 A for 3a and 8.3 A
for 3b), but as expected they are markedly shorter than that of
the out,out-isomer 2 (10.5 A). In contrast, the corresponding
O-0 and C-C distances within the “conelike” macrocyclic
arms and the “handle” arm are smaller in out,out-isomer 2 in
comparison to both in,in-conformers 3a and 3b, thus avoiding
a strong compressing effect of the short PP distance in 3 on
the bridging arms (Table 2).

Compared with the out,out-isomer 2, the C(Ph)-C(iPr) -
C(Ph) angles are slightly smaller in in,in-isomer 3 and also
slightly smaller than a tetrahedral angle; this reveals that the
molecule is somewhat compressed caused by the configura-
tion of the in-P atoms. Although this effect is only very weak,
it was also observed in solution by NOESY measurements as
discussed below. Even more evident are the smaller averaged
O-P-0 angles in 3a and 3b relative to 2 (values and further
selected structural details are summarized in Table 1 and

Chem. Eur. J. 2000, 6, No. 16
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Table 2. Selected bond lengths [A] and atom distances of 2, 3a, and 3b.

2 3a 3b remark/?!

P-P 10.507 8.485 8.257

P1-0O1 1.602 1.640 [¢
P1-02 1.625 1.632 ¢
P1-03 1.625 1.627 h
P2-04 1.621 1.645 h
P2-05 1.609 1.630 h
P2-06 1.638 1.643 h
01-04 10.12 [¢
02-05 9.69 ¢
01-02 10.35 ¢
05-06 10.00 ¢
03-06 8.97 h
03—-03'"] 9.79 h
06—06"] 9.93 h
C1-Cl14 8.99 9.20 ¢
C25—C38 8.74 ¢
C37-C50 8.91 ¢
C49—-C62 8.22 h
C25—C25'P] 8.68 h
C61-C61"l 8.80 h

[a] c=“conelike” macrocyclic arms; h=“handle” arm. [b] Symmetry
transformations: © —x+1,y, —z+2;": —x+2,y, —z+1.

Table 2). This means that the pyramid formed by the in-P and
the oxygen atoms is more pointed than the pyramid around
the out-P. This distortion strongly influences the chemical
shifts of the in-P atoms in the 3'P NMR spectra.

NMR spectroscopy: The chemical shifts of the in- and out-P
atoms in 3P NMR [2:  =121.6 (out); 3: 6 =142.7(in); 4: 6 =
143.1 (in), 121.6 (out)] are remarkably different. This can be
attributed to the different geometries around the P atoms. The
assignment of the in- and out-P atoms in 3P NMR was
confirmed by the crystal structures of 2 and 3. The solid state
structures also confirmed that the averaged O—-P-O angles
in 3 are smaller than in the out,out-isomer 2; this means that
the pyramidal geometry is somewhat stretched in 3. This could
be the reason for the low-field shift of the 3P NMR signal in 3.
Interestingly, a 2J(P,C) coupling between in-P and ipso-C
could be observed (3 and 4), but not between out-P and ipso-C
(2 and 4). However, the 3J(P,C) coupling between in- or out-P
and the ortho-carbon (C-2 or C-13) could be observed in both
cases.

The nonequivalence of the two sides of 4 is reflected in the
'H, BC, and two-dimensional NMR spectra. The 'H NMR
spectrum shows different signals each for 2-H and 13-H, 3-H
and 12-H, and 5-Me and 10-Me. The same is true for the
13C NMR spectrum. All pairs of corresponding carbon atoms
from the two non-equivalent sides of the molecule give two
signals each.

In compounds 2 and 3, however, both sides of the molecule
are equivalent; this is demonstrated by the 3'P, 'H, and
13C NMR spectra, which contain only one signal for each
corresponding pair of atoms.

The asymmetric conformation found for the structures of 2,
3a, and 3b in the solid state with regard to the three arms
referred to as “conelike” macrocycle and “handle” is not fixed
in solution. According to the NMR results the three arms of
the cage are equivalent. The “handle” arm can be transformed
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Figure 2. Part of the NOESY- and HOESY-spectra of in,out-cryptand 4 with values of volume integrals.

into a macrocyclic arm and vice versa. This conformational
change is fast enough on the NMR timescale to give only one
signal for corresponding protons and carbon atoms on differ-
ent arms; for the atom numbering of non-equivalent carbon
atoms see Scheme 1.

The exact assignment of the proton and carbon NMR
signals for compound 4 can be attained by starting from two-
dimensional 3P NMR experiments. The assignment of 2-H
and 13-H, respectively, to the neighboring in-P and out-P
atom was obtained by 'H/'P HMBC and by *P/'H HOESY
correlation,/”] which considers the heteronuclear NOEs be-
tween these nuclei (see example for *'P/'H HOESY in
ref. 221). The intensities of the 3'P/'"H HOESY spectrum of 4
(Figure 2) demonstrate that the averaged distance between
in-P and 2-H in solution is smaller than that between out-P
and 13-H.

The signals for 2-H and 13-H can be used for the
identification of 3-H and 12-H by their COSY peaks. These
two protons give NOESY peaks of differing intensities with
7-H and 8-H, respectively. This can be attributed to the
different size of the angles o and § (Figure 2). The proton pair
8-H/12-H has a lower NOESY intensity than 7-H/3-H; this is a
result of the smaller angle a. The corresponding NOE
intensities of 3-H and 12-H with 5-Me and 10-Me, respec-
tively, support this statement. In addition, the 3-H/5-Me NOE
interaction is smaller than those of 12-H/10-Me. This is in
accordance with the results from the crystal structures of
out,out-isomer 2 and in,in-isomer 3a/3b. Although the side
arms in both 2 and 3a/3b are not equivalent in the solid state
and almost all C(Ph)-C(iPr)-C(Ph) angles in one molecule are
different, the average of these angles in 2 is slightly larger than
in 3 (Table 2). As the C(Ph) - C(iPr) — C(Ph) angles in out,out-
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isomer 2 should correspond to the angle 8 in 4 and the
corresponding angles in in,in-isomer 3a/3b to angle o in 4, this
can be taken as a confirmation for the assignment of the
relative size of a and § angles obtained from the NOESY
results above.

The complete assignment of all signals in the 'H and
13C NMR spectra of 4 to the individual atoms was achieved by
TH/"C correlated HSQC and HMBC spectra.

Oxidation experiments: The in- and out-P atoms have differ-
ent reactivities toward oxidizing agents. Addition of an excess
of cumene hydroperoxide to the solution of a mixture of 2, 3,
and 4 in CDCl; in an NMR tube leads to a rapid decrease of
the out-phosphite peaks in favor of the corresponding out-
phosphate peaks. The in-P atoms are more slowly oxidized.
This is additional proof for the assignment of the *'P NMR
peaks in the in and out position.

In compound 2, the oxidation of the first P atom proceeds
faster than the oxidation of the second (Scheme 2, Figure 3,
Table 3, k, > k,). This suggests that the primarily oxidized P
atom influences the oxidation rate of the second one. As an
electronic effect is unlikely over a distance of many bonds, the
influence must be of steric nature, probably mediated by a
conformational change after the first oxidation that makes the
second P-lone pair less available.

The reaction of 4 with cumene hydroperoxide leads to fast
oxidation of the out-P to give intermediate 7, followed by a
much slower oxidation of the in-position to afford in,out-
phosphate 8 (Scheme 3, Figure 4, Table 3, k;>k,). The
difference of the rate constants is about one order of
magnitude. Moreover, kj; is also smaller than the comparable
k, of the oxidation of 2. This again shows that the nature of
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Scheme 2. Oxidation of 2 by cumene hydroperoxide.
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Figure 3. Relative concentrations of P cryptands during the oxidation of 2
with cumene hydroperoxide.

Table 3. Rate constants of the oxidation of 2, 3, and 4.
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Figure 4. Relative concentration of P cryptands during the oxidation of 4
with cumene hydroperoxide.

one phosphorus atom can influence the oxidizability of the
phosphorus atom on the other side of the cryptand, probably
through a conformational change of the whole molecule.

The in,in-isomer 3 is most slowly oxidized. After the
ky (out) 13.7 x 1073 idati f the fi P k .. di h
k, (out) 75 %10 OX1 atlonF) t. e first . atom (ks) to give 1ntefme iate 9, the
k; (out) 9.0 x 103 further oxidation (k) is very slow due to the hindrance of the
k4 (in) 8x 10~ bulkier phosphate group pointing inwards (Scheme 4, Fig-
ks (in) 15x 10:: ure 5, Table 3).
ks (in) 310 In summary, comparison of the oxidation rate constants of
all six P atoms of the three isomeric cage compounds 2, 3, and
4 by cumene hydroperoxide resulted in the following se-
quence (Table 3): k; > ky = k3> ks> k> k.
-0 o] -0
O~ p~00 P \ﬁ"O
- o
ROOH
ks ky
(e} O
O\P_/,f? ----- 0 O~pt-m0 O~pz-0
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31P NMR: 8= 143.1 (in), 121.6 (out)

Scheme 3. Oxidation of 4 by cumene hydroperoxide.
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Figure 5. Relative concentrations of P cryptands during the oxidation of 3
with cumene hydroperoxide.

The identity of the 3'P NMR peaks of the fully oxidized
products was confirmed by the oxidation of the single isomers.
Oxidation of 3 was also carried out by using an H,O,/urea
complex to give in,in-phosphate 10. This reaction turned out
to be faster than the oxidation with cumene hydroperoxide,
although in general the H,O,/urea complex is less reactive.

Multi-step synthesis of P cryptands: As an alternative to
the one-step synthesis (tripod-capping method) of these
types of cryptands, we have developed a stepwise synthesis.
In the first step, the bisphenol 1
was monoprotected with tert-bu-
tyldimethylsilyl chloride (TBD-
MSCI) with a 1:1 ratio of the
reactants to give 11 (Scheme 5).
The fully protected 12 was
formed as a byproduct. The
separation of 11 from 12 by
column chromatography turned

~0-0 0 P,O"'O
8
ROOH
ks
I
P'O ~0 O/P’O\O
10
-12.7 (in,in)

1

OH
a o
oo o2

+
\
& NeaeYS o,
\\'SI\\O

HO 1

Scheme 5. Monoprotection of bisphenol 1; a) TBDMSCI, imidazole,
CH,Cl,, RT, 24 h, 36 %.

(TMS) protecting group, which is readily split by treatment
with PCl; to form phosphorous esters, the TBDMS protecting
group is inert to PCl;. The phosphite formed from the reaction
of PCl; with the unprotected OH group is immediately
oxidized with cumene hydroperoxide to afford the corre-
sponding TBDMS-protected phosphate 13. This compound
can be deprotected by using TBAF in acetic acid according to
Ogilvie et al.¥l to give 14, but only in low yield in our case. In
the absence of acetic acid the increased nucleophilicity of F~
also leads to the cleavage of the phenyl phosphate function.
This behavior is used in some DNA syntheses to remove the
protecting phenyl groups from phosphates without affecting
the internucleoside linkage (alkyl phosphates).[® The cleavage
of phenyl phosphites by F~ is even faster than those of phenyl

out to be complicated. As 12 is 2.b) 14

inert to the following reaction

conditions, the two compounds

can also be applied as a mixture,

and compound 12 can be re- H 13: R = TBDMS
moved at a later stage. 14:R=H

In the second step, the mix-
ture of 11 and 12 was treated 1
with PCl; (Scheme 6). In con-
trast to the trimethylsilyl

3048

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

OR

Scheme 6. Synthesis of cage compound precursor 14; a) PCl;, TEA, toluene, RT, 15 h; b) cumene hydoperoxide,
toluene, RT, 2 h, 16 %; ¢) TBAF, AcOH, RT, 24 h, 11%.
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phosphates. Therefore, it is not possible to remove the
TBDMS protecting group selectively in the presence of a
phosphite function.”! The low yield is attributed to a partial
cleavage of the P—O bond by the F~ ion.

Phosphate 14 can be cyclized with PCl; to form P-bridged
cage compounds (Scheme 7). Four diastereomers (5, 7, 9, and
15) are possible, with the phosphorus lone pair or the
phosphate oxygen in the in or the out position. All four
possible isomers could be detected in the crude product by *'P
NMR spectroscopy. Isomers § and 7 are the main products,
while isomers 15 and 9 were observed as traces only. After
chromatography, a mixture of § and 7 were isolated as one
fraction.

Interestingly a second fraction was obtained that gave a
single MALDI-TOF mass peak at 2226 Da. It was therefore
tentatively assigned to an isomeric mixture of the cylindrical
macrotricycle 16. The analogous pyramidal product with the
same molecular mass cannot be formed owing to the pre-set
structure of reactant 14. The 3'P NMR peaks of 16 do not have
the characteristic difference between the in and the out
position as observed for 5, 7,9, and 15. They give two groups of
signals around ¢ =128 and ¢ =127, besides those due to the
phosphate groups at 6 = —17.1 and — 17.4. This is in the same
region as for corresponding open-chain products. This seems
plausible as the steric stress is diminished in the large
macrotricycle in contrast to the macrobicycles 5, 7,9, and 15.

a)

8%

Scheme 7. Cyclization of 14 with PCl;; a) PCl;, TEA, toluene, RT, 2 d.
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Experimental Section

General: Melting points were determined on a Boétius melting point
apparatus. 'H NMR (TMS internal reference), *C NMR (TMS internal
reference) and *'P NMR spectra (85% H;PO, external reference) were
recorded on a Bruker AC200 P, AC300 and a DRX-500 spectrometer.
Exact assignment of 'H and C NMR spectra was carried out by two-
dimensional NMR techniques (COSY, 'H/"*C correlated HSQC, 'H/**C
correlated HMBC, NOESY, 'H'P correlated HMBC, *'P/'H correlated
HOESY) for 4, 11, and 14. The assignment of 'H and *C NMR spectra for
2, 3, 10, and 13 was done in accordance with those of 4, 11, and 14,
respectively. IR spectra were performed on a Nicolet 250 FT-IR spectrom-
eter. The mass spectra were recorded on a Finnigan MAT 95-A spectrom-
eter and MALDI-TOF mass spectra were measured on a Kratos Kompact
MALDIII (Shimadzu Europa GmbH, Duisburg, Germany) with an N,
laser source (A=337nm), a positive polarity, and 20 kV acceleration
voltage. The microanalyses were recorded on a CHN-S analyzer (Fa. Carlo
Erba). Solvents were purified by conventional methods.

Phoshite cryptands 2, 3, and 4: Bisphenol 1 (4.00 g, 11.5 mmol) and TEA
(3.00 g, 29.6 mmol) were dissolved in toluene (1.8 L) in a flame-dried 2 L
flask under argon atmosphere (bisphenol 1 is only partly soluble). Under
vigorous stirring, PCl; (1.06 g, 7.7 mmol) was added dropwise by syringe.
The solution was stirred for 3 d at 25°C. The hydrochloride formed was
removed, and the solvent was evaporated. A partially crystallizing viscous
oil was obtained. Chromatography on silica gel with n-pentane/toluene
(1:1) afforded out,out-cryptand 2 (210 mg, 5.0%), in,out-cryptand 4
(185 mg, 4.4%), and in,in-cryptand 3 (125 mg, 2.9 %) as white solids. The
latter could also be isolated in a pure state by chromatography of the crude
product on basic aluminum oxide with CHCl;.

Out,out-isomer 2: M.p. 289-293°C; 3'P{'"H} NMR (121.5 MHz, CDCl,):
6=121.6; '"H NMR (300.1 MHz, CDCL): § =7.07 (d,J =8.7 Hz, 12 H; 3-H),

Q\ /O (0]
/P \p\
Oé oo
< 0 e g
o_ O 0o
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7.06 (s, 12H; 7-H), 6.94 (d, J=8.6 Hz, 12H; 2-H), 1.63 (s, 36 H; 5-Me);
3C NMR (75.5 MHz, CDCL): 6 =149.1 (C-1), 1475 (C-7), 146.5 (C-4),
1278 (C-3),126.2 (C-7),120.2 (d, *J(P, C) = 6.0 Hz; C-2), 42.0 (C-5), 30.6 (5-
Me); MALDI-TOF-MS (matrix: 1,8,9-trihydroxy-anthracene): m/z: 1093
[M+H]*, 1115 [M+Na]*, 1132 [M+K]*; elemental analysis (%) calcd for
C;,H;,04P, (1095.24): C 78.95, H 6.63; found C 78.58, H 7.01.

In,in-isomer 3: M.p. 313-316°C; 3'P{'"H} NMR (121.5 MHz, CDCL,): 6 =
142.3; '"H NMR (300.1 MHz, CDCl;): 6 =7.14 (d, J=8.6 Hz, 12H; 3-H),
702 (s, 12H; 7-H), 6.9 (d, J=8.6 Hz, 12H; 2-H), 1.65 (s, 36 H; 5-Me);
13C NMR (75.5 MHz, CDCL): 6 = 149.4 (d, 2J(P, C) = 10.7 Hz; C-1), 1478
(C-6), 146.6 (C-4), 128.1 (C-3), 126.1 (C-7), 119.8 (d, *J(P, C) = 8.5 Hz; C-2),
42.0 (C-5), 30.6 (5-Me); MALDI-TOF-MS (matrix: 1,8,9-trihydroxyan-
thracene): m/z: 1094 [M+H]"; elemental analysis (% ) calcd for C;,H;,04P,
(1095.24): C 78.95, H 6.63; found C 78.74, H 6.91.

In,out-isomer 4: M.p. 290-294°C; 3'P{'H} NMR (121.5 MHz, CDCl;): 6 =
143.1 (in), 121.6 (our); 'H NMR (300.1 MHz, CDCL): 6 =713 (d, J=
8.6 Hz, 6H; 3-H), 708 (d, J=8.7 Hz, 6 H; 12-H), 704 (s, 12H; 7-H, 8-H),
6.99 (d, J=8.6 Hz, 6H; 2-H), 6.98 (d, J=8.7 Hz, 6H; 13-H), 1.66 (s, 18 H;
5-Me), 1.63 (s, 18H; 10-Me); *C NMR (75.5 MHz, CDCL,): 6 =149.5 (d,
2J(P, C)=10.9 Hz; C-1), 149.2 (C-14), 1476 (C-6, C-9), 146.6 (C-4), 146.4
(C-11), 128.0 (C-3), 1279 (C-12), 126.3 (C-8), 126.1 (C-7), 120.0 (d, 3J(P,
C) = 6.0 Hz; C-13), 119.7 (d, 3J(P, C) = 8.7 Hz; C-2), 42.1 (C-10), 41.9 (C-5),
30.7 (10-Me), 30.4 (5-Me); MALDI-TOF-MS (matrix: 1,8,9-trihydroxyan-
thracene): m/z: 1094 [M+H]*; elemental analysis (% ) calcd for C;,H;,04P,
(1095.24): C 78.95, H 6.63; found C 78.45, H 6.83.

In,in-phosphate cryptand 10: Compound 3 (21.8 mg, 0.02 mmol) was
dissolved in dry CH,Cl, (10 mL). Urea/H,0, complex (9 mg, 0.10 mmol)
was added to the solution, which was then stirred at 25°C for 3d.
Subsequently the precipitate was filtered, and the solvent was removed in
vacuo. The crude product was purified by column chromatography on silica
gel with toluene/n-pentane 1:1 as the eluent, to obtain 10 (18.7 mg, 83 %) as
a white solid. M.p. >380°C; 3P{'H} NMR (121.5 MHz, CDCL;): 6 = —12.7;
'"H NMR (300.1 MHz, CDCls,): d =7.07 (d, /=89 Hz, 12H; 2-H or 3-H),
701 (d, J=9.0 Hz, 12H; 2-H or 3-H), 6.96 (s, 12H; 7-H), 1.57 (s, 36 H;
5-Me); BC NMR (75.5 MHz, CDCL,): 6 =148.3 (d, %J(P, C) = 6.5 Hz; C-1),
147.8 (C-6 or C-4), 147.4 (C-6 or C-4),128.2 (C-3), 126.3 (C-7),119.7 (d, *J(P,
C)=4.8Hz; C-2), 42.1 (C-5), 30.5 (5-Me); MALDI-TOF-MS (matrix:
1,8,9-trihydroxyanthracene); m/z: 1129 [M+H]*, 1151 [M+Na]*; elemen-
tal analysis (%) calcd for C;,H,,0O4P, (1127.24): C 76.71, H 6.44; found C
76.32,H 6.77.

Oxidation of cryptands 2, 3 and 4 with cumene hydroperoxide: The
experiment was carried out directly in the NMR tube and monitored by
means of 3P NMR spectroscopy. A mixture of 2, 3, and 4 (30 mg,
0.027 mmol) was placed in an NMR tube and dissolved in CDCl; (1 mL).
An excess of cumene hydroperoxide (50 pL, 0.338 mmol) was added. The
temperature was kept at 25 °C by air-flow thermostatting. At the beginning
of the reaction, spectra were recorded every 60 s. At a later stage of the
reaction the periods were extended according to the reaction rate. The
degree of conversion was determined by the ratio of the 3'P NMR peak
heights to the total of all peak heights.

Monoprotected bisphenol 11: Bisphenol 1 (30.0 g, 86.6 mmol), TBDMSCI
(21.0 g, 139.3 mmol) and 15.2 g (223.3 mmol) imidazole were dissolved in
dry CH,Cl, (200 mL). The solution was stirred for 3 d at 25°C. Subse-
quently, the solution was washed three times each with saturated NaCl,
CuSO,, and water. After drying over MgSO, the solvent was removed. The
crude product was eluted through silica gel with n-pentane/diethyl ether
(2:1). The resulting product still contained the fully protected bisphenol 12
as a byproduct. This mixture, however, was used for the following reaction
with PCl;. Pure 11 (144 ¢, 36.1%) can be obtained by fractional
crystallization from n-hexane. M.p. 97.5-99.5°C; 'H NMR (300.1 MHz,
CDCl): 6=1709 (d, J=8.6 Hz, 2H; 3-H), 7.08 (s, 4H, 7-and 8-H), 7.06 (d,
J=8.6 Hz, 2H; 12-H), 6.71 (d, J=8.6 Hz, 2H; 2-H), 6.71 (d, J=8.6 Hz,
2H;13-H), 4.36 (s, 1H; OH), 1.62 (s, 6H; 5-Me), 1.61 (s, 6 H; 10-Me), 0.96
(s, 9H; rBu), 0.18 (s, 6H; Si—-Me); *C NMR (75.5 MHz, CDCl;): 6 =153.3
(C-14),153.2(C-1), 148.0 (C-9), 147.8 (C-6), 143.4 (C-11), 143.3 (C-4), 128.0
(C-3),127.7 (C-12), 126.3 (C-7),126.2 (C-8), 119.2 (C-13), 114.7 (C-2), 41.93
(C-5 or C-10), 41.90 (C-5 or C-10), 31.0 (5-Me or 10-Me), 30.9 (5-Me or 10-
Me), 25.7 (Bu-Me), 18.2 (C-tBu), —4.4 (Si-Me); MALDI-TOF-MS
(matrix: 1,8,9-trihydroxyanthracene): m/z: 458 [M+H]"; elemental analysis
(%) caled for C;,H,SiO, (460.71): C 78.21, H 8.75; found C 78.25, H 8.95.
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Phosphate 13: Monosilylated bisphenol 11 (29.2 g, 63.4 mmol; contains
bisilylated product 12) and TEA (15 mL, 108.4 mmol) were dissolved in
toluene (600 mL). PCl; (2.91 g, 21.1 mmol) was added under stirring. The
mixture was stirred at 25°C for 15h. Cumene hydroperoxide (5 mL,
33.8 mmol) was added, and the solution stirred for another 2 h at 25°C. The
hydrochloride was filtered, and the solvent was evaporated. The crude
product was purified by column chromatography on silica gel with toluene
as the eluent. Phosphate 13 was obtained as a colorless oil (4.86 g, 16.1%).
(The signals marked * could not be exactly distinguished; the coupling
constant for the doublet marked = could not be determined.) 3'P{'H} NMR
(CDCl;, 121.5 MHz): 6 =—17.08; '"H NMR (300.1 MHz, CDCl;): =72~
7.05 (m, 30H), 6.73 (d,J =8.7 Hz; 6 H, 13-H), 1.64 (s, 18 H; 5-Me or 10-Me),
1.63 (s, 18H; 5-Me or 10-Me), 0.99 (s, 27H; Bu), 0.20 (s, 18 H; Si-Me);
BC NMR (CDCly, 75.5 MHz): 6 =153.3 (C-14), 148.3*, 148.2%, 147.0, (C-4,
C-6, C-9), 148.2* (d*, 2/(P,C); C-1), 143.2 (C-11), 128.2, 127.7 (C-3, C-12),
126.3, 126.2 (C-7, C-8), 119.4 (d, 3J(P,C) =5.2 Hz; C-2), 119.2 (C-13), 42.2,
41.9 (C-10, C-5), 30.9, 30.8 (10-Me, 5-Me), 25.7 (tBu-Me), 18.1 (C-1Bu),
—4.4 (Si—-Me); MALDI-TOF-MS (matrix: 1,8,9-trihydroxyanthracene):
mlz: 1424 [M+H]*; elemental analysis (%) caled for CyH;;0O,Si;P
(1426.08): C 75.80, H 8.27; found C 75.38, H 8.53.

Phosphate 14: Phosphate 13 (4.86 g, 3.41 mmol) was dissolved in ethanol
(250 mL), then TBAF-3H,0 (20 g, 63.4 mmol) was added. The solution
was stirred for 24 h at room temperature. After the addition of water, a
white solid precipitated, which was filtered and dissolved in toluene. The
toluene solution was dried with MgSO,. After evaporation of the solvent,
the product was purified by column chromatography with CH,Cl,/MeOH
(10:1) as the eluent. Phosphate 14 (418 mg, 11.3 %) was obtained as a white
solid. M.p. 98-103°C; 3'P{!H} NMR (121.5 MHz, CDCl;): 6 =—1718;
'H NMR (300.1 MHz, CDCL,): 6 =7.16 (d, J=8.8 Hz, 6H; 3-H), 7.08 (d,
J=8.6 Hz, 6 H;2-H), 7.08 (d,/=8.6 Hz, 6 H; 8-H), 7.07 (d, /=8.75 Hz, 6 H;
12-H), 7.05 (d, J=8.55 Hz, 6 H; 7-H), 6.70 (d, J=8.65 Hz, 6 H; 13-H), 4.90
(brs, 1H; OH), 1.61 (s, 36H; 5-Me and 10-Me); *C NMR (75.5 MHz,
CDClLy): 6=153.2 (C-14), 148.3 (d, 2J(P, C) =79 Hz; C-1), 148.2 (C-4 and
C-6), 1472 (C-9), 143.0 (C-11), 128.2 (C-3), 127.9 (C-12), 126.3 (C-8), 126.2
(C-7),119.4 (d,°J(P, C) =4.6 Hz; C-2), 114.6 (C-13), 42.2 (C-5), 41.9 (C-10),
30.9 (10-Me or 5-Me), 30.8 (10-Me or 5-Me); MALDI-TOF-MS (matrix:
1,8,9-trihydroxyanthracene): m/z: 1084 [M+H]*, 1106 [M+Na]*; elemen-
tal analysis calculated (%) for C,,H;s0,P (1083.29): C 79.82, H 6.98; found
C79.51, H 7.13.

Phosphite/phosphate cryptands 5, 7, 9, and 15: Phosphate 14 (290 mg,
0.27 mmol) and TEA (200 mL, 1.4 mmol) were dissolved in toluene
(250 mL). PCl; (36.9 mg, 0.27 mmol) from a prediluted solution in toluene
was added. The solution was stirred for 2d at 25°C. Subsequently, the
hydrochloride was filtered and the solvent was removed in vacuo. Column
chromatography on silica gel with toluene/Et,0 (9:1) as the eluent gave a
mixture of phosphite/phosphate-cryptands 5, 7, and traces of 15 (total yield
36 mg, 12 %) as a white solid. Another fraction afforded a diastereomeric
mixture of macrotricycle 16 (24 mg, 8%) as a white solid (m.p. 328-
335°C). Mixture of isomers 5, 7, and 15: M.p. 312-323°C; MALDI-TOF-
MS matrix: 1,8,9-trihydroxyanthracene): m/z: 1112 [M+H]", 1134
M+Nal*, 1151 [M+K]"; elemental analysis calculated (%) for
C;,H;,0,P, (1111.24): C 77.82, H 6.53; found C 77.32, H 6.90. The following
3P NMR peaks have been assigned from the mixture of isomers according
to the peaks obtained from the oxidation experiment of 2, 3, and 4 and the
relative peak intensities in the crude product.

Out,out-phosphite/phosphate cryptand 5: 3'P{'H} NMR (121.5 MHz,
CDCly): 6 =121.1 (out), —19.2 (out).

In,out-phosphite/phosphate cryptand 7: 'P{'H} NMR (121.5 MHz, CDCl;):
8=143.2 (in), —19.3 (out).

In,in-phosphite/phosphate cryptand 9: 3'P{'H} NMR (121.5 MHz, CDCl,,):
5=1419 (in), — 12.3 (in).

Out,in-phosphite/phosphate cryptand 15: 'P{'H} NMR (121.5 MHz,
CDCL,): 6 =121.9 (out), —11.7 (in).

Macrotricyclic  phosphite/phosphate cryptand 16: 3'P{'H} NMR
(121.5 MHz, CDCly): 6 =128.2,128.1, 127.6, 127.5, 127.3, 127.2 [P-phosphite
(in and out position in different isomers)], —17.1, — 17.4 [P-phosphate (in
and out position in different isomers)]; MALDI-TOF-MS (matrix: 1,8,9-
trihydroxyanthracene): m/z: 2226 [M+H]"; elemental analysis calculated
(%) for CyyyH,44,0,,P, (2222.47): C 77.82, H 6.53; found C 78.20, H 6.99.
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Table 4. Crystallographic details for the X-ray analysis of 2 and 3. Acknowledgement
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Z 2 4 —
Oeatea [g€m ] 1.174 1.146 [1] a) A. M. Caminade, J. P. Majoral,
u [mm™1] 0.160 0.115 Chem. Rev. 1994, 94, 1183-1213;
crystal size [mm] 0.50 x 0.43 x 0.1 2.1x14x0.7 b) A. M. Caminade, J. P. Majoral,
index range —12<h<12 —27<h<27 Synlett 1996, 1019 -1028.
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20, [°] 215 275 9132-9134; b) B.P. Friedrichsen,
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reflections measured 12380 10487 Am. Chem. Soc. 1990, 112, 8931 -
unique reflections 7359 10486 8941.
observed reflections 6023 8782 [3] C.B. Allan, L. O. Spreer, J. Org.
refinement method full matrix least-squares on F? Chem. 1994, 59, 7695 —-7700.
data/restraints/parameters 7359/7/770 [4] a) F. Gonce, A. M. Caminade, F.
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298 K with a BRUKER axs SMART diffractometer system with a CCD
detector, and for 3 at 238 K with a NONIUS KAPPA CCD diffractometer
system; in both cases Moy, radiation, 1=0.71073 A, was used. The
structures were solved and refined by using a SHELXS and SHELXL
program package. See Table 4 for crystallographic details. Crystallographic
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Cationic and Neutral Diphenyldiazomethanerhodium() Complexes as
Catalytically Active Species in the C—C Coupling Reaction of Olefins and

Diphenyldiazomethane

Helmut Werner,*!*! Michael E. Schneider,'*! Marco Bosch,?! Justin Wolf,!*! Jan H. Teuben, !
Auke Meetsma,!'*! and Sergei I. Troyanov!‘!

Dedicated to Professor Giinter Wilke on the occasion of his 75th birthday

Abstract: Cationic rhodium() complexes
cis-[Rh(acetone),(L)(L)]* (2: L=L'=
CsHyy; 3:L=CgHyy; L'=PiPrs; 4: L=
L’'=PiPr;), prepared from [{RhCl-
(CsHy,),),] and isolated as PFg salts,
catalyze the C—C coupling reaction of
diphenyldiazomethane with ethene, pro-
pene, and styrene. In most cases, a
mixture of isomeric olefins and cyclo-
propanes were obtained which are for-

around the rhodium(i) center. Treatment
of 4 with Ph,CN, in the molar ratio of 1:1
and 1:2 gave the complexes trans-[Rh-
(PiPr;),(acetone)(n'-N,CPh,) [PF,  (8)
and trans-[Rh(PiPr;),(n'-N,CPh,),|PF,
(9), of which 8 was characterized by
X-ray crystallography. Since 8 and 9 not
only react with ethene but also catalyze
the reaction of C,H, and free Ph,CN,,
they can be regarded as intermediates

(possibly resting states) in the C—C
coupling process. The lability of 8 and
9 is illustrated by the reactions with
pyridine and NaX (X=Cl, Br, I, Nj)
which afford the mono(diphenyldiazo-
methane)rhodium(l) compounds trans-
[Rh(PiPr,),(py)('-N,CPh,) |PF; (10) and
trans-[RhX(n'-N,CPh,)(PiPr3),] (11—
14), respectively. The catalytic activity
of the neutral complexes 1114 is some-

mally built up by one equivalent of
RCH=CH, (R=H, Me, Ph) and one
equivalent of CPh,. The efficiency and
selectivity of the catalyst depends sig-
nificantly on the coordination sphere

- thodium

Introduction

During studies directed to the synthesis of carbenerhodium(i)
complexes of the general composition trans-[RhCI(=CR,)-
(PiPr3),], we observed that the dimer [{RhCI(PiPr3),},] as well
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what less than that of the cationic
species 8, 9 and decreases in the order

complexes
Cl>Br>1>N;.

as the monomeric ethene derivative trans-[RhCl(C,H,)-
(PiPr;),] react with diphenyldiazomethane to afford the
square-planar diazoalkane compound trans-[RhCI(N,CPh,)-
(PiPr;),]. Moreover, we discovered that various rhodium(t)
complexes including [{RhCI(PiPr;),},] and [{RhCI(C,H,),},]
catalyze the reaction of ethene and diphenyldiazomethane to
give almost selectively 1,1-diphenylprop-1-ene Ph,C=CH-
Me.['2 The formation of this trisubstituted olefin can be
formally understood as the coupling of two carbene fragments
:CPh, and :CHMe, of which the latter is generated from the
isomeric ethene. Besides Ph,C=CHMe, there were only traces
of 1,1-diphenylcyclopropane detected which was surprising
insofar as it was well known that dinuclear bis(carboxylato)-
rhodium() compounds such as [Rh,(u-O,CMe),] and
derivatives thereof are effective catalysts for the synthesis
of cyclopropanes from olefins and diazoalkanes.”! In the
context of these investigations we also found that, if the
anionic ligand in the chlororhodium(i) complexes is substi-
tuted by acetate, benzoate, or acetylacetonate, the catalytic
activity decreases and besides Ph,C=CHMe and cyclo-1,1-
C;H,Ph,, a third isomer CH,~CHCHPh, is formed from C,H,
and Ph,CN, .1
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Because of this apparent influence of the anionic ligand on
both the reactivity and the selectivity, we became interested to
find out whether cationic rhodium(l) complexes also catalyze
the reaction of olefins (not only ethene) and diphenyldiazo-
methane and what the products of these C—C coupling
processes are. Here we report on the preparation of a series of
compounds of the general composition cis-[Rh(acetone),(L)-
(L")]PFg, on the synthesis of cationic as well as neutral
rhodium() complexes containing Ph,CN, as a ligand, and on
the catalytic activity of these species in C—C coupling
reactions. Some preliminary results have already been com-
municated.

Results and Discussion

Cationic bis(acetone)rhodium(@® complexes: From earlier
work it was already known that the dimeric diolefinrho-
dium() complexes [{RhCl(diolefin)},] (diolefin =norborna-
diene, cycloocta-1,5-diene) react with AgPF, in a coordinating
solvent such as acetone or THF to give the compounds
[Rh(S),(diolefin),]PF, (S = acetone, THF).Il The “silver-salt-
method” had also been used in our laboratory for the
preparation of the bis(cyclooctene) derivative 2 (Scheme 1)
which contains four labile monodentate ligands. These are
easily displaced by a bidentate donor such as iPr,PCH,-
CH,OMe to produce [Rh(x?-O,P-iPr,PCH,CH,0Me),]PF;, in
a good yield.

In order to confirm the supposed stereochemistry of the
cation of 2, an X-ray crystal structure analysis was carried out

Abstract in German: Die kationischen Rhodium(1)-Komplexe
cis-[Rh(acetone),(L)(L')]* (2: L=L"= CgH,;; 3: L=C3H,
L'= PiPr;; 4: L=L"=PiPr;), die aus [{RhCI(CgH,,),},]
hergestellt und als PFs-Salze isoliert wurden, katalysieren die
C-C-Kupplungsreaktion von Diphenyldiazomethan mit Ethen,
Propen und Styrol. In den meisten Fillen wird ein Gemisch
isomerer Olefine und Cyclopropane erhalten, die sich formal
aus einem Aquivalent RCH=CH, (R = H, Me, Ph) und einem
Aquivalent CPh, zusammensetzen. Die Effektivitit und die
Selektivitit des Katalysators hingen entscheidend von der
Koordinationssphire des Rhodium(1)-Zentrums ab. Die Um-
setzungen von 4 mit Ph,CN, im Molverhdltnis 1:1 und 1:2
liefern  die  Komplexe  trans-[Rh(PiPr;),(acetone)(n'-
N,CPh,) JPF, (8) und trans-[Rh(PiPr;),(n'-N,CPh,),]PF;
(9), von denen 8 durch eine Kristallstrukturanalyse charak-
terisiert wurde. Da die Verbindungen 8 und 9 nicht nur mit
Ethen reagieren, sondern auch die Reaktion von C,H, mit
freiem Ph,CN, katalysieren, konnen sie als Zwischenstufen
(moglicherweise als , resting state”) in dem C-C-Kupplungs-
prozess angesehen werden. Die Labilitit von 8 und 9 zeigt sich
bei den Reaktionen mit Pyridin und NaX (X=CI, Br, I, N;),
die zu den Mono(diphenyldiazomethan)rhodium()-Verbin-
dungen trans-[Rh(PiPr;),(py)(n'-N,CPh,) |[PF; (10) und
trans-[RhX (n'-N,CPh,)(PiPr;),] (11-14) fiihren. Die kataly-
tische Aktivitit der Neutralkomplexen 11— 14 ist etwas gerin-
ger als diejenige der kationischen Spezies 8, 9 und nimmt in der
Reihenfolge Cl> Br> 1> N; ab.
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+ 2 PiPr3

7] PFs 7] PFs
- -

o
iPryP— Rh/—o:< iPr3P—/Rh{——0:<
‘b\/ iPr3P

3 4

Scheme 1. Preparation of the cationic bis(acetone)rhodium(l) complexes
2-4 from the bis(cyclooctene) complex 1.

(Figure 1) which reveals that the coordination sphere around
the rhodium center is distorted square-planar. The cyclo-
octene as well as the acetone ligands are in cis disposition, the
distances Rh(1)—O(1) and Rh(1)-O(2) (2.138(4) and
2.126(4) A) being somewhat longer than the Rh—O distance

Figure 1. Molecular structure of 2 (anionic ligand omitted for clarity).
Principal bond lengths [A] and angles [°] with estimated standard devia-
tions in parentheses: Rh(1)—O(1) 2.138(4), Rh(1)-O(2) 2.126(4),
Rh(1)-C(1) 2.126(5), Rh(1)-C(2) 2.122(5), Rh(1)-C(9) 2.113(5),
Rh(1)-C(10) 2.148(5), C(1)-C(2) 1.394(7), C(9)—-C(10) 1.393(7),
0(1)~C(17) 1.232(7), O(2)~C(20) 1.240(7); O(1)-Rh(1)-O(2) 83.87(14),
Rh(1)-0(1)-C(17) 126.8(4), Rh(1)-0(2)-C(20) 127.3(4).

(2.078(2) A) in the cation trans-[Rh(=C=C=CPh,)(acetone)-
(PiPr3),]*.[¥1 The coordinated C—C bonds of the CgH,, ligands
are significantly elongated compared with the free olefin
indicating a relative high degree of back bonding from the
metal to the olefin. The bond angles Rh(1)-O(1)-C(17) and
Rh(1)-O(2)-C(20) are 126.8(4)° and 127.3(4)°, respectively,
which indicates that the acetone ligands are coordinated
through one of the lone pairs of electrons on the oxygen atom.

Upon treatment of 2 with PiPr; in diethyl ether a replace-
ment of one cyclooctene ligand occurs and the PF; salt of the
cationic monophosphane complex 3 is formed. The compo-
sition of the yellow crystalline solid is supported both by the
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elemental analysis and the spectroscopic data. The IR
spectrum of 3 displays two C=O stretching frequencies at
1701 and 1658 cm™! in agreement with a cis disposition of the
two acetone units. We note that the reaction of 2 with two
equivalents of triisopropylphosphane generates the bis(phos-
phane) compound 4 which in contrast to 3 is a violet, quite air-
sensitive solid.[®] The presence of 1:1 electrolytes has been
confirmed for 3 as well as for 4 by conductivity measurements.

PhyCN; + CH,=CH, Catalytic activity of compounds
2—-4: As has been described for
the neutral complexes trans-

[2-4]car. l 40°C
[RhCL(C,H,)(PiPrs),], [Rh(y>-

0O,CR)(PiPr3),], [Rh(acac)-

----- m T /( (PiPr3),], [{RhCI(C,H,) )],

Ph e ph and [{RhCI(PiPr;),},], the cat-

s s ionic compounds 2 -4 also cata-
a

lyze the C—C coupling reaction
of ethene and diphenyldiazo-
methane. The most noteworthy

Catalyst T.ON. 5a 5b

2 61 4456 feature is that both the activity
3 7 3.7 and the selectivity significantly
4 40 >99 1

depends on the coordination
sphere around the rhodium(y)
center (see Scheme 2). If one
cyclooctene ligand in 2 is dis-
placed by PiPr;, the activity
increases while the amount of
1,1-diphenylcyclopropane (5a)
compared to 1,1-diphenylprop-
1-ene (5b) decreases. In contrast, substitution of both olefinic
ligands by triisopropylphosphane leads to a significant
decrease in activity but also to a tremendous increase in
selectivity, the cyclopropanation product 5a being almost
exclusively formed.

The mechanism of the reaction of ethene and diphenyldi-
azomethane in the presence of 2, 3, or 4 as catalyst is not clear
as yet. We assume that in the initial stage of the catalytic
process both C,H, and Ph,CN, are coordinated to rhodium
and that, after elimination of N,, a four-membered RhC; cycle
is formed. The next step could be the opening of the
metallacyclobutane ring to give a chainlike cationic inter-
mediate RhCH,CH,CPh," bearing the positive charge at the
trisubstituted terminal carbon atom. Reductive elimination
and ring closure should yield the cyclopropane Sa. Regarding
the formation of the olefinic isomer 5b, it is conceivable that
the postulated metallacyclobutane reacts by S-H shift to
afford a m-allyl(hydrido)rhodium(irr) intermediate [L;RhH-
(7>-CH,CHCPh,)]* which, by reductive coupling of the
hydrido ligand and the CH, carbon atom of the allyl unit,
generates Ph,C=CHMe (5b).

Interestingly, no formation of CH,=CPh,, which would be
the result of a retro-[2+2] cycloaddition of the postulated
metallacyclobutane, is observed. This finding, however, does
not exclude the possibility of a metallacyclic intermediate.
Recent studies on the reactivity of ethene toward carbene
titanium complexes [ (>-CsHs)Ti(x?*-O,P-OCH,CH,PPh,)-
(=CHBu)]” and [{5’>-CsH,(CH,),NBu-x-N|Ti(=CH/Bu)-
(PMe;) ! have shown that a mixture of C—C coupling rather

Scheme 2. Results of the cata-
lytic reaction of ethene and
Ph,CN, with compounds 2-4
as catalyst (T.O.N.=turnover
number =[(mmol  product)/
(mmol catalyst)]; ratio of 5a
and 5b in%).
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than metathesis products is generated. Moreover, in the
first case the metallacyclobutane complex [(7°-CsHs)-
Ti(CH,CH,CH¢Bu)(x2-O,P-OCH,CH,PPh,)] could be isolat-
ed and charaterized.

The cationic complexes not only catalyze the reaction of
Ph,CN, with ethene but also that of diphenyldiazomethane
with substituted olefins such as propene and styrene. With
CH,=CHCH; and Ph,CN, as starting materials and catalytic
amounts of 2—4 (in THF at 40°C) a mixture of four isomers
(6a-64d) is formed (Scheme 3). In each case the dominating

Ph,CN, + CH,=CHCH,

[2-4)ca. ‘ 40°C

z
+ | + + |
‘Ph
Ph Ph Ph Ph Ph Ph

Ph

6a 6b 6¢ 6d

Catalyst T.ON. 6a 6b 6c 6d

2 23 76 16 8 0
3 20 54 33 9 3
4 14 53 35 12 0

Scheme 3. Results of the catalytic reaction of propene and Ph,CN, with
compounds 2 -4 as catalyst (T.O.N. = turnover number = [ (mmol product)/
(mmol catalyst)]; ratio of 6a, 6b, 6¢, and 6d in % ).

species is the trisubstituted cyclopropane 6a; the relative
amount of this C—C coupling product decreases with the
increasing number of phosphane ligands at the rhodium
center. This result is in contrast to the C,H,/Ph,CN, system
where the opposite trend is observed.

A decrease in selectivity is also observed for the rhodium-
catalyzed reaction of diphenyldiazomethane with styrene.
With the phosphane-free compound 2 as the catalyst, the
isomeric olefins 7b-7d are generated in nearly equal
amounts; in this case (Scheme 4) the trisubstituted cyclo-

Ph,CN, + CH,=CHPh

[2.4)ca. j 40°C

Ph h h
yZ Ph
+ | + + |
'Ph
Ph Ph Ph Ph Ph Ph Ph
7a 7b Tc 7d
Catalyst TON. 7a 7b 7c¢ 7d
2 18 8 31 24 37

4 14 33 45 22 0

Scheme 4. Results of the catalytic reaction of styrene and Ph,CN, with
compounds 2 -4 as catalyst (T.O.N. = turnover number = [ (mmol product)/
(mmol catalyst)]; ratio of 7a, 7b, 7¢, and 7d in % ).
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propane 7a is the minor product. In contrast to 2, the
bis(phosphane) complex 4 is somewhat more selective and
converts one third of the starting materials PhCH=CH, and
Ph,CN, to 1,1,2-triphenylcyclopropane and two thirds to a 2:1
mixture of the olefins 7¢ and 7d. In our opinion, there is no
rationale at the moment which could explain the influence of
the coordination sphere around the metal center on the
catalytic activity of the cationic species. Importantly, however,
the selectivity of the C—C coupling process critically depends
on the type of ligands bonded to rhodium(i); apparently the
presence of the sterically demanding triisopropylphosphanes
seems to disfavor a high degree of selectivity.

Isolation of possible intermediates: In order to prove whether
the proposed catalytic cycles for the reactions of ethene and
its derivatives with diphenyldiazomethane involve the for-
mation of Rh(N,CPh,) species as intermediates, the reactivity
of the cationic complexes toward Ph,CN, has been inves-
tigated. The bis(cyclooctene) compound 2 is rather inert
toward the diazoalkane; after stirring a suspension of the
starting materials in diethyl ether for 30 min no reaction was
observed.

The monophosphane complex behaves differently. Addi-
tion of one equivalent of Ph,CN, to a suspension of 3 in ether
leads, even at —78°C, to a smooth change of color of the
solution from red to off-white. While the remaining redbrown
solid was shown by P NMR spectroscopy to be the
unchanged starting material 3, the solution contained the
ketazine Ph,C=N—N=CPh, (confirmed by GC/MS) which is
probably generated by a metal-catalyzed conversion of
Ph,CN,. We note that Lemenovskii and co-workers have
already reported that the reactions of the trishydrides
[(CsH5),MH;] (M=Nb, Ta) with diaryldiazomethanes
RR'CN, afford the corresponding ketazines RR'C=N—N=
CRR/, in this case probably via the monohydrido compounds
[(CsH5),MH(%'-N,CRR’)] as intermediates.['!]

Stable cationic diphenyldiazomethanerhodium(l) com-
plexes are formed from the bis(acetone)rhodium(1) derivative
4 as the starting material. Treatment of a suspension of 4 in
ether with either one or two equivalents of Ph,CN, at —78°C
leads to a stepwise substitution of the ketonic ligands and
gives the compounds 8 and 9 in about 80 % yield (Scheme 5).
Both 8 and 9 are dark green, moderately air-sensitive solids,
the composition of which has been confirmed by elemental
analyses and conductivity measurements. The 3P NMR
spectra of 8 and 9 display a doublet with a 3'P—'%Rh coupling
constant of 122.1 Hz (8) and 116.2 Hz (9) indicating that, in
contrast to the starting material 4, the two phosphane ligands
are in trans disposition.[” ¥ In the 3C NMR spectra of 8 and 9,
the resonance for the diazoalkane carbon atom Ph,CN,
appears at 6 ==84.5 (8) and 6 =83.3 (9) as a broad singlet,
the broadening probably being due to the quadrupol moment
of the nitrogen atoms. Regarding the stability of the mono-
substitution product 8 it should be mentioned that in solution
a partial disproportionation of 8 to 4 and 9 occurs. The 3'P
NMR spectrum of 8 in [Dg¢]acetone shows, besides the doublet
at 0 =40.2, two other doublets at 6 = 60.3 (for 4) and 6 =46.5
(for 9) with the intensity ratio of approximately 4:1:1.
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Scheme 5. Preparation of the cationic diphenyldiazomethanerhodium(r)
complexes 8 —10 from the bis(acetone) complex 4.

Despite the lability of 8 in solution, we were able to grow
single crystals by slow diffusion of ether into a saturated
solution of 8 in acetone. The result of the X-ray crystal
structure analysis is shown in Figure 2. The coordination

Figure 2. Molecular structure of 8 (anionic ligand omitted for clarity).
Principal bond lengths [A] and angles [] with estimated standard
deviations in parentheses: Rh(1)—P(1) 2.3546(8), Rh(1)—P(2) 2.3693(8),
Rh(1)-O(1) 2.039(2), Rh(1)-N(1) 1869(3), N(1)-N(2) 1.157(4),
N(2)-C(19) 1.312(4), O(1)-C(32) 1.237(4); P(1)-Rh(1)-P(2) 170.88(3),
P(1)-Rh(1)-O(1) 90.36(6), P(1)-Rh(1)-N(1) 91.71(8), P(2)-Rh(1)-O(1)
89.47(6), P(2)-Rh(1)-N(1) 87.29(8), O(1)-Rh(1)-N(1) 172.21(10), Rh(1)-
O(1)-C(32) 140.1(2), Rh(1)-N(1)-N(2) 161.0(2), N(1)-N(2)-C(19) 171.6(3).

geometry around the metal center is slightly distorted square-
planar with bond angles P(1)-Rh(1)-P(2) and O(1)-Rh(1)-
N(1) of 170.88(3)° and 172.21(10)°, respectively. The Rh(1)-
N(1)-N(2) chain is considerably bent, the bond angle being

0947-6539/00/0616-3055 $ 17.50+.50/0 3055





FULL PAPER

H. Werner et al.

about 10° smaller than in the octahedral cationic tungsten com-
pound [WBr(N,CMe,)(dppe),]* (dppe = 1,2-C,H,(PPh,),).["”
The more remarkable fact, however, is that the N(1)-N(2)-
C(19) angle is nearly linear (171.6(3)°) which is unusual
compared to other N-bonded diazoalkane metal complexes.['?]
Since the size of the bond angle N-N-C in compounds
[L.M(#'-N,CRR") ]"* should depend on the degree of d — m*
metal-to-ligand back bonding, gaining a maximum at an N-N-
C angle of 120°, we assume that in 8 the diphenyldiazo-
methane behaves predominantly as a o-donor ligand. An
analogous conclusion has been drawn in the case of trans-
[RhCl{7'-N,C(C:H,),CO}(PiPr;),]!"1 and some other [M(r'-
N,CR,)] complexes.['> 16]

Regarding the distances in 8, the N(1)-N(2) and
N(2)—C(19) bond lengths are rather short (1.157(4) and
1.312(4) A) and quite similar to those in free diazomethane
(1.12 and 1.32 A).I"% This similarity supports the proposal that
the o-donor character of the diphenyldiazomethane ligand in
8 dominates. The Rh(1)-N(1) distance (1.869(3) A) is rather
short and comparable to the Rh—N bond length in the square-
planar dinitrogenrhodium(l) complex trans-[RhCI(N,)-
(PiPr3),] ")

Both the cationic compounds 8 and 9 are quite labile and
react smoothly with pyridine to give the monosubstituted
product 10 (see Scheme 5). While in the reaction of 8 with
pyridine the acetone ligand is replaced, treatment of 9 with
pyridine leads to the formation of N, and the ketazine
Ph,C=N—N=CPh, as the by-products. Compound 10 is a
green, moderately air-sensitive solid, the composition of
which has been confirmed by analytical and spectroscopic
data. The appearance of a doublet of virtual triplets for the
PCHCH; protons in the 'H NMR spectrum and of a sharp
doublet with a 3'P—'%Rh coupling constant of 126.7 Hz in the
3P NMR spectrum are indicative for the trans disposition of
the phosphane ligands. The structural proposal for 10 is
somewhat reminiscent to that for the amine complexes
[Rh(PNP)(HNR,) |PF¢ [PNP =2,6-NCsH;(CH,PPh,),] which
are formed upon treatment of the ethene derivative
[Rh(PNP)(C,H,) ]PF, with secondary amines.'8!

To find out whether the isolated compounds 8 and 9 could
play a role in the above-mentioned catalytic process between
C,H, and Ph,CN,, both diazoalkane complexes were treated
with ethene. In THF at 40 °C, the major organic product is the
cyclopropane derivative 5a. Whereas in the case of 8, only
traces of 5b (<1%) are formed, the reaction of 9 with C,H,
yields a mixture of Sa to 5b in the ratio of about 9:1. Since
almost identical results regarding the product distribution are
obtained for the catalytic reaction of C,H, and free Ph,CN,,
we conclude that 8 and 9 can be regarded as intermediates
(possibly resting states) in the catalytic cycle. For 9, the
turnover number (in THF at 40°C) for the formation of the
C—C coupling product 5a of 33 is very similar to that with 4 as
the catalyst.

Neutral diphenyldiazomethanerhodium(@) complexes: The
pronounced lability of the cations of 8 and 9 prompted us to
study also the reactivity of these species toward halide and
azide anions. Both compounds 8 and 9 react smoothly with
NaX (X=Cl, Br, I, N;) in ether to afford the neutral
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diazoalkane complexes 11-14 in good to excellent yield
(Scheme 6). Similarly to the chloro derivative 11, which was
previously prepared from [RhCI(PiPr;),], or trans-[RhCl-
(C,H,)(PiPr;),] and Ph,CN, [ 2 the related compounds 12—
14 are also dark green solids which are quite stable and

PiPr3 Fre PiPr3 _l e
PhZC'—‘N:N—Rh/—O PhyC=N=N—Rh—N=N=CPh,
iPrsP iPrsP
8 9
+ NaX
- acetone J -1, (Ph,CN),/ -'/,N,
7] PFs
PiPr;
X—Rh—N=N=CPh,
iPr3P
11-14

Scheme 6. Preparation of the neutral diphenyldiazomethanerhodium(r)
complexes 11-14 from the cationic compounds 8 or 9 as the precursors.

neither on heating nor photolysis eliminate N, to give trans-
[RhX(=CPh,)(PiPr;),].’! Characteristic spectroscopic fea-
tures of 12—14 are the N—N stretching frequency for the
diphenyldiazomethane ligand at 1940-1955 cm™' in the IR
and the singlet resonance for the Ph,CN, carbon atom at 6 =
78.3-79.4 in the *C NMR spectrum. For 14, the v(N;) band
appears at 2038 cm~L.

The catalytic activity of the neutral compounds 11-14 in
the reaction of C,H, and Ph,CN, is somewhat less than that of
the cationic species 8 and 9 (for details see Experimental
Section). The turnover number (in methylcyclohexane at
40°C) decreases in the order Cl>Br>1>N;. A more note-
worthy observation is that a significant difference exists in the
selectivity between 11 on one side and 12—-14 on the other.
While upon treatment of ethene with diphenyldiazomethane
in the presence of 11 as the catalyst almost exclusively the
trisubstituted olefin Sb is formed, the analogous reaction of
C,H, and Ph,CN, with 12, 13, or 14 as the catalyst yield a
mixture 5a and 5b in the ratio of 19:81 (12), 8:92 (13), and
39:61 (14), respectively. These data confirm (as mentioned above)
that the ligands coordinated to rhodium() as the active center
play a crucial role for the C—C coupling process, even minor
differences in the electron density at rhodium are possibly
responsible for the preference for one or the other route.

Experimental Section

All experiments were carried out under an atmosphere of argon by Schlenk
techniques. The commercially available starting materials ethene, propene
and styrene were used without purification. PiPr; was a commercial
product from Strem Chemicals. The complexes [RhCI(CgH,,),], (1), cis-
[Rh(acetone),(CgHy,),]PFs (2),> ¥ and cis-[Rh(acetone),(PiPrs;),]PF, (4) ¥
were prepared as described in the literature. NMR spectra were recorded,
unless stated otherwise, at room temperature on Bruker AC 200 and
Bruker AMX 400 instruments. Abbreviations used: s, singlet; d, doublet; q,
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quartet; sept, septet; m, multiplet; br, broadened signal; dvt, doublet of
virtual triplets; N=3J(P,H)+>J(PH) or %J(P,C)+*/(P,C), respectively.
Conductivity measurements were carried out in nitromethane with a
Schott Konduktometer CG 851. Melting and decomposition points were
measured by DTA. IR spectra were recorded on a Bruker IFS 25 FT/IR
spectrometer, and GC/MS analyses were carried out on a Hewlett Packard
G1800A GCD system equipped with a capillary column (HP5, 25 m) and
HP-Chemstation software.

cis-[Rh(acetone),(CsH,,) (PiPr;) JIPF; (3): A suspension of 2 (119 mg,
0.20 mmol) in diethyl ether (4 mL) was treated at —78°C with PiPr;
(39 uL, 0.20 mmol) and stirred for 10 min. The solvent was removed, the
residue was washed with diethyl ether (2 x10mL) and pentane (3 x
10 mL) and dried in vacuo. The resulting brown powder was recrystallized
by slow diffusion of diethyl ether (10 mL) into a solution of acetone (1 mL)
which afforded a yellow solid. The precipitation was completed by addition
of pentane (10 mL). The solvent was decanted, and the yellow solid was
washed with pentane (10 mL) and dried. Yield =99 mg, 78 %; m.p. 61°C
(decomp); conductivity A =125 cm? Q! mol~!; IR (CH,Cl,): #=1701, 1658
(C=0), 1354 cm™! (C=C); 'H NMR (400 MHz, [D¢]acetone): 6 =2.21 (m,
2H; CH of CgH,4), 2.09 (s, 12H; CH; of acetone), 1.93 (m, 3H; PCHCH,),
1.60, 1.49, 1.36 (all m, 12H; CH, of CgH,,), 1.38 (dd, *J(P.H)=13.6 Hz,
3J(H,H) =72 Hz, 18H; PCHCH;); 3C NMR (100.6 MHz, [D¢]acetone):
0=206.6 (s, C=0), 62.5 (dd, J(Rh,C) =16.2 Hz, 2J(P,C) = 1.6 Hz; CH of
CgHy,), 30.6 (s, CH; of acetone), 30.2, 28.7,26.9 (all s, CH, of CgH,,), 23.2 (d,
1] (P,C) =252 Hz; PCHCHS,), 20.0 (s, PCHCH,); *P NMR (162.0 MHz,
[Dglacetone): d=63.1 (d, 'J(Rh,P)=188.1 Hz), —144.2 (sept, J(EP)=
707.4 Hz); elemental analysis (%) for C;;H,FO,P,Rh (634.5): caled: C
43.54, H 7.47; found: C 43.91, H 7.71.

trans-[Rh(PiPr;),(acetone)(n!-N,CPh,) ]PF, (8): A solution of 4 (260 mg,
0.38 mmol) in acetone (5 mL) was treated at —78 °C with one equivalent of
a 0.5Mm solution of Ph,CN, (0.76 mL, 0.38 mmol) in methylcyclohexane. A
change of color from violet to dark green occurred. After the reaction
mixture was warmed to room temperature and stirred for 1 h, a dark green
solid precipitated. The solvent was decanted, the dark green precipitate was
washed with diethyl ether (3 x5 mL) and pentane (2 x 5 mL), and dried.
Yield=284 mg, 91%; m.p. 57°C (decomp); conductivity A=
105 cm?Q~'mol™!; IR (CH,CL): #= 1956 (N=N)cm'; 'H NMR
(200 MHz, [D¢Jacetone): 6 =7.53 (m, 4H; ortho H of CHs), 7.34 (m, 6H;
meta and para H of C¢Hs), 2.06 (m, 6H; PCHCHj), 2.05 (s, 6H; CH; of
acetone), 1.34 (dvt, N=13.1Hz, *J(HH)=6.6 Hz, 36H; PCHCH:);
BC NMR (50.3 MHz, [Dg]acetone, —35°C): 6 =206.6 (s, C=0), 130.2,
127.6, 127.1, 126.3 (all s, CHs), 84.5 (s, CN,), 30.6 (s, CHj; of acetone), 23.5
(vt, N=19.6 Hz; PCHCH;), 19.5 (s, PCHCH;); *'P NMR (81.0 MHz,
[DgJacetone): 6 =40.2 (d, 'J(Rh,P)=122.1 Hz), —142.8 (sept, J(EP)=
709.2 Hz); elemental analysis (%) for Cs3HssF¢N,O,P;Rh (820.5): caled:
C 49.76, H 712, N 3.41; found: C 49.50, H 6.80, N 3.29.

trans-[Rh(PiPr;),(n'-N,CPh,),|PF; (9): A solution of 4 (358 mg,
0.52 mmol) in acetone (5 mL) was treated at room temperature with a
1.0M solution of Ph,CN, (1.31 mL, 1.31 mmol) in methylcyclohexane. The
resulting dark green solution was stirred for 3 min, and then hexane
(20 mL) was added. A dark green precipitate was formed, which was
separated from the mother liquor, washed with hexane (portions of 20 mL)
until the hexane solution was colorless. The residue was dried, then
dissolved in acetone (0.5 mL) and the solution layered with diethyl ether
(10 mL). The resulting dark green microcrystalline solid was separated,
washed with pentane (2 x 2 mL) and dried in vacuo. Yield =380 mg, 76 %;
m.p. 62°C (decomp); conductivity A =102 cm?Q~! mol~!; IR (CH,CL,):
7=1948 (N=N)cm~!; 'H NMR (200 MHz, [Dglacetone): 0 =754 (d,
3J(H,H) =7.7 Hz, 8H; ortho H of CHs), 7.37 (m, 12H; meta and para H
of C¢Hs), 2.03 (m, 6 H; PCHCH,), 1.26 (dvt, N=14.3 Hz, *J(H,H) = 6.9 Hz,
36H; PCHCHs;); *C NMR (50.3 MHz, [Dg]THF, —35°C): 6 =130.5, 129.4,
128.0,127.5 (all s, C¢Hs), 83.3 (s, CN,), 24.8 (vt, N=19.4 Hz; PCHCHs;), 19.6
(s, PCHCH;); 3P NMR (81.0 MHz, [D¢]acetone): 6 =46.5 (d, 'J(Rh,P) =
116.2 Hz), —142.7 (sept, J(E,P)="7073 Hz); elemental analysis (%) for
CyHgFsN,P;Rh (956.8): caled: C 55.23, H 6.53, N 5.86; found: C 55.19, H
6.60, N 5.54.

trans-[Rh(PiPr;),(py) (17'-N,CPh,) |JPF; (10): A suspension of 8 (61 mg,
0.07 mmol) or 9 (67 mg, 0.07 mmol) in diethyl ether (10 mL) was treated at
room temperature with an excess of pyridine (0.5 mL, 6.2 mmol). After the
mixture was stirred for 15 min, a brownish-green suspension was formed.
The solvent was decanted, the solid green residue washed with diethyl ether
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(2x2mL) and pentane (3 x2mL) and dried in vacuo. Yield =56 mg,
91%; m.p. 64°C (decomp); conductivity A =87 cm?’Q 'mol-. IR
(CH,CL,): 7=1984 (N=N) cm™!; 'H NMR (200 MHz, [D¢]acetone): 6 =
9.03 (m, 2H; ortho H of NCsHs), 7.96 (m, 1H; para H of NCsHs), 7.63
(m, 2H; meta H of NCsHs), 747 (m, 4H; ortho H of C¢Hs), 7.27 (m, 6H;
para and meta H of CHs), 1.86 (m, 6H; PCHCH,), 1.28 (dvt, N=13.4 Hz,
3J(HH) =73 Hz, 36H; PCHCH;); “C NMR (50.3 MHz, [Dglacetone,
—35°C): 0 =154.7 (s, ortho C of NCsHjs), 139.0 (s, para C of NCsHs), 129.9,
1275, 1272, 126.5 (all s, C¢Hs), 126.8 (s, meta C of NCsHs), 66.0 (s, CN,),
24.1 (vt, N=19.0 Hz; PCHCHS), 19.8 (s, PCHCHS,); P NMR (81.0 MHz,
[DgJacetone): 6=38.0 (d, J(Rh,P)=126.7 Hz), —142.7 (sept, J(F,P)=
707.0 Hz); elemental analysis (%) for C;Hs;FgN;P;Rh (841.7): caled: C
51.37, H 6.83, N 4.99; found: C 51.23, H 6.86, N 4.85.

trans-[RhCI(5'-N,CPh,)(PiPr;),] (11): A suspension of 8 (66 mg,
0.08 mmol) or 9 (77 mg, 0.08 mmol) in diethyl ether (10 mL) was treated
with an excess of NaCl (50 mg, 0.86 mmol) and was stirred for 3 h at room
temperature. The solvent was removed in vacuo and the residue extracted
with hexane (20 mL). The extract was evaporated to dryness in vacuo to
give a dark green solid which was washed with cold methanol (2 x 1 mL)
and dried in vacuo. Yield =29 mg, 68 % . Compound 11 was charaterized by
comparison of the spectroscopic data with those of an authentic sample.!" 22

trans-[ RhBr(57'-N,CPh,) (PiPr;),] (12): This was prepared as described for
11, using 8 (66 mg, 0.08 mmol) and NaBr (80 mg, 0.78 mmol) as starting
materials. Dark green solid; yield =33 mg, 71 %; m.p. 51°C (decomp). IR
(KBr): 7= 1943 (N=N) cm~!; 'H NMR (200 MHz, [D¢]benzene): 6 =7.41
(m, 4H; ortho H of C¢Hs), 7.19 (m, 4H; meta H of C¢Hs), 6.89 (m, 2H; para
H of C¢Hs), 2.42 (m, 6H; PCHCH,;), 1.27 (dvt, N=13.2 Hz, 3J(HH) =
6.9 Hz, 36 H; PCHCH;); *C NMR (50.3 MHz, [D¢]benzene): 6 =128.9,
1283, 125.4, 124.5 (all s, CHs), 79.1 (s, CN,), 24.1 (vt, N=18.5Hz;
PCHCHs;), 20.1 (s, PCHCH;); 3'P NMR (81.0 MHz, [D¢]benzene): 6 =40.9
(d, Y(Rh,P)=119.1 Hz); elemental analysis (%) for C;Hs,BrN,P,Rh
(697.5): caled: C 54.79, H 7.51, N 4.02; found: C 54.38, H 7.67, N 4.08.

trans-[RhI(n'-N,CPh,)(PiPr;),] (13): This was prepared as described for
11, using 8 (66 mg, 0.08 mmol) and Nal (120 mg, 0.80 mmol) as starting
materials. Dark green solid; yield =43 mg, 87 %; m.p. 48°C (decomp); IR
(CH,CL,): #=2032 (N=N) cm~'; '"H NMR (200 MHz, [D¢]benzene): 6 =
739 (m, 4H; ortho H of C¢Hs), 7.17 (m, 4H; meta H of C¢Hs), 6.90 (m, 2H;
para H of C4Hs), 2.52 (m, 6H; PCHCH3), 1.26 (dvt, N=13.2 Hz, *J(H,H) =
6.9 Hz, 36 H; PCHCH;); *C NMR (50.3 MHz, [D¢]benzene): 6 =129.0,
1283, 125.3, 124.7 (all s, CHs), 794 (s, CN,), 25.2 (vt, N=18.8 Hz;
PCHCHs;), 20.4 (s, PCHCH,); 'P NMR (81.0 MHz, [D¢]benzene): d =40.8
(d, J(Rh,P)=116.2Hz); elemental analysis (%) for C;HsIN,P,Rh
(744.5): caled: C 50.01, H 7.04, N 3.76; found: C 49.30, H 6.78, N 4.10.

trans-[Rh(N;)(7'-N,CPh,) (PiPr;),] (14): This was prepared as described
for 11, using 8 (66 mg, 0.08 mmol) and NaNj; (52 mg, 0.80 mmol) as starting
materials. Dark green solid; yield =31 mg, 56 %; m.p. 58 °C (decomp); IR
(hexane): 7= 2038 (N=N of N;), 1948 (N=N of N,CPh,) cm~'; '"H NMR
(200 MHz, [D¢]benzene): 6 =734 (m, 4H; ortho H of C¢Hs), 7.19 (m, 4H;
para H of C¢Hs), 6.87 (m, 2H; para H of C¢Hs), 2.12 (m, 6H; PCHCH;),
1.20 (dvt, N=13.6 Hz, 3J(HH)=6.9 Hz, 36H; PCHCH;); “C NMR
(50.3 MHz, [Dg]benzene): 6=129.9, 129.0, 1283, 125.1, 124.6 (all s,
C¢Hs), 78.3 (s, CN,), 24.0 (vt, N=17.6 Hz; PCHCH,), 19.7 (s, PCHCH,);
SIP NMR (81.0 MHz, [D¢]benzene): 6 =44.3 (d, 'J(Rh,P)=123.5 Hz);
elemental analysis (%) for C3;Hs,NsP,Rh (659.7): caled: C 56.44, H 7.95, N
10.62; found: C 56.21, H 8.07, N 10.06.

Catalytic reactions of Ph,CN, and C,H, with 2—4, 8, and 9 as catalyst: In a
typical experiment, a solution of the catalyst (10—20 mg, ca. 0.04 mmol) in
THF (6 mL) was treated dropwise (ca. 10 mLh™') at 40°C with a 0.1m
solution of diphenyldiazomethane in methylcyclohexane/THF (1:4). While
adding the substrate, a slow stream of ethene was passed through the
solution. The catalytic reaction was finished when the violet color of the
diazoalkane solution did not disappear on further addition to the reaction
mixture. The solvent was removed in vacuo, and the oily residue was
dissolved in hexane (5 mL). In order to destroy excess Ph,CN, and separate
the catalyst from the reaction products, the mixture was filtered through
AlLOj; (neutral, activity grade III, height of column 7 cm). After evapo-
ration of the solvent, a colorless oil consisting of a mixture of 5a and 5§b was
isolated from the eluate. The ratio of the products, diphenylcyclopropane
(5a) and 1,1-diphenylpropene (5b), was determined by integration of
characteristic signals in the '"H NMR spectra and by GC/MS analysis. The
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results with 2—4 as the catalyst are summarized in Scheme 2. With 8 and 9
as the catalyst, the ratio of 5a to Sbis >99:1 and the turnover numbers are
17 (with 8) and 33 (with 9).

Catalytic reactions of Ph,CN, and propene with 2—4 as catalyst: In an
analogous manner to the catalytic reaction of Ph,CN, with ethene by using
propene as the olefinic substrate. After evaporation of the solvent of the
eluate, a colorless oil consisting of a mixture of 6a, 6b, E/Z 6¢ and 6d was
isolated. The results are summarized in Scheme 3.

Catalytic reactions of Ph,CN, and styrene with 2 or 4 as catalyst: A solution
of 2 or 4 (10-20 mg, ca. 0.04 mmol) and styrene (50 molar equivalents) in
THF (6 mL) was treated dropwise (ca. 10 mLh~') at 40°C with a 0.1m
solution of diphenyldiazomethane in methylcyclohexane/THF (1:4). The
catalytic reaction was finished when the violet color of the diazoalkane
solution did not disappear on further addition to the reaction mixture.
Workup of the reaction mixture was carried out as described for the
catalytic reactions with ethene. After evaporation of the solvent of the
eluate, a colorless oil consisting of a mixture of 7a, 7b, 7¢, and 7d was
isolated. The results are summarized in Scheme 4.

Catalytic reactions of Ph,CN, and C,H, with 12-14 as catalyst: In an
analogous manner to the reactions with 2 -4 as catalyst, by using a solution
of 12,13, or 14 (10-20 mg, ca. 0.04 mmol) in methylcyclohexane (6 mL). A
mixture of 5a and 5b was obtained in the ratio of 19:81 (for 12), 8:92 (for
13) and 39:61 (for 14). The turnover numbers were 27 (for 12), 18 (for 13),
and 17 (for 14).

X-ray structural analysis of the compounds 2 and 8:?'! Single crystals of 2
and 8 were grown by slow diffusion of diethyl ether (10 mL) into a
saturated solution of 2 or 8 in acetone (1 mL). The yellow/orange (2) and
dark green (8) crystalline products were washed with pentane (2 x 1 mL)
and dried under a stream of argon. Crystal data for the two structures are
represented in Table 1. The data for 2 and 8 were collected from a
glassfiber-mounted single crystal which was prepared under an inert
atmosphere and transferred into a cold nitrogen stream of the low
temperature unit?? mounted on a ENRAF-Nonius CAD-4F diffractom-
eter with monochromated Moy, radiation (A=0.71073 A).?3 The struc-
tures were solved by Patterson methods and extension of the models were
accomplished by direct methods applied to difference structure factors

Table 1. Crystal structure data for 2 and 8.

using the program DIRDIF.? All structures were refined by full matrix
least-squares procedures on F2 with SHELX93.l The asymmetric unit of 2
contains four formula units, each consisting of two moieties; a cationic
rhodium complex and a PF4 counterion. For 2 a weak hydrogen bonding
between the methyl groups of the coordinated actone and fluor atoms of
the PF,” anions is observed.?”! For 8 the positional and anisotropic thermal
displacement parameters for the non-hydrogen atoms were refined. A
subsequent difference Fourier synthesis resulted in the location of all
hydrogen atoms, of which the coordinates and the isotropic thermal
displacement parameters were refined. The methyl hydrogen atoms of the
acetone moiety were ultimately refined riding on their carrier atoms with
their positions calculated by using sp® hybridization at the C atom as
appropiate with Uy, = 1.5 x Ueq,y Of their parent atom, C(33) and C(34),
repectively. The methyl groups in both 2 and 8 were refined as rigid groups,
which were allowed to rotate free. The PF¢~ ion in 8 is rotational disordered
over the F(1)-P(3)-F(2) axis. The site occupancy factor of the major
component was refined to a value of 0.69(2).

Acknowledgement

We thank the Deutsche Forschungsgemeinschaft (SFB 347) and the Fonds
der Chemischen Industrie for financial support, the latter in particular for a
Ph.D. grant to M. E. S. We are also grateful to Mrs. R. Schedl and Mr. C. P.
Kneis (DTA and elemental analysis), Mrs. M.-L. Schifer and Dr. W.
Buchner (NMR spectra), and BASF AG for various gifts of chemicals. M.
B. gratefully acknowledges support from the European Union (SOK-
RATES program).

[1] J. Wolf, L. Brandt, A. Fries, H. Werner, Angew. Chem. 1990, 102, 584 —
586; Angew. Chem. Int. Ed. Engl. 1990, 29, 510—512.

[2] a) L. Brandt, Dissertation, Universitdt Wiirzburg, 1991; b) A. Fries,
Dissertation, Univeristdt Wiirzburg, 1993; c) E. Bleuel, Dissertation,
Universitdt Wiirzburg, submitted.

[3] a) A.J. Anciaux, A.J. Hubert, A. F. Noels, N. Petiniot, P. Teyssie, J.
Org. Chem. 1980, 45, 695-702; b) M. P. Doyle, Acc. Chem. Res. 1986,
19, 348-356; c) M. P. Doyle, W. R. Winchester, J. A. A. Hoorn, V.

Lynch, S.H. Simonsen, R.
Ghosh, J. Am. Chem. Soc. 1993,

115, 9968 —9978.

Compound 21 8 [4] L. Brandt, A. Fries, N. Mahr, H.
formula C,,H,F,O,RhP C,,HysF,N,OP;Rh We-rner, J. Wolf in Selectlve Re-
M 584.43 820.66 actions of Metal-Activated Mole-
Tr[K] 130 130 cules (Eds.: H. Werner, A.G.
cryst. size [mm?] 0.3x0.3x0.6 0.1x0.1%0.6 Griesbeck, W. Ac}am, G. Brmg_
space group Pl P2,/n (no. 14) mann, W. . Kiefer), Vieweg,
cell dimensions determination 24 rflns, 16.8 <0 <17.7 24 rfins, 162 <6 <17.9 Braunschweig, 1992, p. 171 -174.
a [pm] 1282.4(1) 1369.6(1) [5] M. E. Schneider, H. Werner, X.
b [pm] 1289.5(1) 1199.3(1) International Symposium on Ho-
¢ [pm] 3153'1(1) 2457'1(1) mogeneous Catalysis, Princeton,
a[] 99.950(6) _ 1996.

511 90.888(4) 102.41(1) [6] a)J. R. Shapley, R.R. Schrock,
7 [°] 90.068(4) _ J. A. Osborn, J. Am. Chem. Soc.
V [nm’] 5.1231(6) 3.9417(5) 1969, 91, 2816-2817; b)R.R.
V4 8 4 Schrock, J. A. Osborn, J. Am.
Oeatca [Mgm~3] 1.515 1.383 Chem. Soc. 1971, 93, 2397 -2407.
ﬂm[]fgmfl] 0.789 0612 [7] B. Windmiiller, J. Wolf, H. Wern-
F(000) 2;116 1.712 er, J. Organomet. Chem. 1995,
26 max [°] 52 54 502, 1.47— 161 )

no. meas. reflns. 18648 8707 [8] B. Windmiiller, O. Niirnberg, J.
no. unique reflns. 18633 8573 Wolf, H. Werner, Eur.J. Inorg.
no. reflns. used 16207 7859 Chem. 1999, 613 -619.

refined parameters 1245 665 [9] J. A van Doorn, H. van der
R1 [I>20(I)]™ 0.0478 0.0368 Heljde.n, A. G. Orpen, Organo-
wR2 (all data)!® 0.1262 0.0880 metallics 1995, 14, 1278 -1283.
gl; gZ[C] 0.0565: 15.2674 0.0484; 1.5161 [10] a) P.J. Sinnema, L. Veen, A.L.
resid. elec. p [10-°epm 3] 0.96/ — 1.01 0.78/ — 0.65 Spek, N. Veldman, J. H. Teuben,

Organometallics 1997, 16, 4245 -

[a] RI=Z||F,| — [F|/Z|F,|. [b] wR2={Z[w(F3 — FE*Z[w(F3)"I}"*. [c] w=1/[c*(F3)+ (gl x P)*+g2xPl;

4247; b) P.J. Sinnema, Disserta-

P=(F2+2F?)/3. [d] The asymmetric unit contains four independent molecules 2a—d. In this table the formula tion, Rijksuniversiteit Gronin-

and M, represent one molecule only.

3058 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

gen, 1999.

0947-6539/00/0616-3058 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 16





Diphenyldiazomethanerhodium(l) Complexes

3052-3059

[11] D. A. Lemenovski, M. Putala, G. I. Nikonov, N. B. Kazennova, D. S. [20]
Yufit, Yu. T. Truchkov, J. Organomet. Chem. 1993, 454, 123-131. [21]
[12] J. Chatt, R. A. Head, P. B. Hitchcock, W. Hussain, G.J. Leigh, J.
Organomet. Chem. 1977, 133, C1-C4.
[13] a) D. Sellmann, Angew. Chem. 1974, 86, 692—702; Angew. Chem. Int.
Ed. Engl. 1974, 13, 639-649; b) M. Putala, D. A. Lemenovskii, Russ.
Chem. Rev. 1994, 63, 197 -216.
[14] N. Mahr, Dissertation, Universitidt Wiirzburg, 1994.

[15] a) W. A. Herrmann, Angew. Chem. 1978, 90, 855 -868; Angew. Chem. [22]
Int. Ed. Engl. 1978, 17,800-813; b) W. A. Herrmann, G. Kriechbaum, [23]
M. L. Ziegler, P. Wiilknitz, Chem. Ber. 1981, 114, 276 —-284.

[16] a) K.D. Schramm, J. A. Ibers, Inorg. Chem. 1980, 19, 1231 -1236; [24]

b) M.J. Menu, G. Crocco, M. Dartiguenave, Y. Dartiguenave, G.
Bertrand, J. Chem. Soc. Chem. Commun. 1988, 1598 —1599.
[17] D.L. Thorn, T. H. Tulip, J. A. Ibers, J. Chem. Soc. Dalton Trans. 1979,

2022 -2025.

(25]

[18] C. Hahn, J. Sieler, R. Taube, Chem. Ber./Recueil 1997, 130, 939 —945.

[19] a) P. Schwab, N. Mahr, J. Wolf, H. Werner Angew. Chem. 1993, 105, [26]
1498 -1500; Angew. Chem. Int. Ed. Engl. 1993, 32, 1480-1482; b) H.
Werner, P. Schwab, E. Bleuel, N. Mahr, P. Steinert, J. Wolf, Chem.
Eur. J. 1997, 3, 1375-1384.

Chem. Eur. J. 2000, 6, No. 16

A. van der Ent, A. L. Onderdelinden, Inorg. Synth. 1973, 14, 92-95.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Centre as supplementary publications no. CCDC-
139831 (2) and CCDC-139830 (8). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EK, UK (Fax(+44)1223-336-033; e-mail: deposit@ccdc.cam.
ac.uk).

F. van Bolhuis, J. Appl. Crystallogr. 1971, 4, 263 -264.
ENRAF-Nonius CAD4/PC Version 1.5¢c of May 1995. ENRAF-
Nonius Delft, Scientific Instruments Division, Delft, The Netherlands.
P. T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman, R. de
Gelder, R. Israél, J. M. M. Smits, The DIRDIF program system,
Technical Report of the Crystallography Laboratory, University of
Nijmegen, The Netherlands, 1994.

G. M. Sheldrick, Program for Crystal Structure Refinement, Univer-
sity of Gottingen, 1996.

a) Z. Berkovitch-Yellin, L. Leiserowitz, Acta Cryst. 1984, B40, 159 —
165; b) A. Bondi, J. Phys. Chem. 1964, 68, 441 —451.

Received: February 2, 2000 [F2275]

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0616-3059 $ 17.50+.50/0 3059






FULL PAPER

The Relation between Ion Pair Structures and Reactivities of Lithium

Cuprates

Michael John, Carsten Auel, Christoph Behrens, Michael Marsch, Klaus Harms,
Ferdinand Bosold, Ruth M. Gschwind, Pattuparambil R. Rajamohanan, and

Gernot Boche*[?!

Dedicated to Professor Dr. Harald Giinther on the occasion of his 65th birthday

Abstract: From Li* well-solvating sol-
vents or complex ligands such as THF,
[12]crown-4, amines etc., lithium cup-
rates R,CuLi(‘LiX) crystallise in a sol-
vent-separated ion pair (SSIP) structural
type (e.g. 10). In contrast, solvents with
little donor qualities for Li* such as
diethyl ether or dimethyl sulfide lead to
solid-state structures of the contact ion

is strongly favoured in the equilibrium
with the CIP 17, and in diethyl ether one
observes essentially only the CIP 17
Salts LiX (X=CN, Cl, Br, I, SPh) have
only a minor effect on the ion pair
equilibrium. These structural investiga-
tions correspond perfectly with Bertz’s
logarithmic reactivity profiles (LRPs) of
reactions of R,Culi with enones in

diethyl ether and THF: the faster reac-
tion in diethyl ether is due to the
predominance of the CIP 17 in this
solvent, which is the reacting species;
in THF only little CIP 17 is present in a
fast equilibrium with the SSIP 18. A
kinetic analysis of the LRPs quantifies
these findings. Recent quantum-chem-
ical studies are also in agreement with

pair (CIP) type (e.g. 11). '"H,’Li HOESY
NMR investigations in solutions of
R,CuLi(‘LiX) (15, 16) are in agreement
with these findings: in THF the SSIP 18

Introduction

The question of whether the reaction of 2 RLi and 1 CuCN
leads to “higher-order” cuprates 1 with “special reactivity”,!
in which the cyano group should be the third substituent at

[R-Cu-R] Li* LicN
1 2

Cu*, or to cyano-Gilman cuprates 22—a scientific contro-
versy over many years—, found its end in 1999 in favour of 2:
N. Krause titled his Highlight in Angewandte Chemiel® “New
Results Regarding the Structure and Reactivity of Cyano-
cuprates—The End of an Old Controversy”. What had led to
this conclusion? From NMR investigations by Bertz et al.>4l

[a] Prof. Dr. G. Boche, Dipl.-Chem. M. John, Dipl.-Chem. C. Auel,
C. Behrens, M. Marsch, K. Harms, F. Bosold, Dr. R. M. Gschwind,
Dr. P. R. Rajamohanan
Fachbereich Chemie, Philipps-Universitét
35032 Marburg (Germany)
Fax: (+49)6421-2828917
E-mail: boche@chemie.uni-marburg.de
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the CIP 17 being the reacting species.
Thus a uniform picture of structure and
reactivity of lithium cuprates emerges.

lithium

and by Berger et al.,’! from EXAFS and XANES investiga-
tions,l and from quantum-chemical studies(® 7 it was strongly
indicated that the cyano group is not bonded to Cu*. Rather,
cyano-Gilman cuprates 2 should be formed. The first two
solid-state structures of cyano-Gilman cuprates provided at
least for these two cases the experimental proof. van Koten
et al.’l determined the structure of the diaryl cyano cuprate
[{2-(Me,NCH,)C¢H,},CuLi,(CN)(thf),], (3), in which the
cyano group is bonded to two Li" ions, as first proposed by
Bertz.?*] The diaryl cuprate anion is connected with the cation
[Li-C=EN-Li]" intramolecularly through its N(Me),CH,
group which leads to a polymer chain. The Li* ion is four-
coordinate through coordination to two additional THF
molecules.

The structure of the dialkyl cyanocuprate [fBu,Cu-
Li,(CN)(thf),(pmdeta),] (4) (pmdeta=pentamethyldiethyl-
enetriamine) was disclosed by Boche et al.’l In this case the
ate-anion [fBu—Cu—Bu]~ is completely separated from the
cation [Li-C=EN-Li]", in which each Lit is pentacoordinate
because of the additional solvation by one pmdeta ligand and
one THF molecule. The carbon atom of the cyano group
(which is indistinguishable from the nitrogen atom) is
845.7 pm away from Cu™. For reasons which will be of interest
in the 'H,°Li HOESY investigations (see below), the distances
Li1—C1 764.6 pm and Lil—C1A 780.6 pm are also mentioned
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here. The solid-state structures of 3 and 4, which crystallised
from THF with additional help of an amino ligand and the
cyanide anion, can thus be regarded as models for the
corresponding solvent-separated ion pairs (SSIPs) in solu-
tion.l'”] Further structures of this type, in which the cyano
group is not part of the crystals, were determined by Power
et al. "l namely [Li([12]crown-4),CuMe,] (5), [Li([12]crown-4),-
CuPh,(THF)] (6) and [Li([12]crown-4),Cu(Br)CH(SiMe;),]

5 6
'
S N MeSi SiMes o
SiMes (5 O/o> Me,Si—C-Cu-C-SiMes CO--l;i--OG
Br-Cu-CH  [O-Li-g] MesSi SiMe 6

SiMe, @i@' Q

7 8

In 5-7 cations and anions are well separated due to the
sandwich structures of the cations [Li([12]crown-4),]*.01
Another structure (8), which also crystallized from THF and
is of the SSIP type, was revealed by Eaborn et al.l'”!

From these results we raised the following questions which
we will answer in this work:
la) Do lithium cuprates crystallise generally in a SSIP type

structure from solvents which solvate Li* well, such as
THEF, crown ethers, amines or others?

b) How do lithium cuprates
crystallise from solvents
like diethyl ether (Et,O)
or dimethyl sulfide (Me,S)
which solvate Li* only lit-
tle? Does one observe
structures of the contact
ion pair (CIP) type?

2) What is the ion — pair struc-
ture of lithium cuprates in
solutions of these two types
of solvents?

3) What is the influence of
these two types of solvents
on the reactivities of lith-
ium cuprates with enones
(and related systems)?

Chem. Eur. J. 2000, 6, No. 16
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Results and Discussion

Investigations of solid-state

s M- o '.H,-f structures
-1 |_|r ﬂq:l_.:r'u_-"
LA A ™ The following two solid-state

- structures confirm the solvent-
separated ion pair (SSIP) char-
acter if lithium cuprates are
crystallized from Li* well-sol-

vating solvents. The structure of [Li(dme);]*[Me,Cu]~ 9l13

(dme =1,2-dimethoxyethane) is shown in Figure 1. As in the

solid-state structures of 3-8, the cation is completely

separated from the anion. The dimethylcuprate anion is

Figure 1. Solid-state structure of [Li(dme);]"[Me,Cu](9). Significant
bond lengths [pm] and angles [°]: Li1—C1 580.6, Lil—C2 591.1; C1-Cul-
C2179.2.

essentially linear (C1-Cul-C2 179.2°), and Lil is perfectly
surrounded by three DME molecules (hexacoordination of
Lil!). Of special interest in this structure are the distances
Li1—C1 (580.6 pm) and Lil—C2 (591.1 pm; shortest Li—C
distances in the unit cell), which are far beyond a bonding
distance (<250 pm) between lithium and carbon.

The structure of [Li(dme);]*[{(Me;Si)CH,},Cu]~ (10)3"! is
similar to that of 9 (Figure 2). The structure of the [Li(dme);]*
ion in 10 is essentially the same as in 9. The cuprate anion
[{(Me;Si)CH,},Cu]" is linear (C1-Cul-C5 178.9°), and the Li

Sil "
Si2
w1 8

10

Figure 2. Solid-state structure of [Li(dme);]*[{(Me;Si)CH,},Cu]- (10). Significant bond lengths [pm] and
angles [°]: Lil—C1 605.7, Li1—C5 600.1; C1-Cul-C5 178.9.
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cations are far away from the carbon atoms bonded to Cul:
Li1—C1 605.7 pm and Lil—C5 600.1 pm (shortest Li—C
distances in the unit cell). These structures are excellent
models for the monomeric solvent-separated ion pair nature of
such compounds in Lit well-solvating solvents, as results of
'H,Li HOESY spectroscopy experiments have shown (see
below).

A model for the structural situation in Li" little-solvating
solvents was found when two equivalents of (Me;Si)CH,Li
were allowed to react with one equivalent of CuCN in diethyl
ether and the solution was allowed to crystallise at — 78 °C to
give [{[ (Me;Si)CH,],CuLi},] - 3Et,O (11),[* (Figure 3).

Figure 3. Solid-state structure of [{[(Me;Si)CH,],CuLi},(Et,0);] (11).
Significant bond lengths [pm], bond angles, and dihedral angles [°]: Li1—C5
219.9, Li1—C13 226.4, Li2—C1 230.5, Li2—C9 231.2, Cul—Cu2 283.8; Cl1-
Cul-C5 172.9, C9-Cu2-C13 171.3, C1-Cul-Cu2-C9 93.7.

As can easily be seen, the structure of 11 is completely
different from the structures of 3—10: a lithium cuprate dimer
is formed with the cuprate anions being held together by two
lithium cations. Thus, short C—Li bonds are found in the
asymmetric unit: Lil—C5 219.9 pm, Lil—C13 226.4 pm,
Li2—C1 230.5 pm and Li2—C9 231.2 pm. As in the solid-state
structure of the lower order cyanocuprate [fBuCu(CN)-
Li(Et,0),]..! (also crystallized from Et,0) the two cuprate
units C1-Cul-C5 and C9-Cu2-C13 are essentially orthogonal
to each other: the C1-Cul-Cu2-C9 dihedral angle in 11 is
93.7°, which allows an interaction of the two d'° copper cations
Cul and Cu2 without steric repulsion of the carbon atoms.
This interaction is also documented by the angles C1-Cul-C5
172.9° and C9-Cu2-C13 171.3° with the two Cu atoms being
bent towards each other, leading to a Cul—Cu2 distance of
283.8 pm. Lil is bonded to one Et,O, and Li2 to two Et,O
molecules. Evidently, because of the poor solvating qualities
of Et,0, the Li cations prefer bonds with the negatively
charged a-carbon atoms of the cuprate anions. Thus 11 is a
good model for a dimeric lithium cuprate contact ion pair in
solution. At the moment we are unable to locate LiCN, which
is also formed under the reaction conditions giving 11. The
absence of CN~ (LiCN) in the structure of 11 indicates little
affinity of these species to the dimeric cuprate structure, and/
or a strong tendency for the formation of (LiCN),, and of the
dimer 11 without LiCN, at least in this particular case.

3062
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A strongly related structure of a lithium dialkylcuprate was
discovered by Olmstead and Power, when they treated
(Me;Si)CH,Li in hexane with a solution of CuBr in dimethyl
sulfide to give [Li,Cu,(CH,SiMe;),(SMe,),].. (12; Figure 4).04

12

Figure 4. Solid-state structure of [Li,Cu,(CH,SiMe;),(SMe,),],, (12).4
Significant bond lengths [pm], bond angles [°], and dihedral angles [°] in
the asymmetric unit: Lil—C1 221.8, Li1—C9 220.5, Li2—C5 220.1, Li2—C13
219.8, Cul—Cu2 298.4; C9-Cul-C13 173.8, C1-Cu2-C5 171.5, C5-Cu2-Cul-
C9 94.5.

The data summarized in the caption of Figure 4 reveal that
the two cuprate units, held together by two Li cations, are also
almost orthogonally oriented towards each other, and the two
d' Cu cations are bent towards each other leading to a
Cul—Cu2 distance of 298.4 pm. Interestingly, LiBr is not
present in the structure of 12. Similarly LiCN does not
crystallise together with 11. Instead, each of the two Li cations
is bonded besides to the a-carbon atoms of two cuprate anions
(Li—C bond lengths between 219.8 and 221.8 pm!) to the
sulfur atoms of two Me,S molecules. Since the sulfur atoms
are additionally bonded to a second Li" ion, a polymeric chain
is formed through Li-S-Li-S four-membered rings. Excess
dimethyl sulfide, as present in solution, could possibly break
down the polymer 12 to dimeric units.

The related diaryl cuprate dimer 13 was crystallised from
dimethyl sulfide and structurally characterized."! Similiarly,
the Li diaryl cuprate dimer 14, also of the CIP type, was

SMezp
(SMez)z b

obtained from diethyl ether.'®) Thus, one can conclude that
lithium cuprates form “dimeric” contact ion pair type
structures with short Li—C bonds if they crystallise from Li*
little-solvating solvents such as Me,S, Et,O, hexane, or
benzene (11-14), while one observes structures of the
solvent-separated ion pair type with very long Li---C
distances if Li* is well-solvated (THF, DME, crown ether,
etc.) (3-10).

OEt2

e
!

0947-6539/00/0616-3062 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 16





Lithium Cuprates

3060-3068

H,°Li HOESY investigations of lithium cuprates in THF and
Et,0

In 1976 it was concluded that Me,CuLi (15) is a dimer in
diethyl ether.'l This is also the case in dimethyl sulfide
solutions.?? In contrast, NMR investigations of Me,CuLi-

Me3Si SiMe;™ |
HsC-Cu-CH3™ Li* H,C-Cu-CH, Li

15 16

-LiX (15-LiX; X =1, CN) showed the preference for a
monomeric structure in THE'® Y] These results are in agree-
ment with EXAFS studies!® and cryoscopic investigations.[*]
We wondered whether the results of 'H,°Li HOESY inves-
tigations?!l of lithium cuprates in THF and diethyl ether,
would be in accord with the solid-state structures obtained
from the respective solvents (see above).

The intensity of a cross-peak in a '"H,’Li HOESY spectrum
is inversely proportional to the sixth power of the H—Li
distance.”” However, the extremely low sensitivity of the
NOE restricts the maximum proton —lithium distance detect-
able by this method to about 400—500 pm.?> 3] Therefore, in
monomeric solvent-separated ion pairs of lithium cuprates of
the type 10, as well as in the others shown above, the lithium
cation should be too far away from the hydrogen atoms at the
a-C atoms of the cuprate anions to lead to any detectable
dipolar interaction (e.g. in 10, Figure 2: C1-Lil 605.7 pm).
This could be confirmed in a detailed NMR study on the
possibilities and limitations of measuring 'H,°’Li HOESY
cross-peaks in linear lithium cuprates.? In contrast, in
dimeric contact ion pair structures (e.g. 11; Figure 3) the
relatively short a-carbon—lithium distances of around 220 pm
lead to a clearly detectable dipolar interaction between the
methylene groups of [{(Me;Si)CH,},Cu]- and Li*. In the
following we discuss the 'H,°Li HOESY spectra of [{(Me;.
Si)CH,},CuLi] (16) in THF and diethyl ether, because we have

a) J\':I
8('H)

CuCH, N r-2.0
M l-1.0
SiCH,
= ' L 0.0
Et‘zo ® <|r 1.0
: L 2.0
EQO_‘ Q % L 3.0
L 4.00
ppm

ppm 0.5 0.0 -0.5-1.0-1.5-2.0 §(’Li)

solid-state models both of a solvent-separated (10) as well as
of a contact ion pair (11) of this cuprate.

A comparison of the 'HSLi HOESY spectra of [{(Me;-
Si)CH,},CuLi] (16) in Et,0 (20% Et,0 and 80 % [D,(]Et,0)
and THF (20 % THF and 80 % [Dg]THF) is shown in Figure 5.
In both spectra, in the proton dimensions, two signals of the
[{(Me;Si)CH,},Cu]~ ion and two originating from 20 % of the
protonated solvent are observed. The lithium dimensions
show only one signal, indicating the presence of either a single
species or a fast equilibrium. In Et,0 a very strong cross-peak
between the methylene groups of the [{(Me;Si)CH,},Cu]~ ion
and the lithium cation can be detected (see Figure 5a). This
clearly indicates short distances between the methylene
groups and lithium and is in excellent agreement with the
dimeric contact ion pair model structure 11 crystallized from
Et,0. Additionally a small cross-peak occurs between the
methyl groups of the [{(Me;Si)CH,},Cu]~ ion and the lithium
center in both spectra.?! In contrast to the situation in Et,0O,
in THF (see Figure 5b) the strongest cross-peak is between
the lithium center and the a-protons of the solvent, and there
is only a weak dipolar interaction between lithium and the
methylene groups of the [{(Me;Si)CH,},Cu]~ ion (see Fig-
ure 5b). Hence one can conclude that the dominating species
of [{(Me;Si)CH,},CuLi] (16) in THF is the solvent-separated
ion pair. Thus, the structure of 16 in THF, which is
representative for lithium cuprates in Li™ well-solvating
solvents, can be correlated to the solid-state structure 10
obtained from DME, which shows the existence of a solvent-
separated ion pair type structure.

What is the origin of the weak cross-peak between the
CuCH, group and lithium in THF at —60°C (Figure 5b)? In
principle there are two possibilities: first, a residual contribu-
tion from the solvent-separated ion pair, or second the
presence of an equilibrium between the monomeric solvent-
separated ion pair and the dimeric contact ion pair, in which
only the latter contributes to detectable 'H,’Li cross-peaks of
lithium with the protons of the cuprate anion. In the latter
case the intensity of the cross-peak between CuCH, and
lithium would give an indication of the position of the

b) J\Li
8('H)

CUCH, | . ) r-2.0
-1.0
SiCH,

B ! L 0.0
1.0
THE ' A 20
3.0

THF_| R
=l .
PPmM

ppm 0.5 0.0 -0.5-1.0 -1.5 -2.0 3(°Li)

Figure 5. Solvent effects on the 'H,°Li HOESY spectra of [{(Me;Si)CH,},CuLi] (16) at —60°C in Et,O (a) and in THF (b).
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Figure 6. Temperature dependence of the equilibrium between solvent-separated ion pair (SSIP) and contact ion pair (CIP) structures shown by the one-
dimensional traces of the methylene/lithium cross-peak of [{(Me;Si)CH,},CuLi] (16) in THF (*H,°Li HOESY).

equilibrium. The first possibility of a residual contribution of
the linear part of the cuprate anion from the solvent-
separated ion pair species has been excluded in a detailed
NMR study of lithium organocuprates.?l In the case of an
equilibrium between a CIP and a SSIP, it is known that the
position of the equilibrium is shifted at lower temperatures
towards the SSIP due to entropic effects caused by the
different number of solvent molecules bonded in the mono-
meric and the dimeric species.?® Therefore, at lower temper-
atures, the existence of such an equilibrium should be shown
by a reduced dipolar interaction between the methylene
groups of [{(Me;Si)CH,},Cu]~ and lithium. This is nicely
demonstrated by temperature-dependent 'H,Li HOESY
experiments in THF. Figure 6 shows the continuous reduction
of the 'HLi HOESY cross-peak intensities between the
methylene groups of the cuprate anion and lithium at lower
temperatures: at —100°C the cross-peak has disappeared
almost completely. Furthermore, and also in support of the
equilibrium, the phenomenon is reversible.?”]

These latter experiments show that in solution the existence
of CIPs or SSIPs is not exclusive. We therefore conclude from
the above findings for [{(Me;Si)CH,},CuLi] (16) and other
lithium diorganocuprates R,CuLi, especially in Lit well-
solvating solvents, the existence of a fast equilibrium between
a dimeric contact ion pair 17 and a predominant monomeric
solvent-separated ion pair 18, as shown in Scheme 1.

R—Cu—R
Feci® .
A VT +4S
:,Li |,_i\ =S~ 2 H
. ‘.‘ ; Sl -4S el L
. cu | S §-oodit--8
R R S = Solvent :
S
cIP SsIP
17 18

Scheme 1. Equilibrium between contact ion pair (CIP) structures 17 and
solvent-separated ion pair (SSIP) structures 18 of lithium diorganocuprates
in solution.

Since lithium diorganocuprates are normally synthesized
such that salts LiX like LiCN, LiCl, LiBr, Lil and LiSPh are
also formed, the influence of the salt (salt effect) on the ion
pair equilibria compared to that of the solvent (solvent
effect), is furthermore of interest, especially with respect to
the reactivity (see below).

Figure 7 shows nicely that the position of the equilibrium in
the case of Me,CuLi-LiX (15-LiX), as indicated by the
magnitude of the 'H-°Li dipolar interactions of lithium with
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Figure 7. Solvent and salt effects on the magnitude of the 'H,°Li cross-peak
intensities of Me,CuLi (15) and 15-LiX (‘H,Li HOESY spectra at
—60°C).

the methyl groups, is mainly determined by the solvent, while
the salt has only a minor effect. Within one solvent—THF or
Et,0—the intensities of the 'H,°Li HOESY cross-peaks are
smaller (more SSIP is present) if [Li-X-Li]" is comparatively
stable (which is the case in the series X=CN~>Cl~>Br >
~SR), although the influences of the different LiX groups are
marginal. The largest difference is found between salt-
containing and salt-free solutions. Thus, salts only slightly
favour the SSIP 18 in the equilibrium with the CIP 17. It is the
solvent that dominates the position of ion pair equilibria of
lithium cuprates, at least in the case of THF and diethyl ether.

Logarithmic reactivity profiles and the reacting species in
lithium cuprate reactions with enones

From the studies of the solid-state and solution structures of
lithium cuprates, as well as results from other investiga-
tions,[® 2% it is clear that in diethyl ether solution dimers of the
contact ion pair (CIP) type 1114 are at least dominant, while
monomers displaying a solvent-separated ion pair (SSIP)
nature comparable to 10 are preferred in THF, especially at
lower temperatures. Is it possible to decide which of the two
species—the CIP or the SSIP—undergoes the reaction with
enones, and what determines the different reaction rates in
diethyl ether and THF?

In 1977, Ouannes, Dressaire and Langlois?® investigated
the reactions of lithium cuprates with an enone, an acid
chloride and the enol ester of a S-keto ester, respectively, both
without and in the presence of [12]crown-4. The results of the
reactions of 15 with 4-methylcyclohexenone 19 are shown in
Scheme 2.
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Me,CuLi 16
o] 0 90%
A Et,0, -50 to -78°C
B \Me,CuLi 15, 2.2 [12] crown-4 “Me
Me Me 0%
Et,0, -50 to -78°C
19 20

Scheme 2. Reactions of 19 with Me,CuLi 15 without, and in the presence
of 2.2 equivalents of [12]crown-4.128]

In reaction A, 19 and Me,CuLi (15) react to give the 1,4-
adduct 20 in 90% yield. However, in reaction B, in which
2.2 molar equivalents of [12]crown-4 were added to the
lithium cuprate 15, adduct 20 is not formed at all! Similarly,
no reaction of the cuprate 15 occurs with the acid chloride and
the enol ester of a S-keto ester in the presence of [12]crown-
4.281 Undoubtedly, [12]crown-4 surrounds the lithium cation
essentially completely as shown by the solid-state structures
5-7 As outlined above, related structures of the solvent-
separated ion pair type are also favoured in THF, DME and
other Li* well-solvating solvents thereby eliminating Li* as a
Lewis acid for complexation with the enone carbonyl group,
and thus for catalysis, which apparently is a prerequisite for
such a cuprate reaction. Monomeric structures of the SSIP
type of lithium cuprates in Li* well-solvating solvents there-
fore may be regarded as a “resting state”.l®l This fits nicely to
the results of Bertz in his systematic studies of logarithmic
reactivity profiles (LRPs) of reactions of lithium cuprates with
2-cyclohexenone and iodocyclohexane.”’! Historically, the
main purpose of a comparison of logarithmic reactivity
profiles of reactions of iodo- versus cyano-Gilman reagents
was to show that there is no special reactivity of the cyano
species.”’l The observations of special interest to us are the
generally faster reactions in diethyl ether than in THF. This is
illustrated by the reactions of the cuprates 21 and 22 with
2-cyclohexenone (23) given in
Table 1.2

Other examples of homo-
and mixed-cuprates confirm

Table 1. Logarithmic reactivity profiles of the reactions of the lithium
cuprates 21 (+ Lil) and 22 (4 LiCN) with 2-cyclohexenone (23) in Et,0 and
in THF at —78°C to give the corresponding 1,4 adduct 24 (yields in
[%1).7

Time Et,O THF
BuCu(SSiMe;)Li BuCu(Th)Li BuCu(SSiMe;)Li BuCu(Th)Li
21 + Lil 22 + LICN 21 + Lil 22 + LiCN

4s 61 64 2 32

36s 85 89 7 57

6 min 89 99 20 74

1h 94 99 72 89

R,CuLi 21 and 2-cyclohexenone (23) being 0.1 molL~, and
the assumptions indicated above, the best fit of the exper-
imental points (see Scheme 3) led to k; =1000s™!, k_; =10s7",
and k,=3.4 Lmol~!s~.13

For the reaction in THF (see Scheme 3), we used the same
k, value as in diethyl ether (k, =3.4 Lmol-!s™!). Under these
conditions a nice agreement between experimental points and
calculated curve (see Scheme 3) was achieved with k;, =10 s~!
and k_,=1000s"! which corresponds to the equilibrium
between 21 and [21], lying far on the side of the monomeric
SSIP. Although these kinetic data are not more than rough
estimates (they agree nicely with recently determined more
precise measurementsP®!l), the much faster reaction of a
lithium cuprate with an enone in diethyl ether than in THF!*2l
clearly results from the ion pair equilibrium of R,CuL.i being
far on the CIP side in diethyl ether, while the much slower
reaction in THF results from the predominance of the SSIP in
this solvent. The kinetics are also in agreement with the SSIP
being the much less or even unreactive species (“resting
state”(®!). Finally it should be noted that the reaction of the
dimeric lithium cuprate contact ion pair with an enone, as
shown here, is in perfect agreement with recent quantum-

k;, RCUR 5

the generally faster reactions 2 [R-Cu-RT Li" —“—T— L L P g * [RCuRT Li
in diethyl ether than in THF.! S-Z’C R-Cu-R 28°C R
In order to get further insight 21 7 (21} 24
into the LRPs as a function of
the solvent we analysed the 0.1 -
e ELO: k, =1000s" o Et0

LRPs of the lithium cuprate 21 0.09 1 ° 2 k' 08

. . 4= S
with 2-cyclohexenone (23) in 0.08 | i =34l ol &

. 2 =9
diethyl ether and THF, respec- —; 0.07 O THF
tively, to give the corresponding € 0.06 <
adduct 24 (Scheme 3). 5 0.05

In diethyl ether a fast equili- s B

. S 0.04 1 k;=10s
brium between 21 and [21], 8 k., =1000s"
should essentially lie on the g oo k,=34Lmols"
side of the dimer [21], (see the 0.02
'HLi HOESY studies). Fur- 001~
thermore, a monomer 21 of the 0~ ' ' '

SSIP type should not react with 0 500
2-cyclohexenone  (23) (see
Scheme 2). With the concentra-
tions of the lithium cuprate  Bu, R'=SSiMe;.
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Scheme 3. Logarithmic reactivity profiles (LPRs) of the reactions of 21 + Lil with 2-cyclohexenone (23) in Et,0
and THF at — 78 °C to give 24. Points: experimental values; curves: calculated with the data given in the text. R =
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1 chemical calculations by Mori
and Nakamura.®® The transi-
tion state with the two Li* ions
of the dimer bonding to the
oxygen atom of the enone is
shown in Figure 8.7 Other cal-
culations of Nakamura with a
mixed cuprate dimer show a
similar transition state.[*!

In conclusion, a systematic study of solid-state structures of
lithium cuprates reveals the formation of solvent-separated
ion pair (SSIP) types from Li" well-solvating solvents, while
“dimers” of the contact ion pair (CIP) type are formed in poor
solvating solvents. '"H,’Li HOESY studies of [{(Me;Si)CH,},.
CuLi] (16) in THF and Et,0, respectively, provide a similar
structural picture; in THF even an equilibrium of the
dominating solvent-separated ion pair (SSIP) with the contact
ion pair (CIP) is demonstrated. These results, together with
the observation that crown ethers (which form solvent-
separated ion pairs) suppress the reaction of a lithium cuprate
with an enone, acid chloride and the enol ester of a f5-keto
ester,®] as well as the logarithmic reaction profile studies of
Bertz,®! allow one to conclude that it is essentially only the
dimer of the contact ion pair type of a lithium cuprate which
undergoes the reaction, for example, with an enone. A
numerical analysis of logarithmic reaction profiles leads also
to the dominance of the SSIP in THF and the CIP in diethyl
ether as found in the 'H,°Li HOESY studies. Furthermore, the
transition state involving the contact ion pair type dimer is in
agreement with quantum-chemical calculations.® Thus, a
uniform picture of structure and reactivity of lithium cuprates
is presented.

Cu’cr:j/C}ja
H3é\ L C_U:CH3

L|--O—§Qé

H H

Figure 8. Quantum-chemically
determined transition state of
the reaction of [Me,CuLi], [15],
with 2-cyclohexenone (23).R!

Experimental Section

Crystal structures

Me,CuLi-3DME (9): Cul (952.3 mg, 5.0 mmol) was placed into a 50 mL
flask and dried under vacuum. The flask was then filled with argon. After
adding dry diethyl ether (7.5 mL) the suspension was stirred at —78°C.
Then, methyllithium (10.0 mmol, 1.54M) in diethyl ether (6.5 mL) was
added and the mixture was allowed to warm up to 0°C. The clear, colorless
solution was kept at —78°C for 24 h. During this time most of the Lil
crystallized. At —78°C the supernatant solution was transferred into a
centrifuge tube and 2-cyclohexenone (528.7 mg, 5.5 mmol) in diethyl ether
(5.0 mL) was added under stirring. The mixture was stirred at 0 °C for 1 min
and then centrifuged at —78°C. The solution was removed and the yellow
precipitate was suspended in dry diethyl ether (5.0 mL) at —78°C. After
adding methyllithium (5.0 mmol, 1.54 M) in diethyl ether (3.25 mL) a clear
solution of Me,CuLi was obtained at —20°C. This solution (1.2 mL) was
diluted with dry diethyl ether (1.5mL) at —78°C. Addition of 1.2-
dimethoxyethane (1.5 mL) resulted in the precipitation of a white solid
which was redissolved at 0°C and then cooled to —30°C for 24 h. The
solvent was removed from the white precipitate and the solid was diluted in
dry THF (0.5 mL) at 0°C. After 24 h at —50°C and another 24 h at —78°C
crystals of 9 suitable for X-ray analysis were obtained.

[{(Me;Si)CH,},CuLi] - 3DME (10): Cul (1.9 g, 10.0 mmol) was put into a
50 mL flask and dried under vacuum. The flask was then filled with argon.
After adding dry diethyl ether (15.0 mL) the suspension was stirred at
—78°C. Then (Me;Si)CH,Li (20.0 mmol, 1.0M) in pentane (20.0 mL) was
added and the mixture was allowed to warm up to —30°C. The clear,
colorless solution was kept at —50°C for three days. During this time most
of the Lil crystallized. At —78°C the supernatant solution was transferred
into a centrifuge tube and 2-cyclohexenone (1.06 g, 11.0 mmol) was added
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under stirring. The mixture was allowed to warm up to —30°C and then
centrifuged at —78°C. The solution was removed and to the yellow
precipitate dry diethyl ether (5.0 mL) was added at —78°C. After adding
(Me;Si)CH,Li (10.0 mmol, 1.0m) in pentane (10.0 mL) a clear solution of
[{(Me;Si)CH,},CuLi] was obtained at — 30 °C, which was stored over dry ice.
To this solution (0.5 mL) 1,2-dimethoxyethane (0.14 mL) was added at
—78°C. After 24 h at — 78 °C crystals of 10 suitable for X-ray analysis were
obtained.

[{[ (Me;Si)CH,],CuLi},] - 3Et,O (11): CuCN (44.8 mg, 0.5 mmol) was put
into a 50 mL flask and dried under vacuum. The flask was then filled with
argon. Dry diethyl ether (5.0 mL) was added and the suspension was cooled
to —78°C. After addition of (Me;Si)CH,Li (1.0 mmol, 1.0M) in pentane
(1.0mL) the mixture was warmed to +4°C. After 20h at +4°C the
solution was cooled to —78°C, and after 56 h crystals of 11 suitable for
X-ray analysis were obtained.

NMR spectroscopy

All NMR experiments were performed with a Bruker AMXS500 spectrom-
eter equipped with pulsed field gradient (PFG) accessory and a triple
resonance probe. Unless otherwise noted all experiments were recorded at
—60°C in 80% [D;]THF or [D,]Et,O. Proton chemical shifts were
referenced to external TMS, lithium chemical shifts to a 1M solution of LiCl
in water at 0°C. The HOESY pulse sequence as described by Rinaldi,*!
and Yu and Levy,’”) was used combined with an additional °Li filter, ahead
of the sequence and pulsed field gradients, to suppress spectral artefacts.*!
In all two-dimensional spectra the number of complex points/sweep widths
were 1024 points/6 ppm for °Li and 128 points/9 ppm for 'H. Quadrature
detection in the indirect dimension was achieved with the time-propor-
tional-phase-incrementation (TPPI) method.’) The data were processed
with the software package UXNMR (Bruker). After apodization with a 90°
shifted sinebell, zero filling to 256 real points was applied for the indirect
dimension. For the direct dimensions Lorentz-to-Gauss transformation was
used.

nBu®Li (1.6M) in hexane: °Li (1.48 g, 246.0 mmol) was cut into small pieces
under mineral oil and placed in a 250 mL flask. With an ultraturax the °Li
was powdered and then filtered over a glass frit. After washing with dry
hexane (3 x 20.0 mL) the °Li was suspended in dry pentane (20.0 mL). n-
Butyl chloride (12.2 mL, 117.0 mmol), dissolved in pentane (20.0 mL), was
added slowly so that the reaction boiled slightly (3 h). After refluxing for
2 h the mixture was cooled down slowly and the violet solid was allowed to
precipitate for 24 h. The supernatant solution was transferred into a
Schlenk tube and then dried under vacuum to remove residual n-butyl
chloride and coupling products. Finally dry hexane (50.0 mL) was added to
yield a concentration of 1.54 molL-!, which was controlled by means of a
Gilman double titration.*)

Me‘Li (1.0m) in THF or Et,0: n-Butyl ‘lithium (8.0 mmol, 1.45M) in
hexane (5.5 mL) were placed in a 10 mL centrifuge tube, which was dried
under vacuum and then filled with argon prior to use. Dry diethyl ether
(1.0 mL) was added and the solution was cooled to —40°C. Under stirring,
a precooled solution of methyl iodide (0.5mL, 8.0 mmol) in pentane
(5.0 mL) was added slowly. After cooling to —78°C for 2 h the precipitated
methyl ‘lithium was centrifuged at — 78 °C. The solvent was removed from
the white solid and replaced with cooled dry hexane (10.0 mL). The
washing procedure was repeated twice. Finally the methyl ‘lithium was
suspended in cooled dry diethyl ether or dry THF (5.0 mL). Warming to
0°C yielded a clear colorless solution with a concentration of 0.9 molL,
which was controlled by means of a Gilman double titration.[*"]

(Me;Si)CH,Li (1.37M) in pentane: °Li (1.50 g, 250 mmol) was powdered
with an ultraturax in dry degassed mineral oil. The powder was filtered over
a glass frit, washed with dry pentane (3 x 20.0 mL) and transferred into a
100 mL flask. The °lithium powder was suspended in dry pentane (20.0 mL)
and (Me;Si)CH,CI (16.25 mL, 117.0 mmol) in pentane (20.0 mL) was added
dropwise under stirring such that the reaction boiled continuously. After
completion of the addition the violet solid was allowed to precipitate for
24 h. The supernatant clear solution was transferred into a Schlenk tube
and dried under vacuum to remove excess of (Me;Si)CH,Cl and coupling
products. Finally dry pentane (50.0 mL) was added to yield a concentration
of 1.37 molL~!, which was controlled by means of a Gilman double
titration.! !

Me,Cu’Li (salt-free) 0.67M in THF (80 % [D;]) or Et,0 (80 % [Dy]) 15:
Cul (95.2 mg, 0.5 mmol) was placed in a 10 mL centrifuge tube and dried
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under vacuum. The flask was then filled with argon (three cycles of drying
and filling). Dry diethyl ether (3.0 mL) was added and the suspension was
cooled to —40°C. Under stirring, commercial methyllithium (1.0 mmol,
1.6Mm) in diethyl ether (0.62 mL) was added, and after a few minutes a clear
solution was obtained. At —78°C 2-cyclohexenone (48.0 mg, 0.5 mmol) in
dry diethyl ether (2.0 mL) was added. Stirring for 5 min gave a yellow
precipitate which was centrifuged at —78°C. The pale yellow supernatant
solution was removed and replaced with dry diethyl ether (5.0 mL). The
suspension was stirred and then centrifuged again (two cycles of cleaning).
Finally the yellow solid was suspended in the corresponding dry solvent
(THF or Et,0) (3.0 mL). Methyl®lithium (0.4 mmol, 0.92m) in THF or Et,O
(0.43 mL), was added at — 78 °C. Warming to —40°C led to a clear solution
which was transferred into a 25 mL flask. If the solution was still yellow it
was treated dropwise with methyl®lithium until it became colorless. At 0°C
the solvent was removed under vacuum until a clear oil remained in the
flask. The corresponding deuterated solvent [Dg]THF or [D, JEt,O
(0.4 mL), was added and the clear solution was transferred into a NMR
tube at —78°C. The solution was diluted with deuterated solvent until the
concentration of 0.67 mol L~! was reached (NMR control). The samples
were stable for a few weeks.

Me,CufLi-°LiX (X = CN, Cl, Br, I, SPh) 0.67M in THF (80 % [Dy]) or Et,0
(80 % [Dy,]) 15-LiX: The copper salt (0.4 mmol, CuCN (35.8 mg), CuCl
(39.6 mg), CuBr (57.4 mg), Cul (76.2 mg), CuSPh (69.1 mg), respectively)
was placed in a 25 mL flask and dried under vacuum. The flask was then
filled with argon (three cycles of drying and filling). Dry THF or Et,0
(3.0 mL) was added and the suspension was cooled to —40°C. Under
stirring, methyl® lithium (0.8 mmol, 0.92M) in THF or Et,O (0.87 mL) was
added and after 1 min a clear solution was obtained. At 0°C the solvent was
removed under vacuum until a clear oil remained in the flask. [Dg]THF or
[Dy]Et,O (0.5 mL) were added and the clear solution was transferred into
a NMR tube at —78°C. At this temperature the samples were stable for
several weeks.

[{(Me;Si)CH,},Cu®Li] (salt-free) 0.67M in THF (80 % [Ds]) or Et,O (80 %
[Dy]) 16: CuBr (107.6 mg, 0.75 mmol) was put into a 10 mL centrifuge tube
and dried under vacuum. The tube was then filled with argon (three cycles
of drying and filling). Dry dimethyl sulfide (2.25 mL) was added and the
slight brown solution was cooled to —20°C. Under stirring, (Me;Si)CH,’Li
(1.5 mmol, 1.37M) in pentane (1.1 mL) was added dropwise. During the
addition a white solid precipitated from the solution and the resulting
suspension was stirred for 1 h. The solution was centrifuged at —20°C, and
the clear supernatant solution was transferred into a 25 mL Schlenk tube
through a syringe filter. The clear solution was then cooled to —78°C under
stirring until a white solid precipitated. The flask was stored over dry ice
overnight and then the supernatant solution removed. The remaining white
solid was redissolved in the corresponding solvent (THF or Et,0) (3.0 mL)
and the solvent was removed again at —20°C (Et,0)/0°C (THF) under
vacuum to remove residual traces of dimethyl sulfide. Addition of
deuterated solvent ([D(]Et,O or [Dg]THF) (0.4 mL) gave a colorless
solution, which was transferred into an NMR tube at —78°C. The samples
were diluted with deuterated solvent until the concentration of 0.67 mol L
was reached. At —78°C the samples were stable for several weeks.
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An NMR and Computational Study of a Lithium Amide and

Ethereal Ligand Exchange

Goran Hilmersson*!2]

Abstract: The activation parameters for the exchange of an ethereal ligand in a chiral
lithium amide was determined from full bandshape analysis of the dynamic NMR
spectra. For diethyl ether, the activation parameters were AH*=11.0 kcalmol~! and

AS*=12.0 cal K-'mol~!. The exchange of the tetrahydrofuran ligand proceeds with a
similar activation enthalpy AH*=11.2 kcalmol~!; however, the entropy is close to
zero, AS* =1.6 calK'mol~L The dissociation of the ethereal ligand was also modeled
by means of semiempirical (PM3) and density functional (DFT) methods. The

Keywords: density functional calcu-
lations - ligand exchange - lithium -
NMR spectroscopy

experimental *C NMR chemical shifts for the carbons of uncoordinated and
coordinated ethers were calculated with the GIAO-DFT (B3PW91/6-31G(d))

computational method.

Introduction

Organolithium reagents constitute one of the most widely
employed class of reagents in synthetic organic chemistry.
Organolithium compounds are strong dipoles that aggregate
to various extents in solution.[!! In coordinating solvents, such
as ethers, these reagents are often dimeric or tetrameric. The
use of Lewis bases is known to affect the reactivity and allows
noncovalently bonded auxiliaries to be used for asymmetric
reactions.” To be able to design such chiral additives, a
detailed understanding of the thermodynamics and kinetics of
ligand exchange is necessary. However, the details of this
important process have not yet been investigated. For
example, is the ligand exchange process driven by entropy
or by enthalpy ? A few years ago, some reports regarding slow
ethereal ligand exchange rates appeared in the literature.! It
was suggested that many lithiation reactions might proceed
with the ethereal ligand exchange as the rate-limiting step.
Computational chemistry is now becoming an available
technique for the evaluation of the structure of organic
compounds. The semiempirical PM3 method, with Anders’
parameters for lithium,* has been shown to adequately
reproduce the geometries of organolithium compounds from
experimental, density functional theory (DFT), and ab initio
computational methods. However, the energies calculated

[a] Prof. Dr. G. Hilmersson
Organic Chemistry, Department of Chemistry
Goteborg University
41296 Goteborg (Sweden)
Fax: (-+46)31-7723840
E-mail: hilmers@oc.chalmers.se
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with the PM3 method are usually poor.P’! Recently, Abbotto
et al. showed that energies calculated with the density func-
tional theory and a B3LYP hybrid functional with standard
basis sets (6-31G(d) on the PM3-optimized geometries
(B3LYP/6-31G(d)//PM3) reproduced higher level results
(B3LYP/6-31G+(d)//B3LYP/6-31G+(d)) with high accura-
cylol

Despite their high utility, computational studies of this type
only provide information regarding the standard molar
enthalpic contribution to the free energy, and should be
thoughtfully interpreted since the entropy term is left out.
This report demonstrates the fruitful combination of exper-
imental and computational methods to yield detailed mech-
anistic information on the important ethereal ligand ex-
change. Furthermore, since '*C chemical shifts provide a key
to structure determination of organolithium compounds, we
have explored the potential of theoretically calculated
isotropic shielding constants as an additional source for the
correct assignment of NMR signals.

The NMR calculation of the isotropic shielding constants of
13C nuclei can provide additional support for structures, and
also provide help in the choice between otherwise closely
related structures. GIAO-DFT calculations of the isotropic
shielding constants of the C nuclei of various compounds
have been reported. There are many accurate calculations of
13C NMR chemical shifts.”) The chemical shift calculations are
sensitive and can provide an additional source for the correct
assignment of NMR signals.

We have previously reported several studies on a chiral
lithium amide, Li-1, and its solvates and mixed complexes with
nBuLi by various NMR spectroscopic methods. This makes
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this system particularly inter-
esting since the structures and
some of their dynamics are well

6
H understood. The dimer of Li-1
7 ; only coordinates one ethereal

ligand, even at higher concen-
trations of ether. Therefore, this
is a key compound for studies of
ligand exchange reactions.
From the C NMR experi-
ments we have observed that the signals for the a-carbon
atom of coordinated diethyl ether (DEE) in (Li-1),- DEE
appear about 5 ppm upfield of the signal for uncoordinated
DEE (0 =60.6 compared to 65.6 for free DEE).P¢¢l Interest-
ingly, Lucht and Collum reported almost identical upfield
shifts for the carbon atoms in the DEE solvate of lithium
hexamethyldisilazide, LIHMDS, (6 = 60.4) (Figure 1).13"]

| |
Q{o\}(,o AA
e

. ALY
ntll I AN |

N.\\ \\\\N N\\\\
Li —g" i
A w3
o o

f 5=160.6 \ 0=604

6=12.9 6=124

(Li-1),*DEE (LIHMDS),*2DEE

6=151 Figure 1. Structures and experi-
NN mental *C NMR shifts of the a-
5=65.6 and f-carbon atoms in the DEE
solvates of (Li-1), and lithium
hexamethyldisilazide, as well as
uncoordinated DEE.
DEE

In contrast, the a-carbon signals of tetrahydrofuran (THF)
are shifted downfield by 0.7 ppm upon coordination to a
lithium amide dimer. Again we reported almost identical shift
changes for the a carbon of THF upon coordination to (Li-1),
to those reported by Lucht and Collum for the LiHMDS -
THF solvate. Since Li-1 and LIHMDS are structurally quite
different lithium amides it is clear that the observed chemical
shift changes result from the coordination of the lithium
cation and not from specific interactions between the
particular amide and the coordinating solvent. But what
could be the reason for these changes in the chemical shifts?
Clearly it could not be solely
caused by coordination to the

DEE. We have investigated these differences by means of a
computational approach based on GIAO-DFT chemical shift
anisotropic calculations.

Experimental Section

General: All glassware was dried overnight in a 120 °C oven (syringes were
dried at 50°Cin a vacuum oven) before transfer into a glove box (Mecaplex
GB 80 equipped with a gas purification system that removes oxygen and
moisture) under an atmosphere of nitrogen. The typical moisture content
was <2 ppm. All manipulations of the lithium compounds were carried out
in the glove box by means of gas-tight syringes. Ethereal solvents were
stored and freshly distilled from Deporex (FLUKA AG) prior to use. The
in-situ preparation of (2-methoxy-(R)-1-phenyl-ethyl)-(2-[°Li]-lithium-(S)-
1-phenylethyl)amide and characterization has been reported previously.!
NMR spectroscopy: All NMR spectra were recorded with a Varian
Unity 500 spectrometer equipped with three channels and a 5 mm 'H, 1*C,
°Li triple-resonance probe head, built by the Nalorac company. Measuring
frequencies were 500 MHz ("H) and 125 MHz (3C). The 'H and "*C spectra
were referenced to the solvent [Djy]diethyl ether signals at 6=1.06
("H—CHj;) and 6 =15.2 (3C—CH,;), respectively. Probe temperatures were
measured after more than 1h of temperature equilibrium with both a
calibrated methanol-Freon NMR thermometer and the standard meth-
anol thermometer supplied by Varian instruments.)

Computational methods: Because of the considerable size of the aggre-
gates under investigation, we restricted our geometry optimizations to
semiempirical PM3 calculations.) The structures were reoptimized with
the keyword HHon,!'" to eliminate the too positive HH attraction of the
PM3 method. All geometries were characterized as either minimum or
transition states by calculation of their frequencies at this level. Single-
point calculations were performed at the B3LYP/6-31G(d) level of theory
with the PM3-optimized structures. Geometry optimizations and frequency
calculations were also performed for the DEE and THF structures at the
B3LYP/6-31G(d) level of theory. The calculations were performed either
with the Spartan program package!'!l on a Silicon Graphics INDY
workstation or with the Titan program package!'”l on a PC (Pentium III,
600 MHz).

All the GIAO-DFT C NMR chemical shift calculations were performed
at the B3PW91/6-31G(d)!*¥! level of theory with the Gaussian 981"l suite of
programs on a Silicon Graphics Origin200 computer.

Results and Discussion

Diethyl ether ethereal ligand exchange: The chiral lithium
amide Li-1 [0.70M], was prepared in situ in [Dg]toluene. To
the lithium amide was added one equivalent of diethyl ether
(DEE), that is one DEE molecule per lithium amide molecule
(Scheme 1). At —90°C, the “C NMR spectra show a
resonance at  =65.8 for uncoordinated DEE and another
at 0=60.0 for coordinated DEE. Therefore, the a-carbon
atom of DEE is shifted upfield by 6 ppm upon coordination in
(Li-1),- DEE (Figure 2a). Only signals from (Li-1),- DEE
and free DEE are observed; no signals are observed for
unsolvated (Li-1), at any temperature. At very low [DEE]:[Li-
1] ratios only (Li-1),- DEE is observed. Signals for free DEE,

| i

i L . L
e.lectron poor lithium cation, 0. 0 0. 0
since that is expected to result LN ki LS

in decreased shielding and re- "“NxLixN\
sult in a downfield shift of the :
ether carbons. This is only ob- »O-p

served for THF, but not for

3070

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

W~

AN N
k1 L

+ O™ _— + /‘O’\

'
LO.\\\‘

Scheme 1. Ligand exchange equilibrium of (Li-1),- DEE.
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Figure 2. a) Selected region of the C NMR spectrum (125 MHz) of
(Li-1),-DEE [0.35M] and DEE [0.35M] in [Dg]toluene at —90°C.
b) Selected region of the C NMR spectrum (125 MHz) of (Li-1),- THF
[0.30M] and THF [0.30M] in [D,;]DEE at —95°C.

identical to those from pure DEE in toluene, are only
observed for [DEE]:[Li-1] >0.5. This indicates a very large
equilibrium constant for the complexation of DEE by (Li-1),.
At —90°C, the DEE exchange rate is slow on the NMR
timescale, whereas at higher temperatures the rate of
exchange increases and the signals coalesce at —71°C.B4 At
even higher temperatures, fast exchange yields the averaged
signals for DEE (a- and f-carbon atoms).

An NMR tube with a 1:1 mixture of (Li-1), - DEE and DEE
was prepared and a series of ?*C NMR spectra were obtained
between —87 and —29°C. The experiments were repeated
with an independent sample with identical results.

The temperature-dependent NMR spectra were subjected
to full bandshape analysis by means of the program gNMR.[3]
The full bandshape analysis gives kg, and the resulting
calculated spectra for this degenerate two-site exchange. The
observed *C NMR spectra are shown in Figure 3 along with
the calculated spectra. The ligand exchange may, in principle,
proceed with or without an intermediate, which could be
either a disolvated or an unsolvated dimer. Our previous data
indicates a dissociative mechanism. The rate-limiting step of
such a two-step process must be the first step, the dissociation
of the ether, since no intermediates are observed by NMR.
The observed rate constant is the sum of the forward and the
backward process according to Equation (1).

kons =2k, (k1=k71) (1)

The activation energies AG* are calculated with the Eyring
equation [Eq. (2)].

AG*=—RTIn(k,h/ksT) where ky = ko2 V)

The rate constants were determined at different temper-
atures and are given in Table 1. The Eyring plot (Figure 4) of
the resulting kinetic data gives a straight line, and the
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Figure 3. Experimental (left) and calculated (right) *C NMR spectra
(125 MHz) of the a carbons of DEE. The differences in the temperature-
dependent chemical shifts which were used in the calculation at fast
exchange rates were extrapolated from the temperature dependence at
slow exchange rates. Because of the difference in the relaxation times of
free and complexed DEE at temperatures below —80°C, these signals
appear with different linewidths. This has been included in the calculations
by the use of a slightly larger value for the linewidth of complexed DEE
than for free DEE.

Table 1. Simulated rate constants for the exchange of diethyl ether with
full lineshape analysis.

T[K] Simulated rate constantl® [s~!]
244 250000
239 150000
234 105000
229 65000
223 36000
217 20000
212 8000
201 1800
196 750
191 350
185 200

[a] Full lineshape analyses were performed with the program gNMR, a
product of CSC.I'"! Estimated errors are less than £7% based on full
lineshape curve-fitting.

-18.00 —f

-20.00 | \\

-22.00 4

In (kh/kgT)

-24.00 —

a

40 45 50 55

10* T1/K?
Figure 4. Eyring plot for the DEE ethereal ligand exchange between free
DEE and coordinated DEE in (Li-1),- DEE in [Dg]toluene.

activation parameters were interpolated: AG3, =83+
0.2 kcalmol™!, AH*=11.0 £0.3 kcalmol~' and AS*=12.0+
6 calmol "K' (T ASZ,« =2.7 kcalmol™!), respectively.['s]
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The entropy term is significantly smaller than the enthalpy
term.

The positive entropy of activation supports the previous
indication that the ligand exchange proceeds by a dissociative
mechanism.4 In the transition state, the dissociating ethereal
ligand gains some of its entropy which was lost upon
coordination. The ether molecule enjoys less restricted
motion by steric interaction in the transition state than in
the initial state (coordinated). This could be the result of
increased vibrational or internal rotational entropy.

THF ethereal ligand exchange: The chiral lithium amide Li-1
[0.60M] was also prepared in situ in [D,]DEE. To the DEE
solution of (Li-1),- DEE was added one equivalent of THF,
namely one THF molecule per lithium amide molecule. The
13C NMR spectrum shows one set of signals for uncoordinated
THF and another set for THF coordinated to (Li-1),, that is
(Li-1),- THF (Figure 2b). Thus slow ligand exchange is also
observed for THF as with DEE. The *C NMR spectra shows a
resonance at 0 = 68.5 for the free THF and another at 6 = 69.2
for the coordinated THF at —95°C (Figure 2b). The signal of
the a-carbon atom of THF is shifted downfield by 0.7 ppm
upon coordination in (Li-1),- THF. This is the opposite effect
of that observed with DEE upon
coordination to the same lithium
amide dimer. Clearly, the equili-
brium between DEE and THF é |
solvated dimers strongly favors . \:,Li::
the THF solvate because no LN, NS
signals for (Li-1),- DEE are ob- d I
served.

Full bandshape analysis of the
a-carbon signals was conducted (Li-1)
on a series of *C NMR spectra
of two samples collected at tem-
peratures between —30 and
—77°C. The activation param-

eters, AG;sx =10.9+0.2 keal
mol !, AH*=11.2+0.3 kcal
mol~!, and AStT=1.6%+6cal

mol~'K~! for the THF ethereal
ligand exchange were obtained
from the Eyring equation.['® The
activation enthalpy for THF li-
gand exchange was the same,
within experimental errors, as
that for DEE exchange, whereas
the entropy of activation was
significantly less for THF com-
pared to that of DEE.

These results of the DEE and
THF exchanges are interpreted
in detail in the following section
by means of computational Li
methods. Uk

Scheme 2.

Computational studies

The PM3 geometry-optimized
structures of (Li-1),-DEE and

Scheme 3.
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(Li-1), - THF: The semiempirical PM3 method was employed
to obtain the geometries of the structures of (Li-1),- DEE and
(Li-1),- THF. The PM3 geometry-optimized structure of
(Li-1),- THF has already been discussed.'”l The distances
between the lithium and the coordinating oxygen of the
ethereal ligands were 2.06 A (DEE) and 2.02 A (THF).
Single-point energy calculations of the relative solvation
energies for the PM3-optimized geometries were performed
at the B3LYP/6-31G(d) level of theory [Eq. (3)].

(Li-1), +S=(Li-1),-S  AE, ®

Solvation energies for the equilibrium thus calculated
give AE.,(DEE)=-9.15kcalmol™ and AE,,(THF)=
—10.94 kcalmol~' (Scheme 2).

Transition-state modeling of the ethereal ligand dissociation:
The dissociation of DEE from (Li-1),- DEE was modeled at
the PM3 level. In the calculated structure of (Li-1),- DEE, the
Li—Opgg distance is 2.05 A. In the calculated transition state
for the dissociation of the DEE from (Li-1), the Li—Opgg
distance is 3.119 A (Scheme 3). Single-point DFT energy
calculations at B3PW91/6-31G(d)//PM3 and B3LYP/6-

-9.15 keal mol? [

O.. .0
ve
W

+ oSN —— : LN, N
i

'
L/O\\\--

(Li-1),DEE

0.
() -179kca molt

|

O™

/ |
o.. .0
O
NN .
A

0.

®

(Li-1)o*THF
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31G(d)//PM3 levels of theory gave activation energies of 7.2
and 7.3 kcalmol !, respectively. Considering the approxima-
tion introduced with the PM3 structures, these calculated
activation energies are fairly close to the experimentally
determined activation enthalpy of 11.0 kcal mol~".

Similarly, the activated complex for the THF dissociation
transition state was found on the PM3 potential energy
surface. Single-point DFT calculations were conducted to
obtain the barrier for dissociation. From the B3LYP/6-
31G(d)//PM3 calculations, we calculated the activation bar-
rier for THF dissociation to be 9.5 kcalmol~!. This value is
close to the 11.2 kcalmol™' obtained by full bandshape
analysis of the dynamic NMR spectra.

Based on the results of the solvation energies and the
activation energies, a standard free-enthalpy diagram can be
constructed showing the relative energies. The standard
enthalpic energy of uncoordinated (Li-1), plus an ethereal
ligand is too high (too little negative) compared to the solvate
and transition states of, for example, (Li-1),-DEE and
[(Li-1),--DEE]*. This is compensated for by the entropy
term, which is calculated to be =25 calK~'mol~!, in agree-
ment with other experimental data.['®]

Geometry optimizations of DEE and THF: There are several
local energy minima or conformations for DEE (Scheme 4
and Table 2). The lowest DFT energy conformations at the

/\O/\ /\OJ -—\O/um--w

trans-trans-DEE trans-gauche-DEE gauche-gauche-DEE

Scheme 4. Three conformations with local energy minima in the geometry
optimization of DEE.

Table 2. Dihedral angles [°] and energies [Hartree] for the different DEE
conformations. Energies in Hartrees and kcalmol~! are also given for the
different conformations of DEE obtained at the B3LYP/6-31G(d)//B3LYP/
6-31G(d) level of theory.[?!

DEE conformer b, b, E[Hartree] Rel. energy
[kcalmol™!]

trans —trans 180.0  180.0 —233.66341 0

trans — gauche 174.4 76.1 —233.66127 1.34

gauch-gauche 60.0 60.0  —233.65663 4.25

coordinated DEE 65.0 65.2 - -

(close to gauche-gauche)

DEE in the transition 76.6 78.1 - -

state

[a] The conformations of the coordinated DEE and the DEE in the
transition state are those obtained from the PM3 calculations.

B3LYP/6-31(d)//B3LYP/6-31(d) level were calculated to be
the planar trans-trans and the trans-gauche minima. The trans-
gauche minimum is 1.34 kcalmol~! higher in DFT energy than
the planar trans-trans minimum. The estimated difference
from IR studies is 1.4 kcalmol~.['"]

The conformation of the coordinated DEE is close to the
gauche-gauche maximum. The two dihedral angles in the
PM3-optimized geometry are 65.17 and 65.03°, respectively.

Chem. Eur. J. 2000, 6, No. 16
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This is fairly close to 60° which corresponds to a gauche-
gauche-DEE. A DEE with a dihedral angle of 65° does not
represent an energy minimum on the B3LYP/6-31G(d)
potential energy surface. We can conclude that there is a
substantial loss (more than 4 kcalmol™') of enthalpy because
of the disfavored conformer that DEE must attain in order to
coordinate to the lithium amide.

GIAO-DFT NMR chemical shift calculations: (Li-1),- DEE:
The isotropic shielding values were calculated with the GIAO
method at the B3PW91/6-31G(d)//PM3 level of theory. The
corresponding chemical shifts were calculated for the CH,
carbon (C2) of Li-1 in (Li-1),- DEE as the internal reference
and its chemical shift was set to 0 =77.8. There is a satisfying
agreement between the experimental and the GIAO-DFT
computational result (Table 3).

Table 3. Experimental (—90°C) and DFT-GIAO calculated *C NMR
chemical shifts at B3PW91/6-31G(d)//PM3 level of theory for selected
carbon atoms in (Li-1), - DEE and (Li-1), - THF with the C2 carbon of Li-1
as the reference (6 =77.8 for (Li-1),- DEE and 78.4 for (Li-1),- THF).

(Li-1),- DEE (Li-1),- THF
Carbon atom!? Oexp Ol Oexp Ocale
2 (internal reference) 77.8 78.4
6 271 29.4 272 29.7
3 57.6 55.4 575 55.9
5 61.8 64.4 61.0 64.9
1 64.4 67.7 64.8 68.1
4 147.4 142.0 147.3 143.0
7 153.7 148.0 1534 147.1
coordinated DEE (a-carbon) 60.0 60.5
coordinated DEE (f-carbon) 11.9 13.1
coordinated THF (a-carbon) 68.4 69.2
coordinated THF (S-carbon) 24.5 25.9

[a] The *C NMR signals of the aromatic carbon atoms have not been fully
assigned and are therefore excluded.

The GIAO-DFT calculations of the shielding of the
13C NMR shifts were performed with the B3PW91/6-31G(d)
basis set on fully geometry-optimized DEE at B3LYP/6-
31G(d). The calculated 3C NMR chemical shifts of the a-
carbon atom and the f-carbon atom of diethyl ether in its
different conformations are given in Table 4. The calculated
chemical shifts for the carbons of trans-trans-DEE are 0 =
66.0 and 16.3, which are close to those obtained experimen-
tally, namely 6 =65.8 and 15.2. The shifts of DEE are rather
sensitive to its conformation as deduced from the calculations.

Table 4. GIAO-DFT calculated chemical shiftsi®! for DEE (B3PW91/6-31G(d)).

Oexp CH; 0oy CH,  Ocue CH3  Oqe CH,
DEE in {(Li-1),- DEE}"I 11.9 60.0 13.1 60.5
Uncoordinated DEE (trans—trans)ll ~ 15.2 65.8 16.3 66.0
(trans — gauche)l 15.08! 63.51¢l
(gauche - gauche)! 14.3 60.2
DEE (extracted from (Li-1),- DEE) 12.6 58.9

[a] C2 carbon atom of (Li-1),- DEE was used as the reference (0 =77.8). [b] The
geometry of (Li-1), - DEE was optimized at the PM3 level. [c] The geometry of DEE
was optimized at the B3LYP/6-31G(d) level. [d] Extracted from the PM3 geometry-
optimized (Li-1),- DEE and used for the GIAO-DFT calculations as such. [e] The

average of the shifts for the two magnetically nonequal set of carbon atoms.
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The shifts for the carbons of DEE in the PM3-optimized
structure of (Li-1),- DEE were calculated to be 6 =60.5 and
13.1. This should be compared to the experimental shifts of
0=60.0 and 11.9, respectively. Thus, there is a small
(£0.5 ppm) difference between the experimental and the
calculated shifts for the a carbons of DEE (both free DEE
and (Li-1),- DEE).

The conformation of DEE complexed in (Li-1),- DEE was
used without geometry optimization to exclude the effects
that proximate atoms in (Li-1) have on the *C NMR chemical
shifts on coordinated DEE. The calculation of the chemical
shifts on this conformer of DEE resulted in an even larger
upfield shift of 5.7 ppm. Based on these calculations, we
conclude that the large upfield chemical shift observed by
NMR is mainly the result of conformational change of DEE
upon coordination. The DEE becomes ”locked” in a disfa-
vored conformation, the carbon signals for such a conforma-
tion are calculated to be shifted largely upfield, Ad =71,
compared to that of trans-trans DEE. Thus if we only consider
the effect of coordinating DEE to an electron-poor lithium
cation and exclude any conformational changes, we obtain a
calculated downfield shift of 1.6 ppm for the a-carbon atoms
of DEE.

THF: THF molecules have much more restricted internal
motions than does DEE because the oxygen and carbon
atoms in THF are constrained in a five-membered ring with
mainly ring-puckering.

Three different minima which result from ring puckering
were found on the energy potential surface of THF at B3LYP/
6-31G(d) level of theory (SchemeS5). The relative DFT
energies are given in Table 5. The b-THF conformer is the
most stable followed by the a-THF conformer.

O, O @)

ORRAW

aTHF  bTHF  cTHF

Scheme 5. The three different minima which result from ring puckering
that were found on the energy potential surface of THF at B3LYP/6-31G(d)
level of theory.

Table 5. Calculated data for the THF conformers.

Rel. energy [kcal mol '] Ocaie @-carbon Ocarc B-carbon

a-THF 0.0661 66.7 26.4
b-THF 0.0698 66.4 26.7
c-THF 0.0000 66.8 28.1

The GIAO-DFT BC NMR chemical shifts were also
calculated for the conformers at the B3PW91/6-31G(d) level
of theory. The THF ligand does not show the same large
variation in *C NMR chemical shifts as did DEE.

(Li-1),- THF: We also calculated the '*C NMR isotropic shifts
of (Li-1),- THF and THF with GIAO-DFT at B3PW91/6-
31G(d) level of theory. Again we used the CH, carbon atom of
(Li-1), - THF as the internal reference. The *C NMR chemical
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shifts for the carbons for (Li-1),- THF are almost identical to
those of (Li-1),- DEE (Table 3).

However, here the effect of ethereal coordination to
lithium is opposite to that on the chemical shifts for the
carbon atoms of DEE. The a-carbon atoms of THF were
calculated to shift ~2 ppm downfield upon coordination. This
must be caused by the coordination of the oxygen in THF, a
Lewis base, to the electron-poor lithium cation. THF can not
undergo a similar large conformational change as in DEE
upon coordination. Hence only a small downfield shift is
expected for THF upon coordination to (Li-1),- THF. This is
also observed experimentally with a 0.7 ppm downfield shift
of the a-carbon atoms of THF upon coordination to (Li-1),-
THF.

Conclusions

The results of this study provide a possible explanation to why
THF is a better ligand for lithium than DEE. The common
belief has been that THF is a better ligand for cations because
of its known larger dipole moment. We have shown that the
enthalpic contributions to the ethereal ligand-exchange
processes are equal for DEE and THF. However, the THF-
solvated dimer is significantly more favored than that solvated
by DEE.

There is a loss in enthalpy for DEE when it coordinates to
lithium as it adopts a conformation which is higher in energy,
although this loss in enthalpy is smaller than the solvation
enthalpy. The difference in the ability of lithium to coordinate
DEE and THEF is, in part, caused by the greater loss in
vibrational entropy (mainly internal rotational entropy) for
DEE than THF. The vibrational entropy of DEE is calculated
at B3LYP/6-31G(d) level of theory to be 6.7 calmol~'K~!
higher than in THF (AS,;,(DEE)=15.1 calmol-'K~! and
AS,i,(THF) =8.3 calmol'K1).

The experimental results (the exchange rate is independent
of the concentration with a positive entropy of activation)
indicate a dissociative mechanism for the ethereal ligand
exchange, a type of Syl reaction that proceeds through an
intermediate unsolvated lithium amide dimer. The positive
entropy term also indicates that there is an increased disorder
in the transition state compared to the initial state. This is
interpreted as a result of dissociation of a solvent molecule in
the transition state.

The entropy associated with the dissociation of THF from
its coordinated form to the transition state, [ (Li-1),-- THF]*
is significantly smaller compared to the entropy of activation
observed with DEE. This difference is best explained if we
compare the entropy loss upon coordination of the ethereal
ligands to (Li-1),. Clearly, the coordination of DEE results in
a substantial loss of vibrational and internal rotational
entropy when the flexible DEE molecule becomes locked in
a single conformation. In the case of THF, a much smaller loss
of entropy is expected since THF is a five-membered cyclic
compound with mainly ring-puckering vibrations. Some of
this entropy will be released on transformation from the
coordinating initial state to the transition state. The entropy of
activation is thus larger for the DEE than for THF.
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A possible associative mechanism (an Syl type with an
intermediate disolvated lithium amide dimer) was also inves-
tigated; however, the energy for such an intermediate was
found to be less favorable than that of the dissociative
mechanism. Furthermore, an interchange mechanism of an
Sn2-type reaction results in much higher activation energy.
The possibility of an associative mechanism was not consid-
ered further.

The GIAO-DFT calculations have also been used to
rationalize the large upfield shift observed for the a-carbon
atoms of DEE upon coordination to be largely associated with
a conformational change rather than coordination to a cation.

Furthermore, GIAO-DFT chemical shift calculations at the
B3LYP level on the PM3 geometry-optimized structures
reproduces the experimentally observed shifts very well. The
largest differences between experimental and calculated shifts
were +2 ppm. We may, therefore, propose that the GIAO-
DFT method could become invaluable as an independent
parameter for resonance assignments for complicated struc-
tures and aggregates that involve organolithium compounds.
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