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Dedication

Professor Alan H. Cowley,
The University of Texas, Austin

The organizers and participants wish to dedicate this volume to
Professor Alan H. Cowley on the occasion of his 70™ birthday and
in honor of his many contributions to main group chemistry.
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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based -on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department
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Preface

This volume is based on a symposium entitled Modern Aspects of
Main Group Chemistry, held at the 227™ National Meeting of the
American Chemical Society (ACS) in Anaheim, California, March
28-April 1, 2004. Our goal was to bring together many of the well-
established leaders in the field of main group chemistry with several of
the “up-and-coming” younger scientists. As the invitation to participate
in the symposium was based only on the very broad topic of main group
chemistry, this book reflects the diversity and richness in creativity that
currently defines this branch in inorganic chemistry.

In addition to the scientific reasons for hosting a symposium on main
group chemistry, the organizers had another motive in mind. One of the
leading practitioners of main group chemistry during the past 40 years
has been Professor Alan Herbert Cowley, F.R.S., who is the Robert A.
Welch Professor of Chemistry at the University of Texas at Austin.
Because Professor Cowley was about to celebrate his 70 birthday, we
decided that there would be no more appropriate manner to recognize his
contributions to inorganic chemistry than to organize this symposium in
his honor. Dubbed “CowleyFest 2004” by the participants, the symposi-
um successfully brought together scientists from around the world, from
small universities to the world’s leading institutions, with the common
themes being our interests in main group chemistry and our affection and
respect for Professor Cowley.

As the end product of the meeting, this book is targeted to academic
and industrial chemists and materials scientists working in areas related
to main group chemistry, including nanotechnology and polymer chem-
istry, as well as to industrial chemists who want to become familiar with
main group chemistry in a minimum of time. In addition, we believe this
book will be a valuable resource for postdoctoral students, graduate
students, and advanced undergraduates who are conducting research in
main group chemistry. This book is designed to be used as a textbook or
reference book in a graduate level main group topics course as well.
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We are very grateful to all of the participants in this symposium,
many of whom took part while paying their own travel expenses. Additi-
onally, we are particularly grateful to those participants who contributed
chapters to this book. The assortment of topics presented in this volume
is a testament to the importance of main group chemistry in the areas of
science and technology.

Financial support for this symposium came from a variety of sources.
A type SE Grant from the Petroleum Research Fund, administered by the
ACS, was instrumental in allowing several of the foreign speakers to
attend. Significant financial contributions from the following sources are
gratefully acknowledged as well: The Welch Foundation; Shell Chemical
Company; ExxonMobil Corporation; Prosortium, Inc.; Slusser, Wilson,
and Partridge LLP; The Seaborg Institute at Los Alamos National
Laboratory; Dr. Stephen G. Baxter; The University of Texas at Austin;
The University of New Mexico (UNM); and Southern Methodist
University (SMU). The editors thank their own institutions—SMU,
UNM, and Sandia National Laboratories—for participating in the sym-
posium and for allowing time for us to prepare this book. The ACS
Books Department is also noted for its help in preparing this book for
publication. We also gratefully acknowledge Dr. Stephen Ritter and the
ACS for their coverage of this symposium in Chemical and Engineering
News (May 10, 2004).

Michael Lattman
Department of Chemistry
Southern Methodist University
Dallas, TX 75275

Richard A. Kemp
Department of Chemistry
MSCO03 2060

University of New Mexico
Albuquerque, NM 87131

and
Advanced Materials Laboratory
Sandia National Laboratories

1001 University Boulevard, SE
Albuquerque, NM 87106
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Overview of this Volume

Michael Lattman’ and Richard A. Kemp**

1Department of Chemistry, Southern Methodist University, Dallas, TX
' 75275
"Department of Chemistry, University of New Mexico, MSC03 2060,
Albuquerque, NM 87131
’Sandia National Laboratories, Advanced Materials Laboratory, 1001
University Blvd., SE, Albuquerque, NM 87106

The last twenty-five years has seen a resurgence in main group chemistry,
beginning with the fundamental breakthroughs involving multiple bonding in
silicon, phosphorus, and heavier elements to the present-day applications in
materials and nanotechnology. Simply stated, main group compounds are
ubiquitous.  In materials research, main group elements are used in the
synthesis of nano- and mesoporous materials via sol-gel methods (particularly in
silicate chemistry), as well as in the preparation of materials such as boron
nitrides and chemically modified single-walled nanotubes. Ceramics and dense
materials are almost all made using oxides, carbides, nitrides, or borides.
Interestingly, a main group element — hydrogen — is viewed by many as the “fuel
of the future.” Main group elements such as magnesium (photosynthesis) and
phosphorus (ATP and ADP) are important in biological processes. In transition
metal chemistry many useful ligands contain main group elements as donor
atoms. Inorganic polymers such as polyphosphazenes, semiconductor group
13-15 and 14-16 compounds, coatings, organometallic catalysts — all have main
group elements as key components. The chapters of this book cover a broad
spectrum of main group chemistry, ranging from the fundamental themes of
synthesis and bonding to the more applied aspects. Many of these uses for main
group elements are highlighted below and discussed in more detail in the
individual chapters.

What defines main group chemistry? As with almost all areas currently
in chemistry, the definition seems to be rapidly changing and expanding to areas
previously unforeseen. For the purpose of this symposium, we view main group
chemistry as the study of elements of the s and p block, particularly those in
Groups 1, 2, and 13-17. While not strictly in these groups, the elements of
Group 12 are often considered to be main group due to their similarities in
reaction chemistry. All of these elements generally use the outermost s and p

xiii
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orbitals in bonding, yet there are no restrictions against expansion of the valence
shell, e.g., in hypervalent compounds.

The book is organized into three broad sections in an effort to categorize the
contributions. This organization is somewhat artificial — there is obvious
overlap, and certain chapters could easily be in other sections. The first section,
Unusual Oxidation States and Bonding, highlights some of the most traditional
aspects of main group chemistry and updates the current state-of-the-art in this
area. The book opens with a chapter by the symposium honoree (Alan H.
Cowley) describing recent developments from his laboratory, particularly with
respect to carbene analogs. This is followed by chapters on aluminum
hydroxides, thiols, selenols, and amides (Herbert W. Roesky) and the
preparation of large gallium sulfide arrays from gallium hydride chlorides
(Hubert Schmidbaur).  The next chapter describes electron-deficient
intermediates focusing on four-electron species but also includes six-electron
structures (Peter P. Gaspar). Two chapters on stable phosphorus radicals follow:
the first describes a variety of neutral radical species (Tristram Chivers), while
the second depicts diradical species containing one bond less than usual valence
rules predict (Guy Bertrand). The next chapter describes a striking example of
solid-state vs. gas phase structural changes and a detailed analysis of the
underlying reasons for the differences (David W. H. Rankin). Chapters on
structure and reactivity of phosphorus and arsenic cations in a formal oxidation
state of +1 (Charles L. B. Macdonald) and M4Ns (M = Ge, Pb) cubane-like
structures showing increased distortions with the heavier congeners (William S.
Rees, Jr.) follow. Two boron-related chapters describe the hydrolysis reactivity
of diborane(4) [B;R4] compounds (Nicholas C. Norman) and boron-phosphorus
rings and cages with potential applications to boron phosphide (Robert T.
Paine). The last two chapters of this section are devoted to arguably the most
significant fundamental advances in main group chemistry in the last 25 years —
multiple bonds to elements below the first row of the periodic table. A chapter
on the history of multiple bonding to silicon (Robert West) is followed by one
on recent advances to prepare isomeric alkene analogs of elements heavier than
silicon (Philip P. Power).

The second section, Coordination Chemistry, represents the broad
definition that includes most types of donor/acceptor bonds. This section opens
with a chapter on g-diketiminates, ligands which stabilize low oxidation states
as well as low molecular aggregation (Michael F. Lappert). This is followed by
chapters on bidentate Lewis acids with specific fluoride ion binding capabilities
(Frangois P. Gabbai), new “salen”-type main group ligands for lanthanide metal
ion binding (Richard A. Jones), and the use of calixarenes to control geometries
of main group atoms and ligand-metal interactions (Michael Lattman). Two
chapters follow on N-heterocyclic carbenes. The first describes carbene/high-

oxidation state metal interactions where the carbene displays Lewis acidic
behavior (Colin D. Abernethy), and the second illustrates redox chemistry of the
carbenes (Jason A. C. Clyburne). This section is rounded out by chapters on
phosphorus (III) coordination as a Lewis acid (Neil Burford) and the rich and
varied chemistry of metallacarboranes (Narayan S. Hosmane).

xiv
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The third section, Materials, Polymers, and Other Applications, emphasizes
how the fundamental aspects of main group chemistry are being transformed
into applications. The section opens with a chapter on polyhedral boranes with
applications to nanotechnology, including molecular delivery (M. Frederick
Hawthorne). This is followed by chapters on precursors to (Robert H. Neilson)
and properties of cyclic- and polyphosphazenes (Patty Wisian-Neilson).
Chapters on giant dendrimers (Didier Astruc), boron nanowires (William E.
Buhro), and molecular precursors for CVD of Group 13 chalcogenides (Claire J.
Carmalt) follow. The final three chapters describe the ability of certain boron
chelates to cleave phosphate esters with applications to decontamination of
nerve agents and pesticides (David A. Atwood), the reactions of main group
diamides with carbon dioxide to eventually prepare ''C-labelled
radiopharmaceuticals (Richard A. Kemp), and the biological implications of
tin/sulfur interactions (Keith H. Pannell).

XV
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Chapter 1

Some Retrospectives and Perspectives in Main
Group Chemistry

Alan H. Cowley

Department of Chemistry and Biochemistry, The University of Texas
at Austin, Austin, TX 78712

Introduction

First of all, I offer sincere thanks to the many graduate students and
postdoctoral associates it has been my privilege and pleasure to work with over
the years, two of whom, Professors Richard A. Kemp and Michael Lattman,
organized this symposium so effectively. Equally, I am grateful both to the
undergraduates who have participated in our research program and also to the
several scientists with whom we have had fruitful collaborations.

For the present symposium, a theme was chosen that represents a more-or-
less continuous thread through our research program over a three-decade period.
The particular theme is the chemistry of main group analogues of carbenes -
species that bear a resemblance to carbenes in terms of the number of valence
electrons, frontier orbitals, or coordination number. The most obvious carbene
analogues are silylenes, germylenes, stannylenes, and plumbylenes (Table 1).

2 © 2006 American Chemical Society
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Table I. Carbenoids

Four-Electron Six-Electron Six-Electron
RB R,C RN RyN'
RAI R,Si RP R,P*
RGa R,Ge RAs RpAs"
RTn R,Sn RSb R,Sb*
RTi R,Pb RBi R,Bi"

In regard to group 15 chemistry, nitrenes, phosphinidenes, and their heavier
congeners are related to carbenes in the sense that they feature six valence
electrons. Nitrenium, phosphenium, and heavier congeneric cations are also six-
valence electron species; however, like carbenes they are two-coordinate.
Clearly, the one-coordinate borylenes and the related heavier group 13 fragments
only possess four valence electrons. Nevertheless, like carbenes, they can, in
principle, exist in a singlet or triplet ground state.

My interest in carbene-analogous compounds started in 1965 when I was on
a research leave at the University of Southern California in the laboratory of the
late Professor Anton B. Burg. One of the outcomes of this sojourn was the
synthesis of (CF;As),, (1), the first example of a cyclotetraarsine (1). The first

CFTT_TS_CFS / P\
CF;—As——As—CF, C,Fs—P P——C,F,
1 2

example of a cyclotriphosphine (2) was synthesized somewhat later (2).
Compounds 1 and 2 can be regarded as cyclic oligomers of arsenidenes and
phosphinidenes, respectively. As such, it was surmised that these compounds
might behave as sources of RP and RAs moieties. The first indication of the
validity of this idea came from the reaction of the cyclotetraphosphine, (CFsP),,
with Me,AsAsMe, (3) which resulted in the insertion of a
trifluoromethylphosphinidene moiety into the As-As bond to form 4 (3)
(Equation 1). A similar CF;P insertion reaction took place with MeSSMe;
however, no such reaction was observed with Me;SiSiMe; (3). Since the
disilane does not possess lone pair electrons, it could imply that the initial step

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
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CFr—P—p—CF, Me\ CF, /Me
+ Me,AsAsMe, —»  As—P—As @
CF;—P—P—CF, / AN
Mé Me
3 4

in the insertion reactions is the nucleophilic attack of a diarsine or disulfide on
(CF;P),. Indeed, some years earlier it was found that phosphines will disrupt
this cyclotetraphosphine to form phosphine-phosphinidenes 5 (4,5) (Equation 2),

Me Me
CF;—pP—P—CF,
4 Me——P + || —> 4 Me——P—>»PCF, (2
CF;—P—P—CF,
Me,N Me,N
5

R=Me (4), Me,N (5)

which can be regarded as phosphorus analogues of Wittig reagents. In principle,
such compounds should be capable of serving as phosphinidene transfer agents.
To gain more insight into this possibility, we studied the variable temperature '°F
NMR spectrum of Me;P—PCF; in the presence of MesP (6). The four-line '°F
NMR spectrum collapsed to two peaks between 65 and 80 °C. Of the three
mechanisms that were considered (Scheme 1), mechanism 1 was found to be the

Scheme 1
mechanism 1 k
1
Me,;P* + Me,PPCF, <= Me,P*P(CF,)PMe, «—
Me,P*PCE, +Me,P
mechanism 2
k, Me,P*——P*CF,
MeP*P*CF, + MePPCF, = | |
CF3P—- —PMe,
mechanism 3 Me,P*PCF; + Me;PP*CF,
k, Me,P*

Me,PPCF, <= Me,P+PCF, «— Me;P*PCF; +Me,P
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5

most appropriate because of the dependence of the rate on the concentration of
Me;sP  hence there was no evidence for the formation of free
trifluoromethylphosphinidene in solution. Other methods were therefore
developed for the production of free phosphinidenes. Three of the potential
candidates for phosphinidene precursors are shown below. Upon photolysis with
254 nm light, the bis(azide) 6 produces the cyclic secondary phosphine, 9 (7).

t-Bu

t-Bu
/ N3
-Bu P t-Bu P=—=C=—=0
N
N;
t-Bu t-Bu

6(7) 7(8)

Me
Me

8(9
Although the formation of 9 is consistent with the intermediacy of a
phosphinidene, alternative approaches to phospinidene production became

t-Bu

t-Bu P—H
—H
mé Me H

9

necessary. Photolysis of the phosphaketene 7 was carried out with a 320 nm
pulsed Na/YAG laser (7). Species were detected with half lives of 8.3 x 107s
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6

and 5.2 x 10°%. The longer-lived species resulted from the decay of the shorter-
lived species. These observations are consistent with the initial formation of a
singlet phosphinidene via photolytic cleavage of the P=C bond of 7, followed by
spin crossover to the more stable triplet state. In collaboration with Professor
Gaspar’s group (9), photolysis of the phosphirane 8 in methylcyclohexane glass
at 77 K resulted in the isolation of an individual phosphinidene. The detection
of an ESR signal at 11,492 G led to the conclusion that mesitylphosphinidene
possesses a triplet ground state.

The next question to arise was whether dimers of carbene-like fragments
could be isolated and, if so, what type(s) of bonding exist between such
fragments? The first structurally authenticated example of a compound of this
type is the ditin derivative, {(Me;Si),CH},SnSn{CH(SiMe;),}, 10 (10) which
was shown to possess a frans-bent solid-state geometry and a relatively long Sn-
Sn bond distance, i.e. a significantly different structure than that of a typical
alkene. Moreover, 10 undergoes facile monomerization in solution. This
general area received another significant boost in 1981 by the disclosure of West
et al. of (mesityl),Si, (11), the first example of a stable disilene (11). The

t-Bu

t-Bu
_.mes t-Bu
=Sim—= Sx"’” es
mes-
mes t-Bu
t-Bu
11
- t-Bu
t-Bu Bu {-Bu
As=As P=E
+-Bu CH(SiMey), *BU CH(SMe,),
13 14 (E = As, Sb)

structure of 11 exhibits only slight trans bending and a Si-Si bond distance
consistent with a bond order of two. Within a short period of time, the first
structurally characterized examples of stable compounds with phosphorus-
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phosphorus, 12 (12), arsenic-arsenic, 13 (13), and phosphorus-arsenic, 14 (14),
double bonds were reported. Although the identity of the phosphastibene, 14 (E
= Sb), was clear from spectroscopic data (14), the first X-ray crystal structure of
such a compound was reported later by Power et al. (15). The present situation
is such that many of the multiple bonding possibilities for dimers of the general
type R,E = ER, for the group 13, 14, and 15 elements have now been realized
(16). Nevertheless, several significant challenges exist, such as the isolation of
the first examples of structurally authenticated diborenes (RBBR), dialuminenes
(RAIAIR), disylynes (RSiSiR) and heteronuclear analogues of the latter in which
the silicon is bonded to a different group 14 element.

The question was raised earlier regarding the nature of the bonding between
carbene-like dimers and, of course, the same question is pertinent to carbyne-
analogous group 14 dimers. A considerable body of useful structural data has
been acquired for such compounds and several theoretical calculations has been
performed on actual and model systems (16). As an alternative approach, we
performed an electron deformation density (EDD) study of the diphosphenes 12
(12) and (Me;Si);CP=PC(SiMe3); (17) in collaboration with Professor C. Kriiger
and his colleagues (18). As shown in Figure 1a, highly positive EDD values are

Figure 1 (Reproduced from reference 18. Copyright 1997 American
Chemical Society.)

evident on the phosphorus atoms in a region corresponding to that anticipated for
lone pairs. Figure 1b shows that the EDD is distinctly noncylindrical at the
midpoint of the P-P vector in the plane perpendicular to the C-P-P-C plane. A
cut through a pure o-bond would result in circular contours. The elongation of
the EDD in the direction expected for the n-bond implies that a phosphorus-
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phosphorus double bond description is appropriate. Moreover, the experimental
electron deformation densities were found to be in good agreement with those
obtained by DFT calculations.

Like carbenes, phosphinidenes are able to bond in a terminal fashion to
suitable organometallic fragments. Unlike carbenes, however, phosphinidenes
possess four electrons that are potentially available for bonding to the metal
rather than two as is the case for R,C fragments. As a consequence, both linear
and bent terminal phosphinidene complexes were anticipated. The first example
of a terminal phosphinidene complex to be isolated and structurally
characterized was 15 (19). The Mo-P-C bond angle of 115.8(2)° is consistent

X |

p
M0=P\ MezthP\w /PMePhZ
R a” | Nco
a
15 16
R =24,6+-Bu,C/H, R =2,4,6-t-Bu,CiH,

with the presence of a molybdenum-phosphorus double bond and a
stereochemically active lone pair at phosphorus. The first linear terminal
phosphinidene complex, 16, which was prepared by oxidative addition of
phosphaketene 7 to WCIl(PMePh,),, has a short tungsten-phosphorus bond
distance (2.169(1) A) and a relatively upfield *'P chemical shift indicative of a
triple bonding description (20). It is also possible to prepare “terminal
phosphinidene complexes” of N-heterocyclic carbenes, 17 (21). Note, however,
that in 17 the role of the phosphinidene is that of an acceptor rather than a donor,

mes mes

| | H,
N N

| >c—->'p'{ | \C—Hf\;' 5%
N Ph N/ Ph
hes e
17 18
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as in the case of terminal phosphinidene transition metal complexes. The
appropriateness of the structural formula depicted for 17 was confirmed by the
fact that treatment of this compound with BH;-thf resulted in the exclusive
formation of the bis(borane) adduct, 18.

Bridging pnictinidene complexes have also attracted attention and, in some
cases, presented bonding dichotomies. For example, the reaction of
(Me;Si),CHSbCI; with K,[W(CO)s] resulted in the “open” stibinidene complex,
19 (22). The geometry at antimony is trigonal planar and there is evidence for a
modicum of multiple bonding between antimony and tungsten. However, the
tungsten-tungsten separation is such as to preclude a W. - -W interaction.
Interestingly, the reaction of (Me;Si),CHSbCI, with Na,[Fe(CO),], followed by
treatment with Fe,(CO), resulted in a “closed” stibinidene complex, 20 (23). In
terms of isolobal relationships, 19 and 20 are related to the allyl anion and

CH(SiMe,), (Me,Si),CH

Sb, Sb@
VA N

(0O, W “W(CO); (OC),Fe
19 20

Fe(CO),

cyclopropane, respectively. Clearly, the coordination number of the transition
metal plays an important role because metal-metal bond formation in 19 would
require seven-coordinate tungsten centers.

Phosphenium ions, [R,P]", resemble singlet carbenes in that they feature a
lone pair and a formally vacant valence p-orbital on the central atom (24).
Although various synthetic methods are available, phosphenium ions are
typically prepared by halide ion abstraction from precursor halophosphines (24).
The structures of several phosphenium ion salts have been established by X-ray
crystallography. An early example (25) is shown in Figure 2. The skeletal
geometry of [i-Pr,N),P]" is consistent with the view that the phosphorus atom is
approximately sp> hybridized (N(1)-P-N(2) = 114.8(2)°) and the subunit
C(1)C(2)N(1)PNC(2)C(3)C(4) is essentially planar, thus maximizing dative n-
bonding between the nitrogen lone pairs and the formally vacant P(3p) orbital.

Being analogs of carbenes, phosphenium ions react readily with unsaturated
hydrocarbons. For example, phosphenium ions react with 1,3-dienes to form
phospholenium ions (21), which are converted to phospholenium oxides upon
hydrolysis. These phosphenium ion reactions are considerably faster than the
corresponding reactions with dihalophosphines (the so-called McCormack
reaction (26)). Phosphenium ions also react readily with 1,4-dienes to afford
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Figure 2. Structure of the [(i-Pr,N) ,P]* cation (25). (Reproduced from
reference 25. Copyright 1978 American Chemical Society.)

R, X Y
X R \*l;/ N
AN X Ry 1
P + )
v~ Rz g
o R
R 21 “

bicyclic phosphenium cations such as 22 (27). The reaction of the

S

22 R,

[(Me;N)(CI)P]" cation with cyclooctatetraene was of particular interest because
the metrical parameters of the resulting phosphenium ion (23) indicate an
impressively close approach to the transition state for the Cope rearrangement
(28). Given that phosphenium ions possess (i) an electropositive center, (ii) a
formally vacant P(3p) orbital at phosphorus, and (iii) they are coordinatively
unsaturated, they are expected to cause C-H activation. The first example of
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23

such a reaction was the insertion of [(i-Pr,N),P]" into a C-H bond of stannocene
to form 24 (29).

H H
RN--—-P H
R,N
H H
H
S
" H
H
H
H
24

The presence of a lone pair of electrons, a vacant n-orbital and a formal
positive charge at phosphorus renders phosphenium cations excellent n-acceptor
ligands.  Early examples of charged phosphenium complexes such as
[(R;N),PFe(CO)4]" were formed by halide ion abstraction from precursor
bis(amido)halophosphine complexes (30, 31) while neutral phosphenium
complexes were prepared via the metathetical reaction of e.g. cyclic
diamminohalophosphines with [( r/’-CSHS)Mo(CO)g]' (32).

DFT calculations on the singlet and lowest-lying triplet states of the four-
valence-electron group 13 fragments (rf—CsHs)M, (rf—CsMes)M, (H;Si),NM (M
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=B, Al, Ga, In) reveal that, regardless of the substituents R, the ground state is a
singlet in each case and that the singlet-triplet energy gap generally increases
with atomic number (33). As a consequence of the singlet ground state, the
HOMO?’s of group 13 RM fragments typically exhibit pronounced lone pair
character (Figure 3).

© @

Figure 3. Boron lone pair orbitals for (a) CH,B, (b) ( 175 -C;Hy)B,
(¢) (7 CMey)B, and (d) (H,Si) ,NB. (Reproduced from reference
33. Copyright 1999 American Chemical Society.)

Depending on the steric demands, electronic characteristics and crystal
packing, group 13 RM fragments can assemble into clusters rather than the
dimers that were discussed above. Such clusters are known for all the group 13
elements and are exemplified by tetrahedral (+-BuB), (34), [( ns-CsMes)Al)4 (39
(Fig. 4), [(Me;Si);CIn], (36) [(Me;Si);CTl], (37), and octahedral (7-CsMesGa)s
(38). Several of these clusters undergo facile dissociation in solution and can
therefore serve as useful sources of ligands for the synthesis of complexes in
which the RM fragments bind in a primarily o-donor fashion to transition metal
entities (39). Unfortunately, however, (+-BuB), is quite unreactive and [(775-
CsMes)B], is not known, probably because of the large size of the [CsMes]
ligand in relation to the covalent radius of boron. Accordingly, until recently
terminal borylene (boranediyl) complexes were unknown. The first examples of
such complexes were prepared by metathetical reactions of (7'-CsMes)BCl, or
(Me;Si),NBCl, with organometallic dianions as exemplified by Equation 3 (40,
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Figure 4. Structure of [P-C sMeg)Al] , (35). (Reproduced
Jfromreference 35. Copyright 2000 Wiley-VCH.)

(n!-C;Me,)BCL, M (n’-C4Me,)BFe(CO), (3)
toluene, -78 C
25
)

Figure 5. Structure of ( 175 -CsMeg)B—»Fe(CO) 4 (40). (Reproduced
Jromreference 40. Copyright 1998 American Chemical Society.)
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41). The structure of (7°-CsMes)B—>Fe(CO), (25) is shown in Figure 5. The
implication that the bonding in 25 involves primarily c-donation on the part of
the RB ligand suggested that borylenes and heaver congeners should be able to
function as Lewis bases. This anticipated Lewis basicity is evidenced by the
observation that e.g. [(77°-CsMes)Al], reacts with B(C¢Fs); and Al(C¢Fs); to form
1:1 complexes with aluminum(l)-boron(IlI) and aluminum(l)-aluminum(III)
donor-acceptor  bonds, respectively (42, 43). The structure of (-
CsMe;s)Al->B(CgFs); (26) is illustrated in Figure 6. An assessment of the Lewis

Figure 6. Structure of (1-CsMe) Al—>B(CiFy) ; (42). (Reproduced
Jfromreference 42. Copyright 2000 American Chemical Society.)

basicity of (77-CsMes)Al can be made from the extent of distortion of the
acceptor molecule B(C¢Fs); as complex formation takes place. On this basis,
since the sum of bond angles at boron in e.g. (7f-C5Me5)A1—>B(C6F5)3 is
339.8(2)° (42) and virtually identical to that in Ph;P—B(C¢Fs); (44), it can be
implied that (77°-CsMes)Al and PhyP are of comparable Lewis basicity with
respect to B(C¢Fs)s.

In attempting to prepare Lewis acid-base complexes akin to the group 13
complexes of the type RE-ER;’, decamethylstannocene was treated Ga(CgFs)s.
However, instead of complex formation, this reaction resulted in the first
example of a triple-decker main group cation (45). Prior to this development,
only two triple-decker main group anions had been reported (46, 47). In contrast
to the trans-type geometry of the triple-decker anions, [(7’-CsMes)Sn(u-7-
CsMes)Sn(7-CsMes)]” (27) adopts a cis-type geometry (Fig. 7). The distance
from the tin atoms to the centroids of the terminal CsMes rings (av. 2.246(18) A)
is shorter than that to the bridging CsMes moiety (av. 2.644(19) A) which
explains the fluxional behavior of this cation in solution. It was surmised that
the initial step of the reaction is the abstraction of a [CsMe;s]" anion by the strong
Lewis acid Ga(C4Fs)s, to form [Ga(CgFs);(CsMes)] and [CsMesSn]’, the latter of
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Figure 7. Structure of the triple-decker cation,

[(7-C;Me ) Sn(p-17'-C sMe )Sn(1P-CsMe ) ]* (43). (Reproduced
Jfrom reference 45. Copyright 2001 The Royal Society of Chemistry.)

which attacks (r;s-CsMes)zSn electrophilically to form the triple decker cation,
27. Clearly, at some point the [Ga(C¢Fs);(CsMes)]” anion undergoes
redistribution to form [Ga(CeFs);]. In subsequent work, a more rational
approach to the synthesis of triple decker cations has been developed, namely

¢ Addition of positively-charged fragments to neutral metallocenes
Maximization of the lattice energies of the resulting salts by matching the
sizes of the anion and the cation

e  Understanding packing interactions

The use of this approach has permitted the recent synthesis (48) of the triple-
decker dilead cation (77°-CsMes)Pb(u-77°-CsMes)Pb(7’-CsMes)]* (28).
The further use of this approach, coupled with the recognition that (7°-C¢Re)In
and (775-C5R5)Sn are isoelectronic, prompted us to synthesize the cation [(776-
toluene)In(-77°-CsMes)In(7*-toluene)]" (29) (49) as summarized in Scheme 2.
Although 29 can be regarded as a group 13 triple decker cation, it should be
pointed out that the indium to ring centroid distances are extremely large hence
29 can be viewed more appropriately as the first example of an inverse-sandwich
main-group cation. Such a view is in accord with the observation (50) that the
replacement of the large anion [(C¢Fs);BO(H)B(CgFs)s]” by the smaller anion
[B(CsFs)4] results in the removal of the capping 7°-toluene molecules.
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In* + [(CF. )3BOB(C6F5)3]'

H
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Chapter 2

Al-H-C Chemistry

Herbert W. Roesky

Institut fiir Anorganische Chemie der Universitit Gottingen,
Tammannstrasse 4, D-37077 Gottingen, Germany

The synthesis of LAI(OH),, LAI(SH),, LAIl(SeH),, and
LAI(NH,), (L = HC(CMeNAr),, Ar = 2,6-iPr,C¢Hs) is
described. For the preparation of LAI(SH), from LAIH, in the
presence of sulfur a catalyst is required, whereas LAI(OH),
and LAI(NH,), are obtained in the presence of a N-
heterocyclic carbene as a HCI acceptor. The starting material
for the latter reaction is LAICl,. The organometallic
hydroxides are environmentally friendly, in comparison to the
metal halides, due to their OH functionality resembling that of
water. The compounds are interesting precursor for the
preparation of heterobimetallic compounds e.g. LAl(p-
S)zZGCz.

The most fundamental and lasting objective of synthesis is not production of
new compounds but production of properties.
George S. Hammond

20 © 2006 American Chemical Society
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Introduction

In nature there are a number of hydrated forms of alumina (ALO;) known
with the composition AIOOH and Al(OH);. Prominent examples of composition
AlIOOH are the minerals boehmite and diaspore. The natural aluminum
trihydroxides are gibbsite (y-Al(OH);) and bayerite (a-Al(OH);) (7). All the
polymorphs of alumina can also be prepared using various synthetic methods.
Gibbsite, boehmite, and bayerite are obtained from aluminum salts by
precipitation from aqueous solutions depending on temperature and pH
conditions. Another route for the preparation of the aluminum hydroxides is the
hydrothermal method. The vapor pressure of water and the temperature are the
key factors for the nature of the aluminum polymorphs prepared by the latter
method.

The different polymorphs of aluminum have in common a well defined (2)
oxygen network with interstices. The aluminum atoms are located in these
interstices and are octahedrally coordinated. The arrangement of the oxygen
network governs the type of product formed after dehydration. The hydrogen
atoms play an important role in the cohesion of the layered structures. Moreover
the positions of the hydrogen atoms also determine the space group of the
aluminum hydroxides although their positions in many systems remain
controversial. Characteristic of all aluminum hydroxides is the arrangement of
the OH groups in a bridging rather than in a terminal position (3). Furthermore
compounds with the valence isoelectronic functional groups such as SH, SeH,
and NH; are not known in nature.

Herein we report on soluble molecular organoaluminum compounds
containing the OH, SH, SeH, and NH;, functionalities.

Organoaluminum Dihydroxide

Hydroxides of aluminum can be considered as reactive intermediates in the
controlled hydrolysis of organoaluminum compounds for the preparation of
alumoxanes with the general formula [RAIO], and [R,AIOAIR;],. In recent years
there have been a few reports on the preparation of organoaluminum hydroxides
with bridged or capped OH groups (4-9) that have been isolated and structurally
characterized. Although the aryiboronic acids RB(OH), have found interesting
application in Suzuki (/0) coupling, the corresponding organoaluminum
dihydroxide was prepared only recently (/). In the meantime, however, several
routes for the preparation of LAI(OH), 1 have been developed. They are
summarized in Scheme 1, with L = HC(CMeNAr), (Ar = 2,6-iPr;CsH3). The
reaction of LAIL, with KOH required the application of the two phase system
toluene and liquid ammonia at -78 °C. Moreover, KH has to be added to remove
the amount of water present in the KOH (/1).
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LAlC12+ 2 Hzo + ZC(NI-BUCH)z

LAIl, + 2KOH —> LAI(OH),
/ 1
LAI(SH),+2H,0
2
Me s Ar
N
g Ar=2,6-iPr,C¢H3
Me NAr
L

Scheme 1. Alternative routes for the preparation of LAI(OH),

The conversion of LAIl, to 1 mainly proceeds at the interface of
toluene/ammonia due to the different solubility of the starting materials. The
total yield of 1 is 48%. In summary, this route is rather complicated and needs
expensive precursors.

The synthesis of 1 using LAICl, and water in the presence of the N-
heterocyclic carbene 1,3-di-t-butylimidazol-2-ylidene in benzene resulted in a
65% yield of the desired product (/2). The N-heterocyclic carbene C(Nt-BuCH),
functions as an HCI acceptor to yield the imidazolium chloride, which can be
easily recovered by filtration and recycled, to the free carbene using a strong
base such as KOtBu and NaH, respectively (/2). Finally, treatment of LAI(SH),
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2 with water yields 1 under elimination of H,S (/3). The latter route to 1 is quite
facile due to the easy conversion of LAIH, to LAI(SH),.

The reaction of LAIl, with KOH in a two phase system liquid
ammonia/toluene with the appropriate stoichiometry and the addition of KH for
the 10-15% content of H,O in KOH resulted in the formation of an alumoxane 3
with terminal hydroxide groups (/4) (Scheme 2).

21AlI, KOH, H0, KH  LAI—O—AL
H H
3

Scheme 2
Compound 3 is formed in a 67% yield. The reaction of 3 with Me,AlH proceeds

under elimination of hydrogen and methane to yield the trimeric alumoxane 4
(14) (Scheme 3).

3 + MoAH ————>

Scheme 3

Compound 4 contains two four-coordinate Al and one three-coordinate Al
linked by p-oxo bridges to form a highly distorted six-membered Al;O; ring.
The coordination sphere around the four coordinated aluminum atoms consists
of two nitrogen and two oxygen atoms for each aluminum. The coordination
sphere of the three coordinated aluminum is completed by two oxygen and one
carbon of a methyl group. Compound 4 can be considered to contain a trapped
monomeric MeAlO (MAO) (/4).
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Organoaluminum Monohydroxide

In a quite different manner an aluminum monohydroxide 5§ was obtained by
the reaction of LAIH, 6 with tBuN=C=0 in a molar ratio of 2:1 in the presence
of water (Scheme 4) (/5). tBuN=C=0 and LAIH, without water yields the 1:1
insertion product 7.

L O L

N/ \/
2 H,0 Al Al
I I

OH _
N //N tBu

2 LAH, + tBu-N=C=0

—)

H
/7
LAH, + BuN=C=0 ——— >  L-Al N—tBu

\ 7
o
C\H

Scheme 4

Compound 7 is obviously an intermediate in the formation of 5. Finally the
reaction of LAIH, and 7 in the presence of water yields 5. However, an excess of
water results in the decomposition of 5. Compound 5 was characterized by a
single X-ray crystal structural analysis (15). Compound 5 contains a bent Al-O-
Al unit (112.35(9)°) with two tetrahedral distorted aluminum centers. The Al-
OH bond length (1.727(2) A) is comparable to those in LAI(OH), (/1,16)
(1.6947(15) and 1.7107(16) A).
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Hydrolysis of trimesitylaluminum and —gallium was monitored by 'H NMR
spectroscopy in the temperature range -60 °C to room temperature using
deuterated THF as a solvent. As a result of this reaction the hydrolysis of
trimesitylaluminum leads to (Me;Al-OH,)-nTHF 8 a water adduct, and the
monohydroxide (Mes,AIOH),-2THF 9. The structure of 9 shows a central Al,O,
four-membered ring. Two THF molecules are coordinated to the bridging u-OH
groups with short u-OH---O(THF) distances of 1.912 and 1.861 A respectively
(17). In the case of gallium the water adduct Mes;Ga-OH,-2THF 10 was isolated
and characterized at low temperature by a single crystal structural analysis (/7).
(Figure 1) The relative stability of 10 is assigned to the influence of two THF
molecules forming hydrogen bonds with the water protons

Figure 1. The molecular structure of the water adduct Mes;Ga-OH,-2THF
(10). Hydrogen atoms have been omitted for clarity.
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At elevated temperature elimination of mesitylene leads to the dimeric
hydroxide (Mes;GaOH), THF 11 whereas excess of water gives
MesgGagO4(OH),4THF 12 (17). The molecular structure of 12 is given in
Figure 2.

Figure 2. The X-ray single crystal structure of Mes¢GasO,(OH),4THF
(12) is shown. The mesityl substituents are replaced by six C atoms and the four
THF molecules are represented by 4 oxygen atms.

Organoaluminum Dithiol

The SH functionality plays an important role as an intermediate in the
formation of metal sulfides such as ZnS, PbS, and FeS,. There are few examples
of structurally characterized transition metal complexes known containing two
terminal hydrogen sulfide groups (18). Among the main group metals only
recently the LAI(SH), 2 (/9) was prepared. LAIH, 13 prepared from LH and
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AlH;-NMe; reacts with elemental sulfur to give a mixture of products, where 2 is
formed only in small amounts. The addition of P(NMe,); as a catalyst increases
the yield of 2 to 90% (Scheme 5)

P(NMe,);
LAIH, + ¥ Ss — > LAI(SH),
13 2

Scheme §

The proposed mechanism for the insertion of sulfur into the Al-H bonds is
given in Scheme 6.

1/8 Sg 1/8 Sg
P(NMe;); ——> S=P(NMe;); ——> S;P(NMe3)s

LAIH, + S;P(NMe;); —> LAI(H)-S-P(NMe;)s(SH)
13
LAI(H)-S-P(NMe;);SH —> LAI(H)(SH) + SP(NMe,);
14
S,P(NMe3);
LAIH)SH — LAI(SH),
-SP(NMe,); 2

Scheme 6

To investigate the role of the P(NMe,); in this reaction the 'H and 3P NMR
spectra were monitored. From the 'H and *'P NMR studies it is obvious that
P(NMe,); and S=P(NMe;,); do not function as a catalyst. We assume that
S,P(NMe;,); plays the important role as a reactive intermediate. The intermediate
14 was identified in the 'H NMR spectrum. Compound 2 forms pale yellow
crystals which were suitable for an X-ray structural analysis. The S-H bonds (1.2
A) fall in the range of other metal complexes containing S-H groups (/8).

The latent acidic nature of the SH protons in 2 makes them prone to react
with Cp,ZrMe, to generate LAI(u-S),ZrCp, 15 (Scheme 7) (13).
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SH S Cp
7 TN\
LA|< + CprZrMe, 2 C LAl\ /Zr/
SH -2 CH, S Cp
2 15
Scheme 7

Compound 15 is a crystalline solid which was characterized by an X-ray
structural analysis (/3). The reaction shown in Scheme 7 opens up an interesting
new field for the preparation of heterobimetallic disulfides.

Organoaluminum Diselenol

For the preparation of LAl(SeH), 16 compound LAIH, 13 and elemental
selenium were used in toluene at room temperature. The diselenol 16 was
obtained in 58% yield.

Both the sulfur in the reaction of LAI(SH), 2 as well as the selenium for
preparing LAI(SeH), 16 function as oxidizing agents and convert the hydridic
hydrogens in 13 to the protonic ones in 2 and 16. Compound 16 is stable in the
solid state but undergoes condensation in solution under elimination of H,Se to
yield L(HSe)Al-Se-Al(SeH)L 17 (Scheme 8, (20)).

2LAI(SeH); ——— L(HSe)Al-Se-Al(SeH)L
16 -H,Se 17

Scheme 8

The X-ray structures of both, 16 and 17, determined from their single
crystals, clearly show them to be well-separated monomers excluding the
presence of any intermolecular hydrogen bonds. This observation is in contrast
to the oxygen congener 1 which forms a dimer in the solid state with O--H-O
bonds. Obviously the Brensted acidity decreases in the order LAI(OH), <
LAI(SH), < LAI(SeH),.
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Organoaluminum Diamide

Aluminum compounds containing terminal NH, groups are rare (2/).
However, they could function as precursor for the preparation of aluminum
nitride under mild conditions. Therefore we became interested in the synthesis of
LAI(NH,), 18. Indeed, the reaction of LAICl, in the presence of the N-
heterocyclic carbene (C(Nt-BuCH),) and ammonia in toluene as a solvent leads
to LAI(NH,), in a 75% yield (Scheme 9). The presence of the N-heterocyclic
carbene is essential for the preparation of 18 due to the high reactivity of this
compound towards protons.

2C(Nt-BuCH),
LAICl, + 2NH; > LAI(NH,),
-2HCI 18

Scheme 9

Therefore, using an amine instead of the N-heterocyclic carbene causes side
reactions due to the equilibrium of free base and protons within the amine
system. Moreover, the resulting imidazolium chloride is sparingly soluble in
hydrocarbon solvents and allows an easy separation from the reaction mixture by
filtration (/2).

Compound 18 was characterized by an X-ray single crystal structural
analysis. 18 is monomeric in the solid state and the NH, groups are not involved
in any hydrogen bonding.

Summary

Organometallic hydroxides of aluminum containing terminal OH groups are
easily available. They are promising precursors for the preparation of
heterobimetallic systems of the type Al-O-M (M = metal). So far compounds
with the Al-O-M skeleton are rare. However, the reported synthetic strategies
allow an access to this new class of compounds. The synthesis of LAI(SH),,
LAI(SeH),, and LAI(NH,), are likely to change the way in which some of the
“unknown” might be accessible using the reported new synthetic methods.
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Chapter 3

From Gallium Hydride Chlorides to Molecular
Gallium Sulfides

Hubert Schmidbaur and Stefan Nogai

Department Chemie, Technische Universitit Miinchen
Lichtenbergstrasse 4, 85748 Garching, Germany

In an effort to prepare molecular components for the
construction of larger aggregates — from nanostructures to
multidimensional arrays — of gallium sulfide, the chemistry of
the (chloro)gallium hydrides GaH,Cl;., has been developed
further and employed for selective substitution reaction. The
synthetic pathways to [HGaCl,], have been optimized and the
structure of the crystalline product determined. The dinuclear
compound was converted into mononuclear 1:1 complexes
with series of both tertiary phosphines and substituted
pyridines. The complexes are stable and soluble in common
organic solvents to allow efficient purification. The crystal
structures of selected examples have been determined
including those of coordination compounds of ditertiary
phosphines. Reference compounds with GaCl; and GaHj; have
also been prepared and fully characterized. On controlled
thermal decomposition, the HGaCl, complexes undergo
dehydrogenative coupling to give almost quantitative yields of
GaCl, complexes which are diamagnetic dinuclear species
with a Ga-Ga single bond, as demonstrated for phosphine and
pyridine adducts. The 2:1 complex of GaH; with 2,4-
dimethylpyridine undergoes an internal 1,4-hydrogallation
reaction to afford the 4-hydro-pyridyl-(pyridine)gallium
dihydride. (HGaCl,), can be readily converted into ternary
compounds [GaYX] which are soluble in pyridines (L) as the
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trinuclear complexes [GaYX(L)]; with X = Cl,Brand Y = S,
Se. Their molecular structures (six-membered rings) and
conformations have been determined. With excess ligand L,
these trinuclear compounds can be transformed into bicyclic
tetranuclear dications of the type [GasYs(L)s]** and finally into
molecular species [Ga,Ye(L);] containing e.g. molecular
gallium sulfide Ga,S; as a soluble pyridine complex.

Introduction

Owing to their relevance to a variety of advanced technologies, there is
currently wide-spread interest in metal and mixed-metal chalcogenides of all
dimensionalities, from bulk materials to nano-sized clusters (/). While there has
been great progress in the chemistry of 1:1 sulfur, selenium and tellurium
binaries e.g. of zinc and cadmium (2), the research is less advanced for the 2:3
chalcogenide analogues of the neighbouring elements gallium and indium (3).

The modifications of bulk gallium(IlI) sulfide Ga,S; are generally described
as complicated “defect ZnS structures” (“random wurtzite or zincblende” etc.)
based on arrays of tetracoordinate gallium atoms linked by two-coordinate sulfur
atoms in a network of six-membered rings. In ordered modifications these six-
membered rings may be fused to generate adamantane type building blocks
cross-linked by sulfide bridges, again reminescent of the ZnS-type lattices (4).
The adamantane cages have also been found to be components of nano-sized
molecular species and the Ga,S¢ core has recently been classified as an “artificial
tetrahedron atom” (T-atom) which can be used as the building block of
supertetrahedral clusters T, (3,5).

In our own previous studies (6,7,8) we were able to find convenient
synthetic routes to the ternary compounds GaYX (Y = chalcogen, X = halogen)
(9), starting from dichlorogallane [HGaCl,], and elemental chalcogen or
chalcogen halides, and to show that these can be readily dissolved in polar
organic solvents upon addition of pyridines. Novel trinuclear complexes of the
type [(L)GaYX]; with Y = S, Se; X = Cl, Br, and L = pyridine) are thus obtained
which have molecular six-membered ring structures in standard chair or boat
conformations, depending on the nature of the substituents X, Y and L (6).

The prototypes like [(pyr)GaSCl]; are unique in that they can be redissolved
and crystallized in a variety of modifications (7,8). The halogen functionalities at
their Ga;S; rings allow the construction of more extended secondary products,
one of which was identified as a compound with a bicyclic dication of the borax-
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type structure (8). The more basic ligand L’ = 4-dimethylamino-pyridine proved
to be the most efficient donor for such transformations.

In subsequent investigations we have now found access to a complex of the
elusive Ga,Ss molecule with this ligand. The preparative pathway has its origin
in the 1:1 complexes of dichlorogallane [HGaCl,], (10,//) which can be
converted to a family of adducts with tertiary phosphines (/) and substituted
pyridines (12).

In the present account the preparation and structural characterization of
these precursor complexes are introduced here and subsequently the synthesis of
the chalcogenides using bis(trimethylsilyl)sulfide (Me;Si),S as the sulfide
source for the gallane complexes is described.

Results

Gallium trihydride, trihydride/halide and trihalide complexes of tertiary
phosphines (R;P)GaX H,_, (X = Cl, Br)

Tertiary [R;P] and ditertiary phosphines [R,P(CH;),PR;] are known to
stabilize the elusive gallane unit GaH, (/3) in 1:1 /1:2 complexes of the type
(RsP)GaH; (14,15,16) or HsGa[R,P(CH,),PR,]GaH; (16), but is was only in one
case [R;P = tri(cyclohexyl)phosphine] that an adduct has been converted into the
corresponding chlorogallane and dichlorogallane complexes, (Cy;P)GaH,Cl and
(CysP)GaHCl,, respectively, using HCI (17). A selection of gallane complexes
mainly of the type (R3P)GaHj has been structurally characterized, complemented
only by the structure of (Cy;P)GaH,Cl (15-17), and very few complexes of
(poly)tertiary phosphines with the gallium trihalides have been reported. These
include mainly (Me;P)GaCl; (18), (Et;P)GaCl; (1) and [CHPPh,GaBrs], (/9).

With [HGaCl,], now readily available and structurally characterized (/1),
there is direct access to its complexes from the components. This was
demonstrated with PEts;, PCys, PPhs, PVi,; and [CH,PPh;], (dppe), for which the
products were obtained from equivalent quantities of the reactants in almost
quantitative yields (Equations 1, 2).

(HGaCly); + 2 PRy ———— 2 HGaClL(PR;) 6}

(HGaCly), + (PhyPCHy); —————»  (CH,PhyPGaHCly), V)
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The complex with PEt, is a colorless liquid at room temperature (m.p. 4-
7°C), all others are colorless solids, sensitive to air and moisture. With the
exception of the PVi, complex which is insoluble in all common organic
solvents, the compounds are soluble i. a. in di- and trichloromethane, benzene,
toluene, and diethylether. Their composition has been confirmed by elemental
analysis and infrared and NMR speciroscopy. In ali cases a band appearing close
to 1950 cm™ can be assigned to the Ga-H stretching frequency, except for the
insoluble adduct of the net composition (Vi;P)GaHCl, , in which the ligand
probably has undergone a hydrogallation side-reaction linking the molecular
units into polymers. This suggestion is supported by the observation, that all
complexes except for “(Vi,P)GaHCL,* show a proton resonance at ca. 5.5 ppm
of the hydrogen atom attached to the gallium center (20).

Surprisingly, the >'P resonances of the adducts appear upfield from the
resonances of the corresponding free ligands, but there are parallels for this
phenomenon in the data published and discussed for complexes of tertiary
phosphines with other metal trihalides (19).

The crystal structures have been determined for two crystalline
modifications of (Ph;P)GaHCl,, for (Cy;P)GaHCl, and for [CH,Ph,PGaHCL ],
as a 1:1 solvate with benzene and as a 1:2 solvate with diethyl ether. Selected
results are shown in Figures 1-3. In all cases some disorder of the GaHCl, part
over at least two sites was observed, but this could be accounted for
(Cy3P)GaHCl, and for the benzene solvate of [CH,Ph,PGaHCl,], by the usual
split models. In the latter structures the sites of the Ga-H hydrogen atoms could
be located and refined to an acceptable accuracy. The Ga-H distances agree well
with previous data for gallium hydrides. The monoclinic and triclinic
modification of (Ph;P)GaHCl, differ only by the rotation of the PPh; ligand
about the Ga-P bond: The Cl-Ga-P-C torsional angles are larger by ca. 15° in the
monoclinic form. The projections of the GaCl,H units along the Ga-P axis ate
virtually superimposible (Figure 4).

The dinuclear dppe complex has a crystallographically imposed center of
inversion midway between the ethylidene carbon atoms in both solvates implying
a fully extended frams conformation of the staggered PCH,CH,P unit, but
disrotatory gauche conformations for the CH,CH,PPh,Ga and CH,PGaH units
(referring to the dihedral angles of the four lead atoms in italics).

The molecular structure of the liquid (Et;P)GaHCl; has been calculated by
quantum-chemical methods on the RI-MP2 level with an SV(P) basis set
(TURBOMOLE) (2]). The results are similar to the data obtained by X-ray
crystallography for the other members of the series of complexes (Figure 5). The
structure and conformation represent a true energy minimum for the molecule in
the gas phase as demonstrated by a detailed frequency analysis. A superposition
of the experimental (IR) and calculated vibrational spectra showed an excellent
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Figure 2: Molecular structure of (Cy;P)GaHCl..
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Figure 4: Superposition of the (Ph;P)GaHCl, formula units in the monoclinic
and the triclinic modifications.
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agreement. [Calculated dimensions: Ga-H 1.5570, Ga-P 2.4355, Ga-Cl
2.1976/2.1978 A ]

Thermal decomposition of (Et;P)GaHCl, affords hydrogen and a dinuclear
gallium(IT) compound of the formula (Et;P)Cl,GaGaCl,(PEt;) (Equation 3).
According to a single crystal -structure analysis this molecule is
centrosymmetrical (point group C;) with a Ga-Ga distance of 2.4269(5) A
(Figure 6). The same product is obtained from “gallium dichloride” in toluene
(22), which has long been identified as the mixed-valent salt Ga[GaCl,], and
PEt;. In this reaction a comproportionation with formation of a Ga-Ga single
bond takes place, which was also observed with other donor molecules.
Ga[GaBr,] gives the same reaction (Ga-Ga 2.427(1) &) (1) (Equation 4).

2 (E,P)GaHCl, ————  (Et;P)Cl,Ga-GaCly(PEty) + H, G

Ga[GaX,] + 2 Et;P (Et;P)X,Ga-GaX,(PEt;)

X=Cl,Bl‘ (4)

Gallium trihydride, trihydride/halide and trihalide complexes of pyridines

The preparation and characterization of pyridine complexes of
dichlorogallane have only recently been reported from this Laboratory (/2).
Representative examples of the 1:1 stoichiometry are shown in Figures 7 and 8.
The compounds are readily obtained from the components (Equation 5) and can
be crystallized as colorless solids with low melting points from mixtures of inert
polar and non-polar solvents.

(HGaCl,), + 2 Pyr

2 (Pyr)GaHCl, )

It is particularly noteworthy that with 4-dimethylamino-pyridine the Ga-N
bond is not formed with the nitrogen atom of the amino group, but with the
pyridine nitrogen atom. This indicates the strong preference of GaX; acceptors
for pyridine donors which is obvious also from the broad range of stable gallium
halide (/2, 23) and chalcogenide (6-8) complexes with pyridines. Pyridines are
definitely the favourite ligands of most gallium acceptor molecules.

With two equivalents of pyridine, the 2:1 complexes are obtained as shown
for the example with 3,5-dimethyl-pyridine (Figure 9). This structure approaches
C,, symmetry. The v(Ga-H) band appears at 1873 cm' as compared to
1978 cm™ in the 1:1 complex.
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Figure 6: Molecular structure of (Et;P)Cl,GaGaCl(PEt;).
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Figure 8: Molecular structure of (4-NC-Py)GaHCl,.
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In each case, the characterization is also based on elemental analyses,
infrared and NMR spectra, and crystal structure analysis of representative
examples. In the crystal, the adduct molecules show weak intermolecular
interactions as demonstrated in Figure 10. The deviations of the coordination
sphere of the gallium atoms from a tetrahedral environment induced by the
dimerization are small.

An adduct of 3,5-dimethylpyridine (L) with gallane of the formula (L)GaH;3
was obtained from LiGaH, and the corresponding pyridinium chloride (/2).
With evolution of hydrogen gas and precipitation of LiCl the product is formed
in high yield (Equation 6).

Li[GaH,] + [3,5-Me,-PyH]CI H,Ga(3,5-Me,-Py) + H, + LiCl

(6)

The complex was readily identified by standard analytical, spectroscopic
and structural methods. The molecular structure (two independent molecules in
the unit cell) is shown in Figure 11.

On prolonged storage or upon treatment with excess L (3 d at 20°C) the
compound undergoes fundamental changes as easily recognized from a color
change to red and from new IR and NMR spectral features. The analytical data
show that the main component of the reaction mixture is an adduct of a second
ligand to the 1:1 complex. The incoming ligand undergoes hydrogallation to give
the 3,5-dimethyl-pyridine adduct of a 3,5-dimethyl-1,4-dihydro-pyrid-1-yl-
gallane. In the latter, one of the three Ga-H bonds of the starting material has
been added across the new pyridine ligand (in 1,4-positions). The structure has
been determined by a single crystal X-ray diffraction analysis (Figure 12).

The two Ga-N bonds are significantly different indicating a much stronger
bonding of the pyridyl group [Ga-N 1.898(2) A] as compared to the pyridine
ligand [Ga-N 2.072(2) A]. The Ga-H bonds are equivalent within the limits of
standard deviations [average 1.44 A]. The pyridyl ligand has strongly alternating
C-C bond lengths, while the pyridine ligand has retained its aromaticity-
equilibrated dimensions.

The IR absorptions and proton resonances of the GaH, unit in the addition
product differ significantly from those of the (L)GaH; substrate. In the region of
the ligand absorptions there is a new set of bands which can be assigned to the 4-
hydro-pyridyl group. The bands of the remaining pyridine ligand are largely
unchanged. In the 'H and C NMR spectra (in benzene solution at 20°C) a new
set of signals is characteristic of the 4-hydro-pyridyl group. A proton singlet
resonance at 3.21 ppm, shifted strongly upfield from pyridine resonances,
represents the hydrogen atoms at the sp>-carbon atom in the 4-position. The B¢
resonance of the C-4 carbon atom of the pyridyl group is even shifted upfield by
no less than ca. 100 ppm (8 36.0 vs. 138.8 ppm).
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Figure 10: Intermolecular contacts in the lattice of (Py)GaHCl..
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The hydrogallation of pyridine is a parallel of the hydroalumination reported
previously (24). Since aluminum hydrides are more powerful reducing agents
than gallium hydrides, the hydroalumination may even occur with all four Al-H
functions of e.g. LiAlH,. In the present case, only one Ga-H function of (L)GaH,
was used even if an excess of the pyridine was available. More forcing
conditions (= 20°C, > 3 d) have not yet been tested. Already under the mild
conditions the reaction mixture was quite complex, the yield of the product was
very low (< 15%) and the formation of elemental gallium was observed.

As a product of dehydrogenative coupling of (L)GaHCl, molecules the
dinuclear complexes (L)Cl,Ga-GaCl,(L) are formed. With L = 3,5-dimethyl-
pyridine, an almost 90% yield is obtained after 5 h in refluxing toluene. This
very stable compound (m.p. 228°C) is a true gallium(II) species with a standard
Ga-Ga bond as proved by a crystal structure analysis (Figure 13). The two halves
of the dinuclear complex (point group Cy,) are related by symmetry. A staggered
ethane-type conformation is found with the pyridine rings coplanar with the N-
Ga-Ga’-N’ plane. In solution there is free rotation of the rings about the Ga-N
bonds as indicated by the NMR spectra which show equivalent methyl groups at
ambient temperature. The following parameters are accurate benchmark data for
this type of Ga(ll) compounds: Ga-Ga 2.4000(8), Ga-N 2.015(4), Ga-Cl
2.189(1) A). Note that the Ga-Ga distance is significantly shorter than in the
corresponding PEt; complex (above).

The reaction of 3,5-dimethyl-pyridine with gallium trichloride gives
quantitative yields of the 1:1 adduct, which shows no anomalies (Figure 14).

Molecular Gallium Sulfides with Ring and Cage Structures

Monocyclic gallium sulfides of the type [GaSX(L)}; with a variety of
substituents can be prepared by dissolving gallium sulfide halides (GaSX), with
X = Cl, Br, in a solution of suitable ligands L in polar solvents. While this is
generally true, it has been discovered a few years ago that pyridines are by far
superior to any other ligands L (6-8). Attempts to dissolve [GaSX]; compounds
with other ligands — including tertiary phosphines — have to-date been largely
unsuccessful. It therefore again appears that pyridines are the ligands of choice
for gallium acceptors.

A large family of these trinuclear complexes has been prepared and their
structures determined, two of which are shown in Figures 15,16. The Ga;S; rings
are in boat or chair conformations with the halogen and pyridine substituents
distributed in various motifs over axial and equatorial positions (C, or C;
symmetry). Each gallium atom is always bearing one halogen atom and one
pyridine ligand, its tetrahedral coordination being completed by two ring sulfur
atoms. Details of this extensive work have been published (6-8). The preparative
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Figure 14: Moleculr structure of (3,5-Mes-Py)GaCls.
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p (W
Figure 16: Molecular structure of [(3,5-Me>Py)GaSBr] ;.
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work in this area is based on chlorogallane chemistry, because the ternary phases
[GaSX] are in fact best prepared from dichlorogallane [HGaCl,],: Its thermolysis
affords quantitative yields of Ga[GaCl,] (10) which can be converted e.g. into
[GaSCl] by treatment with sulfur or sulfur chlorides (6,7).

Treatment of one of these trinuclear complexes with excess pyridine (or
substituted pyridines) leads to a ring opening and the buildup of condensed
systems. A typical example is the tetranuclear dicationic species [Ga,Ss(L)s]*
with two fused six-membered rings and with L = 4-dimethylamino-pyridine
(Figure 17), which is obtained as the dibromide salt upon reacting [GaSBr(L)];
with excess L in refluxing acetonitrile. The framework of this dication resembles
the structure of the borax dianion [B4Os(OH),]*, or of a neutral trimethylamine
adduct of an aluminum sulfide hydride: Al,SsH)(NMes), (25a).

An alternative method for building more complex gallium sulfide structures
is the reaction of the pyridine complexes of dichlorogallane with
bis(trimethylsilyl)sulfide. Thus (L),GaHCl, (with L = 4-Me,N-Py) affords an
insoluble mixed hydride halide on treatment with (Me;Si),S in acetonitrile
(Equation 7). The presence of Ga-H functions in the product has been confirmed
by a prominent IR absorption at 1890 cm™ . The analytical composition suggests
a polymeric structure with —[(L)GaS)- repeating units, and a random distribution
of hydrogen and chlorine substituents at the gallium atoms [(L)GaSHCl;];.
Independent experiments with (L)GaH; and (Me;Si),S confirmed that
compounds with the general composition [(L)GaS(H)], are indeed insoluble

polymers.

n HGaCl,(Pyr) + n (Me3Si),S [GaSH,Cl,_(Pyr)], +

2n MC‘_; SiCl (7)

The polymers were found to dissolve almost completely in boiling
acetonitrile upon addition of excess ligand L, and a colorless crystalline
compound could be isolated in ca. 30% yield. This was identified as a complex
of molecular gallium sulfide Ga,S¢ bearing four ligands L (Figure 18).The
gallium and sulfur atoms form an adamantane-type structure, and each gallium
atom bears a pyridine ligand.

The new complex is a rare example in which a molecular metal sulfide,
Ga,S, is preserved in a stable complex. The analogous aluminum compound
(25b) has been stabilized by trimethylamine ligands, which can not be used for
Ga,Se. If the same reaction - successfully executed with pyridines - is carried out
with tertiary amines, no analogous gallium sulfide adducts are obtained.

The new molecular gallium sulfide complexes are an excellent basis for the
construction of larger frameworks.
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Figure 17: Structure of the dication [(4-Me:N-Py)sGa,Ss]”" in the bromide salt
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Figure 18: Molecular structure of [(4-Me;N-Py)Ga,Se]
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Chapter 4

Four-Valence Electron Reactive Intermediates
and the Philicity of Charged Carbene Analogs

Peter P. Gaspar, Xinping Liu, Diana Ivanova, David Read,
James S. Prell, and Michael L. Gross

Department of Chemistry, Washington University, St. Louis, MO 63130

Studies of six-valence electron charged carbene analogs have
been undertaken via quadrupole ion trap mass spectroscopy.
Mechanistic differences between charged and neutral carbene
analogs may be explained by philicity differences, with postive
ions reacting as powerful electrophiles. Four-valence electron
species may form as many as three bonds at a time, and some
reactions of SiH* are reported.

Why Study Electron-Deficient Species?

Many years ago we were led to the study of electron-deficient species by the
question: how can the mechanistic ideas of first-row chemistry be extended to the
understanding of the covalent bond throughout the periodic table? Our approach
has been to investigate heavier element analogs of first-row reactive intermediates
whose reactions are so distinctive that product studies could provide mechanistic
screens capable of revealing mechanistic similarities and differences between the
heavier species and their first-row parents.

We chose neutral, six-valence electron species as our models because of the
distinctive addition and insertion reactions of carbenes, in which the formation of

s2 © 2006 American Chemical Society
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two bonds can be concerted because a singlet carbene is equipped with both a
nucleophilic and an electrophilic orbital, the s-weighted lone pair of the HOMO
and the pure-p LUMO. These are shown in Fig. 1 for a singlet silylene along with
the addition and insertion processes that silylenes share with carbenes.

Simultaneous formation of two bonds

I <l
R,Si: + ——» R,Si
R.., O 7 addition \Z

) Y /Y
LUMO RpSi: + | "“—" RZSi\
7, Insertion Z

Figure 1. FMO view of singlet silylenes and their carbene-like reactions

The finding of both similarities and differences between the behavior of
heavier carbene analogs and that of their first-row parents has been of practical as
well as mechanistic interest. Several classes of organosilicon compounds became
accessible through the reactions of silylenes: silirenes (/) thanks to the similarity
of the addition reactions of silylenes and carbenes, and disilenes from the
dimerization of silylenes (2, 3), a reaction made possible for silylenes by their
reduced tendency, compared with that of carbenes, to be consumed by intra-
molecular processes.

Charged Six-Valence Electron Carbene Analogs

Study of charged six-valence electron carbene analogs poses questions to
which we return in discussing four-valence electron species. Relatively little is
known about the boryl anions R,B:" (4) or the nitrenium ions R,N:* (5) of the
“carbene family” (Fig. 2), but phosphenium ions R,P:* are more familiar, largely
through the work of Alan Cowley, whom this symposium honors. Reaction studies
on the oxenium ions RO* (6) and sulfenium ions RS* (7) of the “nitrene family”
(Fig. 2) have been equivocal about whether concerted processes forming two bonds
occur.

At first sight the phosphenium ion reactions shown in Fig. 3 (8, 9) appear
carbene-like, forming two bonds by addition and insertion processes, but they look
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carbene family nitrene family

Figure 2. Families of six-valence electron reactive intermediates
differing in the symmetry of their HOMOs.

somewhat odd from the perspective of carbene chemistry, because concerted 1,4-
addition of a carbene, silylene or germylene to a diene is generally disfavored
relative to 1,2-addition, and the formal 1,4-adducts from silylenes and germylenes
arise largely from ring-expansion of vinylsilirane and germirane intermediates.
(10). Concerted addition of carbenes to the termini of dienes is limited to

Me Me
@ryN g N (iPr)zN\
P: + - o B |
y o
(iPr)zN @Pr),N
Me
(<) AICL Me eA1C14
Pr),N T(iprh
o Peé + >A< —_— 'EP_CI
1
e R, Ry
AIC, o 2
AlCl,
(iPl')zN\ ® —= (lPr)zI\kP/— >
T+ —> ©
Cl/ - Cl/ \_
A, o\l

Figure 3. Some solution-phase addition and insertion reactions
of phosphenium ions (references 8, 9)
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norbornadienes (/1), and insertion into C-C bonds of cyclopropanes is also nearly
unknown.

The understanding of these reactions is growing, however, and has produced
afringe benefit in refocusing attention on the electronic factors that control carbene
reactions. Calculations have indicated that the addition of phosphenium ions to
butadiene is stepwise, but not via a carbene-like addition simultaneously forming
two bonds by concerted acceptance and donation of electron pairs. Both concerted
1,4-addition forming a phospholeniumion product in a single step, and 1,2-addition
forming a vinylphosphiranium ion with subsequent ring-expansion to a five-
membered ring product, are predicted, admittedly by a low-level semi-empirical
calculation, to have higher barriers than a Lewis acid - Lewis base interaction

forming one bond. The kinetically favored pathway is predicted to be an
3 electrophilic addition of a phosphenium ion to 1,3-butadiene, forming a 2-
g = phosphaethyl-substituted allyl cation intermediate that can close rapidly to a
g E phospholenium ion product, as shown it Fig. 4.
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Figure 4. Predicted (PM3) energy profile for addition of (MeO),P*
to butadiene (reference 12).

Once one thinks of phosphenium ions as Lewis acid-like, the reactions with

1,4-dienes and with cyclopropanes discovered by Cowley and Baxter no longer
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seemunusual. The addition of bis(methoxy)phosphenium ions to butadiene whose
predicted energy profile is shown in Fig. 4 has been studied in the gas-phase.
Gevrey, Taphanel and Morizur (13) in an early application of quadrupole ion trap
mass spectrometry QITMS (14) to the study of ion-molecule reactions found the
product of formal 1,4-addition by (MeO),P* to 2,3-dimethylbutadiene. The product
structure was supported by collision-induced dissociation (CID) experiments.

It is hoped that light will be shed on the reactions of a variety of charged
carbene-analogs via QITMS experiments. Quadrupole ion trap mass spectrometers
operate at ca. 10 torr, pressures high enough to collisionally deactivate significant
fractions of vibrationally-excited ion-molecule reaction products before they
undergo unimolecular decompostion. Hence it is possible to generate charged
carbene analogs in the ion source of the QITMS and study their simple ion-
molecule association products like the addition and insertion products from charged
carbene analogs. Long ion residence times translate into long reaction times, and
the capability for increasing ion kinetic energy permits MS/MS experiments up to
(MS)’. Thus the structural characterization of ion-molecule reaction products is
facilitated by several stages of collision-induced dissociation.

Time constraints permit only two results to be presented from our QITMS
studies of six-valence electron charged carbene analogs. The formation of oxenium
ions has been problematic, but electron impact on anisole has been shown by
Zagorevskii, Holmes, and Stone to be a clean source of phenyloxenium ions Ph-O*
(15). As indicated in Fig. 5, adducts with ethylene are formed at m/z 121 whose
collision-induced dissociation gives both phenyl cations (m/z 77) and tropylium or
benzyl cations (m/z 91) (16). This raises the hope that a carbene-like addition
occurred to give the O-phenyloxiranium ion, the likely source of m/z 77 upon CID.
The alternative structure is more likely to dissociate to m/z 91, making it likely that
the m/z 121 adduct ions consist of a mixture of the structures shown.

@ e
® CHz N :
Oy o= [0
ciD )
(m/z93) - C2Hy (m/z121)
C'Dl -Cco cuol - CH{O ciD 1 CH,0
CeHe® @ ® coHr®
(m/z 65) (m/z77) (m/z91)

Figure 5. QITMS observations on the gas-phase reaaction of Ph-O*
with ethylene (reference 16).
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It is well-known that n-electron delocalization in cyclopropenylidenes reduces
the electron-deficiency of the carbene center to the point that 2,3-diphenylcyclo-
propenylidene reacts as a nucleophile (/7). It was of interest to examine the
reactivity of the charged cyclopropenylidene analog phosphorenylium ion cyclo-
(CH),P", a substituted version of which was made in solution by Laali and Regitz
(18) and recently in the gas-phase by Eberlin and Laali (19).

Liu has implemented a general approach to the preparation in the gas-phase of
heterocyclopropeniumions to generate the unsubstituted phosphirenyliumion (20).
In the addition of the radical-cation *PBr* to acetylene the bromine atom acts as a
sacrificial group, homolysis of the P-Br bond carrying away ca. half the
exothermicity of additon. Even at the millitorr pressures at which a QITMS is
operated, stabilization of small, rigid ions formed in highly exothermic reactions
is difficult. The energy profile predicted for this reaction is displayed in Figure 6.
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Br=—Bt + CHy
0.00 i'
\ H
{ $ >C=C=Pl + Br’
\ H &7+ Br H
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Figure 6. Energy profile for the exothermic reactions of PBr* and acetylene
predicted by B3LYP/6-31G* DFT calculations (reference 20)

Ions of m/z 57 constitute >90% of the product ions from reaction of PBr* with
acetylene. The absence of any observed reactivity of the m/z 57 product ions
toward acetylene is in accord with the aromatic stabilization expected for cyclo-
(CH),P*, and this phosphirenylium ion is predicted to be the lowest energy singlet
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state C,H,P* isomer (21). However, formation of the isomeric vinylidenephos-
phenium ion H,C=C=P:* (22) is also predicted to be exothermic.

The m/z 57 product ions from PBr* and acetylene were characterized as cyclo-
(CH),P* with the aid of B3LYP/6-31G" density functional theory electronic
structure calculations. As shown in Figure 6, formation of the cyclic product is
favored both thermodynamically and kinetically. The intitial interaction is
predicted to form an open-chain adduct whose cyclization has a lower barrier than
a hydrogen-migration, and loss of a bromine atom from the cyclic intermediate is
favored over bromine atom-loss from the open-chain rearranged species.

Theoretical predictions also suggest that the lack of reactivity observed for the
C,H,P* ions toward acetylene is compatible with the phosphirenylium ion cyclic
structure but not with vinylidenephosphenium ion alternate structure. As indicated
by the energy profile of Figure 7, both the C,H,P* isomeric phosphenium

4 E(kcal/mol) "
H /
c c
~ 3'/ i
' ~=C
H H
H{ . +9.29
H 0.00

+
H,CCPS + C;H,
0.00

-30.42

Reaction Coordinate

Figure 7. Energy profiles for the reactions of cyclo-(CH),P:* and
H,C=C=P:* with acetylene
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ions, the aromatically stabilized cyclic phosphirenylium ion and the open-chain
vinylidene phosphenium ion are predicted to form cycloadducts with acetylene in
exothermic processes, but there is a significant kinetic barrier predicted for the
formation of the spiro-adduct from cyclo-(CH),P*, and this could account for the
slowness of this process. The formation of the cycloadduct from H,C=C=P:*is not
only predicted to be more favored thermodynamically, but is predicted to occur
without a barrier. Thus if the observed C,H,P* product ions had the H,C=C=P:*
structure, they would be expected to undergo rapid addition to acetylene.

Four-Valence Electron Species

Turning at last to the generation and reactivity of four-valence electron species,
one can take as examples monovalent silicon cations, whose electronic structure
and representative reactions are schematically presented in Fig. 8. Equipped with
apair of degenerate LUMO’s, a filled HOMO, and a positive charge, such species
first attracted our attention because their frontier orbital symmetry resembles that
of the “carbene family” of six-valence electron reactive intermediates, but their
geometries are those of the “nitrene family.”

Thus equipped, a silyne cation has the potential for forming one, two, or even
three bonds in concert. It is the possibility that three bonds might be formed
simultaneously that led us to optimistically refer to them as “supersilylenes.” It
must be admitted that evidence has not been found that demands such supersilylene
reactivity, but Fig, 9b depicts areaction found in our QITMS experiments that does
seem to indicate the formation of three bonds within the lifetime of a single ion-
molecule collision complex between HSi:* and diethylamine..

Given the clear indication of Lewis acid-like attack of phenylsilicon cations
Ph-Si:* on pyridine shown in Fig. 9a, the stepwise path to the cyclic ammonium
ion seems likely. Lewis acid-like addition to the amino group of diethylamine
would form a distonic silylene whose insertion into a C-H bond closes the four-
membered ring.

Benzene has proven to be a most interesting substrate for HSi:*,whose major
product may be the long-sought silatropylium ion: It was an embarrassment of
riches a decade ago when, as seen in Fig. 10, Beauchamp found that electron
impact on phenylsilane PhSiH, yielded two forms of C¢H,Si* ions, one of which
reacts further with its precursor, and the other one does not (23). The structure
assigned to the reactive form of C;H,Si* was the 1-silabenzyl cation, also known
as the phenylsilyl cation PhSiH,*, and this assignment continues to be accepted.

To the unreactive form of CH,Si* Beauchamp assigned the silatropylium ion
structure, a silacycloheptatrienyl cation. To explain the failure of this ion to
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Figure 8. Four-valence electron chemistry: FMO view of
silanetriyl (silyne) cations and their reactions

accept a hydride ion from cycloheptatriene, Beauchamp suggested that the
silatropyliumion may have a lower hydride affinity than does the parent tropylium
ion. But electronic structure calculations by Radom (24) and Shin (25) predicted
that the silatropylium ion has a greater hydride affinity than the all-carbon
tropylium ion. It was therefore felt that the silatropylium ion structure for
unreactive C¢H,Si* was ruled out by the observed inertness of the unreactive form

of C,H,Si* toward cycloheptatriene.

Jarek and Shin proposed a n-complex of HSi:* and benzene as the structure of

unreactive C¢H,Si* , and in support of this suggestion mentioned (but did not
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Figure 9. Reactions of: a) PhSi* with pyridine, and b) HSi:* with
diethylamine in a QITMS (reference 20).

publish) CID experiments that indicated formation of SiH* and Si* as major
fragmentation processes.

In recent QITMS experiments (26) it has been found that the reactions of
HSi:* and benzene form only the unreactive form of C(H,Si* in addition to PhSi:*
+ H,. Allen and Lampe were the first to react HSi:* with benzene, but did not
suggest a structure for the CgH,Si* product of their high-pressure mass
spectrometric experiments (27). In agreement with the observations of the
Beauchamp and Shin laboratories, we found that this form of C.H,Si* does not
react with phenylsilane, cycloheptatriene, or benzene on the 100 ms timescale of
our QITMS experiments.

As shown in Table I, however, while the results from low-energy CID
experiments confirm that the C;H,Si* from HSi:* and benzene and the unreactive
form of CH,Si* undergo identical fragmentation, loss of benzene to form HSi* or
Si* did not contribute significantly to the MS/MS spectra, and only minute
quantities of HSi* and Si* are formed in high energy CID experiments.

We feel that the n-complex structure suggested by Jarek and Shin and the 7-
silanorbornadienyl cation structure considered by Nicolaides and Radom are ruled
out by the CID spectra of Table I - both would be expected to eliminate
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benzene with the formation of HSi* and Si* fragment ions - and by the slowness of
the ligand exchange reaction with benzene-d,.

Table I. CID Spectra of Unreactive C;H.Si* From Two Sources

m/z: 107 (M*) 106 105 104 103 81 79 65 55 53

HSi* + CH, 100 18 75 12 8 33 22 8 8 11
PhSiH, EI 100 20 75 11 8 35 19 7 9 11
Electron
SiH, Impact wreactive C¢H,Si™ + "unreactive C¢H,Si"
@ DAY
Beauchamp et al @—Sﬂ-{ ) | @SiH ?
1992, 1993 —
eSH  @Si ®sin
Other structures D /«;." \\
proposed for d \ s
"unreactive CgH,Si*" : O Me /
Jarek, Shin Nicolaides, Radom
1997 1997

®
:SiH + @ —— CHSI* + CHSI*
Allen, Lampe 1977

Figure 10. Ion-molecule reactions forming CsH,Si*
and suggested structures (references 23-25)

The n-complex form of C¢H,Si* and the 7-silanorbornadienyl cation, which
is a o-complex of the same components, HSi:* and benzene, are expected to
undergo facile interconversion, and, in our calculations, the latter is not found as
alocal minimum on the potential surface. B3LYP/6-31G* calculations predict
that the a C¢H,Si* n-complex of HSi:* and C¢H, will react with C(Dy to form the
corresponding C(HD,Si* n-complex with no barrier beyond the recovery as
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potential energy of the predicted 14.7 kcal/mol exothermicity of formation of a
symmetric n’, n’*-dibenzene-sandwich intermediate stored as internal energy.
We believe that the silatropylium ion structure is the one most likely for the
unreactive form of C¢H,Si*, and the energy profile for its formation predicted by
B3LYP/6-31G* DFT calculations is shown in Fig. 11. The first step is predicted
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Figure 11. Energy profile for the reaction of HSi:* and benzene

to be the formation of a n-complex with a structure and binding energy similar to
those predicted by Jarek and Shin (25). There is a reasonably low energy barrier
for rearrangment to the silatropylium ion which is 6 kcal/mol more stable than the
n-complex. The barrier for formation of the even more stable 1-silabenzyl cation
is predicted to lie ca. 30 kcal/mole higher than the barrier for rearrangement of the
n-complex to the silatropylium ion, and this is in accord with the exclusive
formation of the less reactive form of C;H,Si* from HSi:* and benzene.

The failure of unreactive C{H,Si* to undergo reaction with cycloheptatriene
can be explained by a large energy barrier hindering kinetically the
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thermodynamically favored hydride transfer. In short, objections to the
silatropyliumion structure for unreactive C¢H,Si* do not stand up to close scrutiny,
and stronger arguments can be made against the alternative structures. This does
not establish the silatropylium ion structure, but does render it quite plausible.

The nature of the product from HSi:* and benzene is important for the study
of four-valence electron reactive intermediates, because this reaction could be
regarded as an example of a carbene-like reaction process. Studies of both neutral
and charged species in both the gas-phase and in solution are being enthusiastically
continued. The effect of charge on the philicity of both six-valence electron
carbene analogs and four-valence electron “supercarbenes” deserves careful
consideration. Results presented here suggest that single-bond formation via Lewis
acid-Lewis base interactions may be preferred over concerted cycloaddition
pathways for positively charged species.
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Chapter S

The Diversity of Stable and Persistent
Phosphorus-Containing Radicals
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Lethbridge, Alberta, TIK 3M4, Canada

Stable and persistent phosphorus-containing radicals can be
divided into five general categories: phosphinyl,
diphosphanyl, 1,3-diphosphaallyl, lithiated
tetrakisimidophosphates, and phosphaverdazyl systems. The
syntheses, structures, EPR spectroscopic characterization, and
sources of stability of these neutral radicals are presented and
compared.

Introduction

Though the history of stable radicals dates back to the mid-19™ century (/,
2), significant advances in the synthesis of inorganic main group radicals have
only been made in the past twenty-five years (3). The recent rapid development
of this field coincides with increased interest in radical species as potential
magnetic materials (4), polymerization catalysts (5), and spin-labels for
biomolecules (6). Stable radicals are also of interest from a more fundamental
standpoint, in that they challenge one of the basic tenets of chemical theory: that
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electrons are always present as electron pairs in compounds of the main group
elements.

While most radicals are highly reactive transient species due to their open-
shell electron configurations, numerous examples of both persistent and stable
(7) radicals are now known. Such radicals are generally stabilized by
delocalization of the unpaired electron over several electronegative atoms such
as oxygen or nitrogen, or by delocalization over a 7 manifold as is often seen in
sulfur-nitrogen ring systems (8). Kinetic stabilization of these systems is also
possible; the introduction of bulky substituents can impede the reactivity of a
radical considerably, enabling its isolation. Despite these efforts to render them
stable, numerous radicals dimerize either in solution or in the solid state in order
to remove the instability caused by the presence of unpaired electrons.

Electron Paramagnetic Resonance (EPR) spectroscopy is the single most
important technique for characterizing radicals, as hyperfine coupling of the
unpaired electron to neighboring spin-active nuclei can be used to deduce its
chemical environment. The magnitude of the hyperfine coupling (hfc) constant
gives information regarding the location of the unpaired electron both within a
molecule and within a particular atomic or molecular orbital. The hfc constant
for a particular spin-active nucleus is dependent upon the amount of interaction
which occurs between the unpaired electron and that nucleus. The type of
orbital in which the electron is located can thus be deduced, as an electron in an
s orbital will have a significantly larger nuclear interaction than an electron
located in a p or d orbital. In addition, the spin density on a particular atom in a
delocalized system can be estimated, as the magnitude of the hfc constant will be
directly proportional to the amount of time the unpaired electron resides on that
atom. Finally, the value of a hfc constant is also dependent upon the
gyromagnetic ratio of the nucleus to which it is coupled.

More recently, researchers have used theoretical calculations in order to
confirm and even predict the orbital contributions of various atoms to the singly
occupied molecular orbital (SOMO), and to verify experimentally observed
hyperfine coupling constants. At the present time, persistent or stable radicals
are usually identified through a combination of theoretical calculations and
experimental techniques such as EPR spectroscopy.

Among the main group elements, there is particular interest in phosphorus-
based radicals since phosphorus has only one isotope (*'P, I = ¥) and gives rise
to much larger hyperfine couplings than those observed for other abundant spin-
active nuclei such as "N (/ = 1, 99%). These properties render phosphorus an
ideal nucleus for spin-labeling experiments, as the anisotropy or orientation-
dependence of the hyperfine coupling to *'P can be used to glean information
about rapidly moving molecules (6).

The past decade has witnessed the isolation and characterization of a
handful of stable and persistent phosphorus-containing radicals. What is perhaps
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most interesting about this group of radicals as a whole is their chemical and
structural diversity. Persistent radicals containing both P(III) and P(V) are
known; species with one, two, or even three phosphorus atoms have been
characterized. In some cases the unpaired electron is localized on one atom,
while in others it is delocalized over an extensive zmanifold. This article
examines the similarities and differences amongst the known persistent and
stable phosphorus-containing radicals, including aspects of their synthesis, EPR
characterization, and the underlying reasons for their stabilities. Beginning with
the simplest [R,P]° systems, the discussion progresses to related P(III) systems,
then on to more complex P(V) radicals, including the heterocyclic
phosphaverdazyl radicals. The coverage is limited to neutral radicals.

Phosphinyl Radicals [R,P] *

A two-coordinate phosphinyl radical is, from a structural standpoint, the
simplest of the phosphorus-centered radicals; it is also one of the most
thoroughly understood radicals of the main group elements. Numerous radicals
of this type can be produced via the photolytic reduction of the appropriate
chloro(dialkyl)phosphine in the presence of an electron-rich alkene (9, 10). The
most persistent of the phosphiny! radicals that has been prepared since their
initial discovery (/I) nearly forty years ago is the bis(trimethylsilyl)methyl
derivative ‘P[CH(SiMe;),]> 1 which is stable indefinitely both in solution and in
the gas phase (9, 10).

EPR Characterization

The EPR spectrum (9) of a solution of reduced CIP[CH(SiMe;),]; consists
of two 1:2:1 triplets, characteristic of a single unpaired electron coupling to one
*IP nucleus and to two equivalent 'H ( = %, 100%) nuclei. This confirms the
identity of the radical species as 1, with coupling to the two methine protons
observed. A simulation (/2) of this spectrum is shown in Figure 1. The value of
the phosphorus hyperfine coupling constant (a3;p = 96.3 G) suggests that the
unpaired electron is located in an orbital of predominantly p character,
presumably the 3p orbital of the phosphorus atom.

Interestingly, the intensity of the EPR signal does not decrease over time,
indicating that the radical does not dimerize in solution, as most phosphinyl
radicals do, to yield the diamagnetic diphosphine R,P-PR; [R = CH(SiMes),] 2.
This is somewhat surprising for two reasons: first, the unpaired electron is
essentially localized on one atom, which should render 1 highly reactive.
Secondly, the phosphorus atom is only two-coordinate and thus should not be
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I

Figure 1. Simulated EPR spectrum of 1.

sufficiently  kinetically stabilized to prevent dimerization, its bulky
bis(trimethylsilyl)methyl substituents notwithstanding. An investigation of the
intensity of the EPR signal as a function of concentration may help to clarify the
solution behavior of 1.

Structure and Stability

In order to probe the reasons for the unexpectedly high stability of this
radical, a structural study of 1 and its parent diphosphine 2 was undertaken (/3,
14) using a combination of X-ray crystallography, gas-phase electron diffraction
(GED) and theoretical calculations. The results of this investigation elucidated
for the first time the considerable réle that thermodynamics plays in the
stabilization of 1. The structure of 1 was determined by GED measurements,
which showed that it exists as a V-shaped species (ZCPC = 104.0°) with the
CH(SiMes); groups oriented exclusively in the syn,syn conformation. Density
Functional Theory (DFT) calculations were used to confirm this structure. An
X-ray crystal structure of 2 showed that, contrary to what is observed in 1, the
diphosphine bis(trimethylsilyl)methyl groups adopt a syn,anti conformation in
the solid state. While this allows for more efficient packing of the CH(SiMej3):
substituents, it also results in significant crowding of the SiMe; groups, both
between groups attached to the same phosphorus, and between those bonded to
different P atoms.

R"“y\ /'\"’"R'
R

R' = SiMe, H H

1 2
The corollary of these structural data is simply this: the dissociation of the
dimer 2 to yield two units of 1 involves not only homolytic cleavage of the
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phosphorus-phosphorus  bond, but also  isomerization of the
bis(trimethylsilyl)methyl groups. According to theoretical calculations, the first
step in the dissociation process of 2 is homolysis of the P-P bond, which is an
endothermic process (95 kJ mol™). This bond cleavage yields two phosphinyl
radicals, both of which are in the syn,anti conformation: that is, they are
geometrical isomers of the established structure of 1. Relaxation of the
CH(SiMe;), groups to relieve steric strain, followed by the rotation of one such
group about the P-C bond to yield a syn,syn radical releases an estimated 67.5 kJ
mol™ for each unit of 1. Overall, the conversion of the dimer 2 to two fragments
of 1 is an exothermic process, releasing approximately 40 kJ for each mole of 2.
Thus the fact that 1 does not dimerize in solution is attributed not to the kinetic
stabilization of the bulky ligands, but to the energetic input required for the
rearrangement prior to dimerization.

Recent studies (15) have shown that the unsymmetrical phosphinyl radical
P[N(SiMe;),]J(N'Pr,) is produced by the thermally reversible dissociatioq of its
diphosphine dimer. As was seen for 1, the persistence of "P[N(SiMe;),](N'Pry) is
attributed to the reorganization energy necessary for dimerization to occur,
rather than to any intrinsic stability associated with this radical.

The Diphosphanyl Radical [R,PPR]*

Related to the phosphinyl radical 1 is the diphosphanyl radical R,PP'R.
While both these species contain a two-coordinate phosphorus atom, the
diphosphanyl radical is somewhat more complex in that, as its name implies, it
contains a second phosphorus atom. Unlike the phosphinyl radicals, the first
stable diphosphanyl radical [Mes*MeP-PMes*]" 3 (Mes* = 2,4,6-tri(tert-
butyl)phenyl) was synthesized only recently (/6), and at present, 3 remains the
only such radical known.

The radical 3 was first observed in a cyclic voltammetry experiment with the
diphosphene salt [Mes*MeP=PMes*][O,SCF;] 4, which was found to undergo a
chemically reversible one-electron reduction. This result prompted an attempt to
synthesize the reduction product using chemical means, specifically via an
electron transfer reaction from an electron-rich alkene. Reminiscent of the facile
reduction of R,PCl to produce the phosphinyl radical 1 (9) reduction of 4 is
effected in an acetonitrile solution containing tetrakis(dimethylamino)ethene at
room temperature, yielding yellow crystals of 3.

Unlike the phosphinyl radicals, 3 is sufficiently stable to be isolated as a
solid material; however, magnetic measurements indicate that a small amount of
dimerization (~10%) occurs during the liquid to solid transition. Slow
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decomposition of 3 is observed in the solid state, while in solution, the half-life
of this persistent radical is approximately 90 minutes.

t
Bu ‘Bu
'‘Bu
P ‘Bu
/’I[,"' /
t -P
Bu Me’ tBu
3

EPR Characterization

A solution EPR spectrum of 3 consists of four lines of equal intensities,
indicating that the unpaired electron is interacting with two inequivalent *'P
nuclei and confirming the identity of 3 as a diphosphanyl radical. The larger of
the two coupling constants (a3;p = 139.3 G) was attributed to the two-coordinate
phosphorus atom, where the larger part of the spin density is thought to be
located; the smaller coupling constant (a3;p = 89.3 G) was assigned to the three-
coordinate phosphorus atom. A simulation (17) of this spectrum is shown in

Figure 2.
|

|
)
|

~ Figure 2. Simulated EPR spectrum of 3.

In connection with the growing interest in using *'P-centered radicals as
spin-labels, the anisotropy or direction-dependence of the *'P coupling of 3 was
examined. By doping 3 into a single crystal of the related diphosphane
Mes*MeP-PMes*Me, solid-state EPR spectra of 3 were obtained, varying the
angle of the crystal to the magnetic field. A difference of 420 G between the
high- and low-field transitions was observed when the magnetic field is
perpendicular to the P-P bond, while a much smaller separation of 130 G was
observed with the magnetic field parallel to the P-P bond, i.e. perpendicular to
the p orbital in which the unpaired electron resides. The large anisotropies of
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these phosphorus couplings indicate that diphosphanyl radicals such as 3 may
well find use in the future as spin-labels.

Structure and Stability

As is seen for phosphinyl radicals, the phosphorus couplings observed in the
EPR spectra of 3 are relatively large, indicating that the unpaired electron resides
almost exclusively on the two phosphorus atoms. DFT calculations revealed the
expected small s contribution (~10%) to the SOMO, while confirming that the
largest part (~74%) of the spin density resides in a p orbital of the two-
coordinate phosphorus atom, while the remaining 15% is located in a p orbital of
the three-coordinate phosphorus. Consistently, the calculated P-P bond distance
(2.18 A) is only slightly shorter than a typical P-P single bond (2.22 A); a
considerably shorter bond would be expected if the electron were delocalized
equally over the two phosphorus atoms, as this would result in a P-P bond order
of 1.5. Since minimal delocalization of the unpaired electron occurs in 3, the
stability of this radical is attributed to the steric protection afforded by the Mes*
substituents, which reduces the reactivity of 3 making it possible to characterize
this species.

A 1,3-Diphosphaallyl Radical [R,NP(CNR;)PNR,] *

In addition to the diphosphanyl radical, several other species are known
which contain a single unpaired electron delocalized over two phosphorus (III)
atoms, including the diphosphirany! 5, diphosphirenyl 6, and 1,3-diphosphaallyl
7 radicals. Of these, 5 and 6 are transient species that have been observed in
EPR spin-trapping experiments (/8) and postulated as reaction intermediates
(19). Similar behavior has been noted for the related 1,3-diphosphaallyl
radicals, which have widely been considered to be unstable; however, a recent
study (20) has shown that the introduction of amino groups on the three ring
atoms has a powerful stabilizing effect.

. N'Pr,
Th _l T(ipr)2—| . Th |
c & /N Pry [BFg
P/__}P /N M N\ A PR g
5 6 7 9

~As in the case of the diphosphanyl radical, the stable radical
[('Pr,NP),CN'Pr,]" 8 was first observed in a cyclic voltammetry experiment as
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the product of the one electron reduction of the diphosphacyclopropenium salt 9.
Preparative scale reductions involving either electrolysis or the reduction of 9
with lithium metal led to the isolation of 8 in the form of paramagnetic red
crystals. Although the crystals were not suitable for X-ray analysis, a FAB mass
spectrum showed the expected molecular ion. Unlike the phosphinyl and
diphosphanyl radicals discussed earlier, 8 can be isolated and shows no sign of
decomposition in the solid state over a period of weeks.

EPR Characterization

Solution EPR spectra of 8 were obtained in an attempt to identify the radical
species. Each spectrum displayed five broad lines of relative intensities
1:3:4:3:1 as shown in Figure 3; additional hyperfine coupling could not be

Figure 3. EPR spectrum of 8. (Reproduced from reference 20. Copyright 1997
American Chemical Society.)

resolved even at low temperature. The increased complexity of this spectrum
compared to those of the phosphinyl and diphosphanyl radicals can be attributed
to delocalization of the unpaired electron over more spin-active nuclei,
specifically 'N. Indeed, the best simulation of this spectrum is obtained by
including hyperfine coupling to two equivalent *'P nuclei (a3;p = 9.4 G), two
equivalent "N nuclei (ay4x = 1.5 G), and a unique nitrogen atom (a;qy = 9.9 G).
The relatively small value of the *'P coupling constant in 8 compared to those
observed in the two P(III) radicals discussed earlier reflects a decrease in the
phosphorus character of the SOMO, which results from delocalization of the
unpaired electron over the carbon and nitrogen centers.

Structure and Stability
Based on the EPR data, two structures 8’ and 8'' can be proposed for the

radical 8. In order to determine the true identity of 8, ab initio calculations were
carried out on these two isomers. Structure 8'' was found to be significantly
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higher in energy (114.6 kJ mol™) than 8', essentially precluding the possibility
that 8"’ is the correct formulation of this radical. In addition, the optimized

i
Nlpl’z N Pl’2
| ¢
AN\ i
'Pr,N—P 7N P—N'Pr, 'Pr,N—P——P—N'Pr,
8! 8"

geometry of 8" has the CN'Pr; unit bent out of the plane of the three-membered
ring, destroying the symmetry of the molecule; hence, its geometry is not
consistent with the observed EPR hyperfine couplings. The stable radical 8 was
therefore identified as the 1,3-diphosphaallyl species 8’; the mechanism of the
rearrangement of 9 to yield 8’ has yet to be elucidated. The increased stability of
8, compared to that of 1 or 3, can be attributed to the delocalization of the
unpaired electron over a total of five atoms, three of which are highly
electronegative.

Dilithiated Tetrakisimidophosphate Radicals

In moving from 1, 3, and 8 to a tetrakisimidophosphate radical, the
oxidation state of the phosphorus atom increases from those P(III)-based systems
to a P(V) species. However, the basic principles of stabilizing the radical
through the use of bulky substituents and delocalization of the unpaired electron
over several atoms remain unchanged. Like the diphosphanyl radical, the
dilithiated tetrakisimidophosphate radical “Li,[P(N‘Bu);(NSiMe;)]™ 10 was
discovered only recently (27). The P(V) radical 10 was prepared via the
oxidation of the trilithiated tetrakisimidophosphate Li;[P(N'Bu);(NSiMes)] (22)
with iodine or bromine in tetrahydrofuran (THF), producing blue solutions that
persist for several weeks. From these reactions, paramagnetic blue solids can be
isolated that are stable indefinitely in the solid state in the absence of air.

Structure and Stability

In order to identify the radical 10, the blue solid was crystallized and an X-
ray structure was obtained. The crystallographic data showed that, in the solid
state, the oxidation product 10 acts to trap a monomeric unit of lithium iodide.
The resultant adduct {Li;,{P(N'Bu)3(NSiMe;)](Lil)e3THF}* 11 exists as a highly
distorted PN;Li;1 cube; an X-ray structure of the isostructural LiO'Bu adduct 12
has also been obtained (23). At present, 11 and 12 are the only inorganic
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phosphorus-containing radicals to have been characterized by X-ray
crystallography.

In order to probe the source of the remarkable stability of these radicals,
DFT calculations were carried out (24) to determine the extent of delocalization
of the unpaired electron. As expected, nearly all (98%) of the spin density was
found to reside on the three cluster nitrogen atoms.  Thus, the stability of 11
and 12 can in large part be attributed to the delocalization of spin density over
multiple nitrogen centers.

In order to examine the extent of kinetic stabilization in 11 and 12, the
related tetrakisimidophosphates Li;[P(NAd);(NSiMes)] 13 and
Li;[P(NCy)3(NSiMe;)] 14 were also reacted with halogens (25). Oxidation of
13, in which the tert-butyl-imido groups have been replaced by sterically
demanding adamantyl groups, was found to produce stable radicals; however,
oxidation reactions of 14, which contains smaller cyclohexyl-imido groups,
result in highly transient radicals. These results indicate that the steric bulk of
the alkyl-imido groups plays a critical role in stabilizing the
tetrakisimidophosphate radicals.

EPR Characterization

The EPR spectrum of 10 in THF solution is highly dependent upon both
temperature and concentration, suggesting that more than one radical may be
present in solution. At extreme dilution a limiting spectrum is obtained which
contains approximately fifty lines, all of which can be attributed to a single
species. The best simulation of the experimental spectrum shown in Figure 4

s '*M“'fwﬂ/}' '«’A I 4\;.»‘/“
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|

Figure 4. EPR spectrum of 10. (Reproduced with permission from reference
21. Copyright Wiley-VCH 2004.)

was obtained by including hyperfine couplings to one phosphorus atom (asip =
23.1 G), two equivalent nitrogen centers (a;sx = 5.38 G), two unique nitrogen
atoms (a4 = 7.38G and 1.93 G), and a single lithium nucleus (a7; = 0.30 G).
These EPR parameters are consistent with the formation of the radical
monoanion 15 and a [Li(THF),]” counterion via solvation of the cube 11. The
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proposed structure of the » solvent-separated ion pair
{Li[P(N'Bu)3(NSiMe;)][Li(THF),]}* 15 contains two equivalent bridging
L__—X
BN Li{ 'BN" 'Bu

‘\ \\\\\\Nlll n,

lBu | “Li
N—|—Li - *Jp. i(THF),
/P _/___‘ N L ) /_ \N/
Me;SiN Bu SiMe; ‘Bu
L=THF
11 (X =1); 12 (X = O'Bu) 15

nitrogen atoms and a single lithium cation, which is consistent with the
experimentally obtained EPR spectrum. The *'P coupling constant in this EPR
spectrum is small compared to the values observed for radicals 1 and 3 in which
the spin density is primarily on the phosphorus atom(s). This is in agreement
with the DFT calculations, which indicated that the SOMO is predominantly Np
in character.

The difference between the solution and solid-state structures of the radical
10 can be explained by the fact that the crystals of 11 were grown from a
concentrated THF syrup, while the EPR spectrum corresponding to 15 was
recorded in a very dilute THF solution. In dilute solutions, solvation of the
lithium cations of 11 occurs, which ruptures the cubic structure forming the
solvent-separated ion pair 15 and a molecule of (THF);Lil (21).

The Phosphaverdazyl Radicals

The phosphaverdazyls represent another example of phosphorus(V)-
nitrogen radicals. These species are six-membered heterocycles composed of
four nitrogen atoms, one phosphorus atom, and one carbon atom. Since their
discovery five years ago, four persistent phosphaverdazyls radicals 16 — 19 have
been prepared and characterized (26). Like the tetrakisimidophosphate radicals,
phosphaverdazyls can be considered nitrogen-centered radicals which exhibit
spin delocalization over a neighboring phosphorus atom.

The radicals 16 — 19 are produced via the homolytic cleavage of an N-H
bond in the corresponding diamagnetic tetraazaphosphorines using common
oxidizing agents such as iodine, periodate, or benzoquinone (27-29). While they
can be isolated as red-brown semi-solids, the phosphaverdazyls decompose both
in solution and in the solid state over a period of days.
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EPR Characterization

The phosphaverdazyl radicals exhibit multiple hyperfine couplings due to
interactions of the unpaired electron with neighboring protons, nitrogen atoms,
and phosphorus nuclei. This extensive coupling results in numerous overlapping
peaks, and frequently produces poorly resolved EPR spectra with quite broad
lines. The EPR spectrum of the most complex of these radicals, the spirocyclic
cyclophosphazene-phosphaverdazyl hybrid 19, could not be interpreted without
the aid of a double-resonance technique. An electron nuclear double resonance
ENDOR) experiment (29) produced the simplified spectrum shown in (Figure S.

The reduced number of lines in the ENDOR spectrum, combined
V2P, )

/2N 3(CHy) N\p?N
HyC-Ni N3~CHy
{
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Figure 5. ENDOR spectrum of 19. (Reproduced with permission from
reference 29. Copyright NRC Press 2002.)
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with its superior resolution compared to a traditional EPR spectrum, made it
possible to unequivocally assign hyperfine coupling constants to the two pairs of
equivalent nitrogen atoms in the verdazyl ring (a;qx = 5.18 G and 6.45 G), the
six equivalent protons from the methyl groups attached to the verdazyl nitrogen
atoms (a;q = 4.24 G), and two types of protons on the phenyl ring (a;y =040 G
and 0.20 G).

Interestingly, two different *'P couplings were observed: one due to an
interaction with the phosphorus in the phosphaverdazyl ring (7.29 G) and one
caused by coupling to the two remote phosphorus atoms in the
cyclophosphazene ring (1.06 G). Though this second hfc constant is quite small,
it indicates delocalization of the unpaired electron not only over the
phosphaverdazyl ring, but throughout the cyclophosphazene ring as well. While
two other radicals with cyclophosphazene substituents are known (30, 31),
coupling in those systems is only observed to the phosphorus nucleus closest to
the radical center. The evidence of spin-spin communication between the two
rings in 19 suggests that spirocyclic phosphaverdazyls radicals of this type may
find applications as magnetic materials.

Structure and Stability

The stability of the persistent phosphaverdazyls radicals 16 — 19 can be
attributed to the delocalization of the unpaired electron over at least the four
nitrogen atoms of the heterocycle. Detailed theoretical calculations (28) on 16 —
18 confirmed that the SOMOs of these three radicals are fairly similar, with large
contributions from the four heterocycle nitrogens and smaller contributions from
the phosphorus and other atoms.

The lower stability of 16 - 19 as compared to that of the
tetrakisimidophosphate radical in 11 and 12 can be attributed to the lack of
kinetic stabilization in the phosphaverdazyls systems. Despite their extensive
delocalization, there are no bulky substituents on the heterocycle to hinder the
reactions of these species.

Conclusion

Recent investigations have led to the the synthesis and identification of a
variety of structurally diverse, stable and persistent phosphorus-conatining
radicals. To date only one class of these systems, the dilithiated
tetraimidophosphates, has been characterized in the solid state by X-ray
crystallography. For the other radicals, EPR hyperfine coupling parameters, in
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conjunction with theoretical calculations, have provided detailed insights into the
spin distribution in these paramagnetic systems. Possible applications of these
materials as spin labels and in magnetic materials are being considered (26).
Although this article has been limited to neutral phosphorus-containing radicals,
recent progress in the generation and characterization of the radical cations
[R;P]"" by the one-electron oxidation of triarylphosphines is noteworthy (32,
33). Persistent radicals of this type are obtained by using bulky aryl groups with
two isopropyl groups in the ortho positions. Isotropic EPR hfcs indicate
substantial s orbital character for the SOMO (33).
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Chapter 6

Stable Singlet Diradicals Based on Boron and
Phosphorus

Amor Rodriguez, Carsten Prisang, Vincent Gandon,
Jean-Baptiste Bourg, and Guy Bertrand*

UCR-CNRS Joint Research Chemistry Laboratory (UMR 2282),
Department of Chemistry, University of California,
Riverside, CA 92521-0403
*Corresponding author: gbertran@mail.ucr.edu

Using the specific properties of boron and phosphorus, a room
temperature stable localized singlet diradical featuring a
PBPB-four membered ring skeleton has been isolated. Its
structure and reactivity are discussed. Moreover, it is shown
that depending of the nature of substituents at phosphorus and
boron, this type of diradical undergoes a ring closure that is
thermally allowed.

Intoduction

Diradicals are even-electron molecules that have one bond less than the
number permitted by the standard rules of valence (/-5). The two remaining
electrons occupy two orbitals that have the same or nearly the same energy and
can have antiparallel (singlet state) or parallel spins (triplet state).

As emphasized by Borden (2), there are several types of organic diradicals
but this work mainly focuses on singlet-localized diradicals. In these diradicals
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the partially filled orbitals reside on two different atoms that are connected by
one or more atoms that are saturated. These diradicals are also called
“nonconjugated”, however the partially filled atomic orbitals that are formally
localized on the two radical centers can interact either through space or through
the o bonds of the atoms that connect them. Trimethylene (CH,CH,CH),) is the
archetypal representative.

Singlet diradicals are involved as intermediates in many reactions such as
the ring opening and closure of strained cycloalkanes (6-10), Cope
rearrangement (/-16), bicyclo-butane or -pentane inversion (/7,18)...

Catenation of singlet diradicals, via appropriate linkers, are predicted to lead
to antiferromagnetic low-spin polymers, in which the half-filled electron bands
would confer the capability for metallic conduction without doping (3,79).
However, as noted by Berson (3), a vast and largely unmapped terrain still must
be explored before these practical objectives can be reached. Not only are we
deficient in knowledge about the specifically solid state intermolecular
interactions between chains, which can be decisive in the ultimate bulk
ferromagnetism or conductivity of a polymer, but we also need to understand
more about the spin interactions among weakly bound electrons within
individual diradicals. Nevertheless, many laboratories already have made strides
toward the actual synthesis of organic electrical conductors and ferromagnets by
ligation of non-Kekulé units (3,4,20-25).

One of the major problems is the inherent instability of diradicals. Indeed,
diradicals are even more ephemeral than monoradicals since their bifunctionality
permits intermolecular as well as intramolecular coupling reactions. Even the
triplet 1,3-cyclobutanediyls A(T) can only be observed in matrices at very low
temperature, although the combination of the two unpaired electrons, leading to
bicyclo[1.1.0]butanes B, is impeded by a huge ring strain and a spin barrier (26).
The corresponding singlet diradicals A(S), formally resulting from the homolytic
cleavage of the bridging o-bond of B, are predicted only as transition states for
the inversion of B (/7). Optimizing the substituent effects (vide infra), a few
localized singlet 1,3-diradicals have been observed (27-29), but the half-life in
solution at room temperature of the most persistent, A1 (27), is only in the
microsecond range (Figure 1).

<> A Ph

OEt
OEt
X< B A A1 Ph '

Figure 1. Energy profile for the inversion of B and the most stable singlet
diradical based on carbon(A1l)
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Synthesis and Structure of the first stable diradical

In 2002, we succeeded in synthesizing the localized singlet 1,3-diradical 1a,
which is indefinitely stable at room temperature both in solution and in the solid-
state (30) (Figure 2).

-Bu
i-Pr. (?é\P L
la
s/ N8N
i-Pr @$ i-Pr
t-Bu
Figure 2. The first stable singlet diradical

The choice of our target molecule of type 1 was dictated by several factors.
(i) As already mentioned, the ring strain in the bicyclo[1.1.0] system 2 should
weaken the central BB bond (Figure 3). (ii) The spin multiplicity and relative
stability of the carbon-base diradicals such as A1 were explained by the presence
of low-lying o*(C-X) orbitals allowing through-bond interaction of the two
radical sites (28,31,32). In the same way, diradicals of type 1 should benefit from
the presence of low-lying o* orbitals at the phosphorus atoms. (iii) The o(B-B)
bond should be weakened by the electrostatic repulsion between the two adjacent
negative charges.

O

ol
./ @' '@
/ |'3
S

@ \\//
1 /e &
Figure 3. Diradical form 1 and btcyclxc isomer 2

The synthetic strategy was based on previous findings from our group. We
had already shown that due to the reluctance of phosphorus to become planar
and to form n-bonds, di(phosphino)carbocations C adopt a cyclic form D rather
than an amidinium-type structure E (33). By analogy, it was reasonable to
believe that 1,2-diphosphino-diboranes 3 should adopt a bicyclo[1.1.0]butane
form 2 and hopefully the diradical structure 1 rather than a butadiene structure 4
(34) (Figure 4). The valence isomerization of butadienes into
bicyclo[1.1.0]butane derivatives has already been predicted computationally and
postulated experimentally in the case of heavier main-group element containing
derivatives (35-37).
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Figure 4. Rational of our synthetic approach

The obvious route to the desired 1,2-diphosphinodiboranes was to react two
equivalents of a lithium phosphide with a 1,2-dichlorodiborane. To assure a
kinetic protection of the desired diradical moiety, sterically demanding
substituents, namely ferr-butyl and isopropyl groups, were used at boron and
phosphorus, respectively. Compound 1a was isolated in 68% yield as extremely
air-sensitive, but highly thermally stable yellow crystals.

+Bu_ tBu 2 i-ProPLi 1
= a
c’ ¢ 68% yield

Scheme 1. Synthesis of diradical 1a

According to a single crystal X-ray diffraction study, the PBPB four-
membered ring of 1a is perfectly planar, the boron atoms are in a planar
environment and the P-B bond lengths are equal, but a little shorter than
expected for single bonds (Figure 5). Note that a planar environment has also
been observed by Power for the only structurally characterized boron-centered
monoradical (38). The most striking feature of 1a is the very large B-B distance
of 2.57 A, which clearly indicates the cleavage of the B-B bond.

Figure 5. Molecular view of diradical 1a
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Calculations carried out on the experimentally obtained molecule 1a found
that the singlet state is lower in energy than the triplet state (17.2 kcal/mol at
UB3LYP/6-311++g** level) demonstrating an interaction between the two
radical sites. UV spectroscopy [1a (toluene): An.x = 446 nm, absorption
coefficient € = 2200] indicates a molecular orbital splitting, that is also observed
for the carbon-based diradicals A1 (27,28). The nature of the coupling of the two
radical sites (positive p-orbital overlap) was apparent from the highest occupied
molecular orbital (HOMO). It involves the participation of the o*(P-C) orbitals
which indicates some through-bond interaction, and an overlap of the 2p(B)
orbitals, despite the long boron-boron distance that suggests some through-space
interaction. The latter has been confirmed by an electron localization function
(ELF) study (39). Both the through-bond and through space interaction explains
the unusual stability of this species, although it cannot be adequately described
by two-center two-electron bonds (40).

Reactivity of stable singlet diradical 1a

As soon as they were discovered, radicals found applications for the large
scale production of halogenoalkanes and for the polymerization of unsaturated
monomers. However, for a long time, they were avoided in organic synthesis
because of their high instability and reactivity. Nowadays, their behavior is
sufficiently understood to allow their use in complex reaction steps, which can
involve the formation of several bonds.

The intermolecular reactivity of localized singlet diradicals is virtually
unknown; their lifetime is too short to allow intermolecular chemistry to compete
efficiently. In a recent paper Abe et al. wrote (27): “All our extensive efforts to
trap the localized singlet diradical A1 (the most stable known so far), by external
additives and, thus, to explore the intermolecular reactivity of a localized singlet
diradical met with failure.... Not even in the time-resolved spectroscopic
experiments, in which the exceedingly long lifetime (e.g. in chloroform ca. 3.7
us) should facilitate the observation of subtle effects, did we obtain clear-cut
evidence for trapping by external additives”. However, note that some
intermolecular reactions of m-conjugated non-Kekule derivatives have been
reported when the diradicals were generated in the presence of alkenes, or
dioxygen (3). Berson mentioned that their dimerization must be among the
fastest bimolecular reactions known; the rates of these dimerizations are
essentially at the diffusion-limited value (3).
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The unusual stability of diradical 1a gave us the opportunity to study its
reactivity (41).

During NMR experiments we observed that compound 1a slowly reacted
with deuterated chloroform. The reaction was complete after three days at room
temperature. The 2,4-dichloro adducts 5 were obtained in an approximate 3/1
cis/trans ratio (Scheme 2). The two isomers were separated by crystallization and
characterized by multi-nuclear NMR spectroscopy and X-ray analyses.
Derivatives cis-5 and frans-5 do not interconvert in solution, however the
mechanism for the reaction of 1a with chloroform is not clearcut.

t-Bu cl t-Bu
. i O,
I-PI'\ (?B\P/é‘spr CDC|3 i-Pl'\ /B\ /i-Pf
iPr’ B NiPr P B i
ProB  H i-Pr /5"1 i-Pr
t-Bu 1a t-Bu ~ Cl 5(cis,trans)

Scheme 2. Reaction of 1a with CDCl;

Since 1a readily reacts with mild oxidizing agents such as chloroform, we
subsequently studied its behavior towards elemental selenium. Complete
conversion was observed after 8 hours at room temperature in toluene solution.
The [1.1.1]bicyclic structure (asterane) of the resulting derivative 6 (70%
isolated yield) was unambiguously established by an X-ray diffraction analysis.
Interestingly, compound 6 was also obtained in high yield by reacting 1 with
diphenyl diselenide (42) (Scheme 3).

t-Bu
, . .
iPr OB, iPr  SeorPhSeSePh ol
7' \0/"\ I'-PT-P\\//P—I-PI'
i-Pr B NiPr QB BO
Ty 18 FBY gy B g

Scheme 3. Reaction of 1a with elemental selenium and PhSeSePh

This result prompted us to investigate the reactivity of 1 towards typical
reagents for radical-type reactions.

A spontaneous and clean reaction was observed with trimethyltin hydride at
room temperature, the trans 1,3-adduct 7 being isolated as colorless crystals in
73% yield. The trans geometry of 7 was unambiguously deduced from the X-ray
analysis (Figure 6), and is likely to result from a stepwise, rather than a
concerted reaction.
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Figure 6. Molecular structure of the tin hydride adduct 7

The reaction with bromotrichloromethane afforded further evidence for the
radical-type behavior of 1a. The reaction did not require any radical initiator and
was complete in few minutes at room temperature in toluene solution.
Compound 8 was obtained in 56% yield along with a small amount of the trans
1,3-dibromo adduct 9 (Scheme 4). Crystallization from a saturated
dichloromethane solution at —30°C afforded single crystals of 8. The X-ray
diffraction study revealed a novel B-spiro structure. The BPBP four-membered
ring is retained; one of the boron centers bears a bromine atom while the other is
engaged in a BCC three-membered ring (43).

t-Bu %—, Br,0,t-Bu
iPr OB iPr BICCl3  jipr BO iPr i-Pr. B_ i-Pr
® P \69 —_— SR P@ + @P P@
i-Pr @ﬁ i-Pr’ 8\ NiPr 8\ I-Pl’
t—Bu 1a tBu - 'Br 8 t-B F 9
Scheme 4. Reaction of 1a with bromotrrchloromethane

The formation of 8 most probably results from a stepwise reaction: i) 1a
abstracts a bromine atom from the bromotrichloromethane, ii) the resulting
radical pair disproportionates to give 8 and chloroform. Note that an alternative
pathway for the second step of this reaction can be envisaged: the radical CCl;
would act as an oxidizing agent leading to a boron center with an empty orbital,
which would insert into the C-H bond via a three-center two-electron BHC bond,
the latter intermediate would finally transfer a proton to the CCl; anion.
Although the exact structure of the radical intermediate (opened or bridged)
could not be determined to date, the postulated mechanism is supported by the
formation of an increasing amount of the 1,3-dibromo adduct 9 when increasing
amounts of bromotrichloromethane were used.
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These results as a whole demonstrate that although the heteroatom-
containing 1,3-diradical 1a benefits from an increased thermal stability
compared to its transient congeneers, it does feature some radical-type behavior.

Diradical versus bicyclo[1.1.0] structure

2,4-Diphosphacyclobutane-1,3-diyls F, recently reported by Niecke (44-48)
and Yoshifuji (49) feature a trans-annular anti-bonding n-overlap, which makes
the thermal ring closure into G forbidden. In marked contrast, 1,3-dibora-2,4-
diphosphoniocyclobutane-1,3-diyls H (such as 1a) feature a trans-annular
bonding m-overlap, which allows for the thermal ring closure into the
bicyclo[1.1.0] isomer I (Figure 7). Therefore, variation of the phosphorus and
boron substituents was expected to strongly influence the ground-state structure
of compounds H/I and thus offered an opportunity not only to isolate the
structural extremes, as reported for F and G (44), but also to mimic the whole
reaction profile for the inversion of I (50).

BB n|> P—
s T

G

N\ PA ®| l®
@P\gg@ ¢ TR P
I -8 B~
H 1
Figure 7. Schematic representations of bicyclic compounds G and I, diradicals
F and H, and of their HOMO.

Compounds 10-12 were obtained by the synthetic route used previously for
the preparation of 1a. However, since the 1,2-diphenyl-1,2-dichloro-diborane is
known to be highly unstable (57), derivative 13 was synthesized by reduction of
the corresponding 1,3-dichloro-1,3-diborata-2,4-diphosphoniocyclobutane (52)
with two equivalents of lithium naphthalenide in toluene solution. All of the
compounds 10-13 were isolated in moderate to good yields as very air-sensitive,
but thermally highly stable crystalline materials (Scheme 5).
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R‘B—BR '2PLi (2 eq.)
c c R 1a: R=tBu, R'=/Pr; mp = 212°C; yellow
R'\@/9(\9®R' 10: R=Dur, R'=iPr; mp = 224°C; colourless
ROCI ' R-Pi P 11: R=tBu, R'=Ph; mp = 228°C; colourless
REGBOR  LicyoHs 2 B 12: R=Dur, R'=Et; mp = 213°C; colourless
R Pip, HCwHe@ea),/ R 13: R=Ph, R'=Ph; mp = 181°C; colourless
ROCl 12,1013

Scheme 5. Synthesis of derivatives 1a and 10-13

The impact of the substituents at boron upon structure was first investigated
by replacing the ferz-butyl groups of la by duryl rings (duryl = 2,3,5,6-
tetramethylphenyl), while keeping the iso-propyl groups at phosphorus. X-ray
diffraction analysis revealed that 10 adopts a very different structure to that
observed for 1a. The BPBP core deviates from planarity (interflap angle
between the two PBB units 130°), the B-B distance is significantly shortened
(224 A). Steric hindrance probably does not favor a coplanar arrangement of the
duryl rings and BPBP core in 10, thereby preventing efficient stabilization of the
radical centers via n-delocalization.

The influence of the substituents at phosphorus was then studied by
replacing the iso-propyl substituents of 1a by phenyl rings. The B-B distance of
11 is noticeably shortened again (1.99 A), while the BPBP core deviates further
from planarity (interflap angle 118°). This result suggests that the less sterically
demanding substituents at phosphorus favor the folded structure by decreasing
the 1,3-diaxial interactions. This hypothesis was confirmed by comparing the
solid-state structures of compounds 12 (BB: 1.89 A; interflap angle 115°) and
10, both featuring duryl groups at boron, but ethyl and iso-propyl substituents at
phosphorus, respectively.

Lastly, the most folded structure (interflap angle 114°) was obtained for the
perphenylated derivative 13 (Figure 8) for which the B-B distance (1.83 A) is in
the range typical for B-B single bonds, and about 40% shorter than in 1a.

Figure 8. Molecular structure of butterfly 13
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The geometric parameters observed for 13 are very similar to those
calculated for the parent bicyclic compound H (H at boron and phosphorus)
while the data for 1a are very close to those predicted for the parent diradical I,
which is the transition state for the inversion of H. Therefore, in the solid state,
derivatives 10-12 adopt structures intermediate between those for H and 1.

These results illustrate to some extent the conceptually most simple
reactions: the stretching and eventual rupture of a o-bond to afford two single-
electron species, together with the reverse bond-forming process.

Conclusions and Perspectives

Aside from any fundamental curiosity concerning the synthesis and isolation
of these species, the availability of diradicals or diradicaloids (40,53-56), which
can be handled under standard laboratory conditions, opens the way for new
developments in various fields. Their chemical behavior will define their
potential use as radical scavengers and initiators, while the study of their
physical properties will allow for a better understanding of the factors that
control singlet-triplet energy spacing and spin interactions in diradicals, which is
decisive for the rational development of new molecular organic materials such as
electrical conductors and ferromagnets. The catenation of our singlet diradicals
via appropriate linkers is one of our priorities.

Interestingly, the concept of “bond-stretch isomerism” has been introduced
by Stohrer and Hoffmann using strained tricyclic hydrocarbons: “In the 2,2,2-
system the optimum alignment for through-bond coupling of radical lobes
creates the conditions for a new type of isomerism - two stable conformations
related by a simple bond stretching. These are the normal tricyclic form K and
the stabilized diradical J” (57) (Figure 9). The early attempts to characterize
bond-stretch isomers either failed or were eventually rejected as crystallographic
artifacts, and therefore the existence of bond-stretch isomers became

questionable (58).
QA4
' K

Figure 9. Hoffimann predictions of the existence of two bond-stretch isomers

According to the most recent review on this topic (59), the 1,3-
diphosphacyclobutane-2,4-diyl F and 1,3-diphosphabicyclo-[1.1.0]butane G are
the first and only known stretch isomers that have been isolated and
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independently characterized. As mentioned before, because of a trans-annular
anti-bonding m-overlap (Figure 7) the thermal ring closure of F into G is
forbidden. One of the exciting challenges is to bring evidence for the existence
of two bond-stretch isomers featuring a trans-annular bonding n-overlap, which
allows for the thermal ring closure and opening processes, as for H/I. We are
currently investigating this problem.
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Chapter 7

Easily Broken Strong Bonds: a New Law
of Thermodynamics

Konstantin B. Borisenko, Sarah L. Hinchley,
and David W. H. Rankin

School of Chemistry, University of Edinburgh, West Mains Road,
Edinburgh, EH9 3JJ, United Kingdom

Determination of the molecular structures of tetrakis[bis-
(trimethylsilyl)methyl]diphosphine and its arsenic analog in
the crystalline phase showed that the central P-P and As-As
bonds were little longer than in other diphosphines and
diarsines. Nevertheless, their vapors consisted entirely of the
bis[bis(trimethylsilyl)methyl]phosphido and bis[bis(trimethyl-
silyl)methyllarsenido free radicals. This thermodynamic
conundrum has been solved by series of ab initio calculations,
which have shown that the energy needed to break the strong
central bonds is stored in deformed ligands. Detailed analysis
of the dissociation process, aided by a simple ball and spring
model, has allowed the intrinsic energy of the central bond to
be separated from the overall dissociation energy. The intrinsic
bond energies are consistent for a wide range of
disphosphines, even though their dissociation energies are
scattered over a range of hundreds of kJ mol ™.
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At first sight, the dissociation of a sterically crowded tetraalkyldiphosphine
into two dialkyl phosphido radicals (Figure 1) was not unexpected, although
unusual. Large substituents would naturally cause lengthening, and eventually
breaking, of bonds. So the observation' that tetrakis[bis(trimethylsilyl)-
methyl]diphosphine had an EPR spectrum, consistent with the formation of
bis[bis(trimethylsilyl)-methyl]phosphido radicals in the liquid phase, was seen as
a natural consequence of the size of the bis(trimethylsilyl)methyl (also known as
disyl) ligands. The transition from crystalline to liquid and gaseous phases was
associated with a change in colour from pale yellow to intense purple,' so it
appeared that the radical was predominant in these phases, but absent from the
crystal. It was only when the structures, in crystalline and gaseous phases, were
determined” that it became clear that the situation is considerably more complex.

R R”/ /

P—P, — 2 P\

Y"’R R

R

L

Figure 1. Dissociation of a tetra-alkyldiphosphine to give two dialkylphosphido
radicals

Structures of solid and gaseous tetrakis(disyl)diphosphine and
tetrakis(disyl)diarsine

The structure of tetrakis(disyl)diphosphine, {P[CH(SiMes),],}», in the crystalline
phase was straightforward to determine. There was one molecule per asymmetric
unit, in which the four asymmetric groups were arranged so that they packed in
an efficient way (Figure 2).>® The steric crowding was demonstrated by large
deviations of bond lengths and inter-bond angles from the standard values (Table
I). Thus, for example, the PCSi angles ranged from 110.9 to 125.2°, while CSiC
angles covered the range from 103 to 117°. However, the central P-P bond
length was 231.0(7) pm, only about 8 pm longer than a typical value for an
unstrained diphosphine. Thus it was clear that the packing of the four disyl
groups in each molecule was enabled by their asymmetry, and that this allowed
the central P-P bond to be relatively unstrained, although it did not avoid the
need for considerable distortions of the packing ligands.
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Figure 2. The structure of {P[CH(SiMe3),}; in the crystalline phase

Table I. Selected geometrical parameters for crystalline {P[CH(SiMes).];}.

Parameter Number of occurrences Range

rP-C 4 189.2 to 189.6 pm
r (P)C-Si 8 189.2 to 192.6 pm
<PPC 4 104.8 to 107.9°
<PCSi 8 110.9 to 125.2°
<CPC 2 103.0 to 103.6°

Determination of the structure of this compound in the gas phase thus
became particularly important, but at the time this was a formidable undertaking.
In gas electron diffraction (GED) studies, resolution of similar interatomic
distances is difficult or impossible. In the case of the bis(disyl)phosphido radical,
there are P-C and inner and outer Si-C distances, which are all expected to be
similar, and distortions due to steric crowding, as well as the symmetry of the
radical, lead to a further increase in the number of unresolvable distances. There
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is a similar problem with non-bonded distances; for example, two-bond P...Si,
Si...Si and C...C distances are all similar, and as they therefore also overlap in
the radial distribution curve (Figure 3), resolution of them is impossible. Thus,
despite heroic efforts, all attempts to determine the structure of the radical
proved to be fruitless. However, what was clear was that the compound in the
gas phase consisted entirely, or almost entirely, of radicals. The short, strong P-P
bond was being broken on vaporization.

P(nir

T T T T T T T 1

0 1 2 3 4 5 6 7 8
rlA

Figure 3. Radial distribution curve for the bis(disyl)phosphido radical

At the same time as the group in Edinburgh was struggling to interpret the
GED data for the bis(disilyl)phosphido radical, the Oslo GED group were having
parallel difficulties with the arsenic analog, As[CH(SiMe;),],}, derived from
{As[CH(SiMe;),]),},. Arsenic is only a little larger than phosphorus, so the
problems were essentially the same, but with the As-C bonds slightly longer than
Si-C, whereas the P-C bonds are somewhat shorter. It seemed that the problems
were insoluble.

Solving gas-phase structures with the SARACEN method

Eventually, developments in the methodology of gas-phase structure
determination provided a way out. The continual increases in speed and capacity
of computing hardware, with parallel advances in computational chemistry
software, eventually allowed experimental and theoretical data to be brought
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together in combined analyses. The SARACEN (Structure Analysis Restrained
by Ab initio Calculations for Electron diffractioN) method* uses values of
geometrical parameters that cannot be determined reliably from experimental
data to be taken from computed structures, and used as flexible restraints in
least-squares refinements. The weights assigned to the restraints are estimated by
consideration of a series of structures computed at increasing levels of theory
and size of basis set. In the refinements all geometrical parameters are normally
refined, and the structure that is obtained should be the best that is possible,
using all information, both experimental and theoretical, that is available.

When the SARACEN method was applied to the bis(disyl)phosphido and
bis(disyl)arsenido radicals, their structures could be refined without any great
difficulty.> It was found that in both cases the conformation of one of the disyl
groups had changed from the position adopted in the corresponding fragment in
the crystalline phase, and that this change had reduced the steric crowding very
substantially (Figure 4). The bond lengths, and particularly the inter-bond angles,
covered much narrower ranges than their counterparts in the crystal structures,
and average values were much closer to those expected for unstrained molecules
(Table 11, cf. Table I for crystal data).

Figure 4. Structures of half of tetrakis(disyl)diphosphine (left) and the
bis(disyl)phosphido radical (right). The ringed C-H bonds of the disyl groups
show the conformational change on dissociation.
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Table I1. Selected geometrical parameters for gaseous P[CH(SiMe3),];

Parameter Number of occurrences Range

rP-C 2 185.6 pm
r (P)C-Si 4 190.2 to 190.5 pm
<PPC .

<PCSi 4 109.1 to 109.8°
<CPC 1 104.0°

The crystal structure of tetrakis(disyl)diarsine

Shortly after the gas-phase structures were at last determined, the crystal
structure of tetrakis(disyl)diarsine was also solved.’ The origin of the difficulties
that this had presented were revealed: there were no less than eight independent
molecules in the asymmetric unit. In such circumstances one should always look
for any symmetry element that has been overlooked, but the correctness of the
space group assignment was unequivocally confirmed when it was realised that
seven of the independent molecules had the same conformation, but that the
eighth one was different. In fact, the unique molecule had almost exactly the
same  conformation as the single independent molecule of
tetraks(disyl)diphosphine in the crystalline phase, but the other seven were
different. Although the large number of atomic coordinates to be refined made
refining the structure a little more difficult, it presented a rare opportunity to
analyse the effects of the crystal environment on the measured geometrical
parameters, and thus to see the significance of the structure and conformation
that is adopted.

The method used in this analysis involved comparision of equivalent
parameters for the seven molecules. For example, four of the eight different
AsCSi angles for each molecule are listed in Table III. It is immediately obvious
that adjacent angles in the same disyl group may differ enormously, but that the
equivalent angles in different molecules differ very littie.

In Table IV the data for all eight AsCSi angles are given, in the form of
means and standard deviations. It can be seen that the standard deviation for
each set of corresponding angles is approximately the same as, or a very little
larger than, the estimated standard deviation for a single refined angle. In other
words, the scatter of values caused by the variation in the environments of the
seven independent molecules is extremely small.
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Table IIL. Variations of some AsCSi angles in {As[CH(SiMe;),],}, molecules
in the crystalline phase

Molecule number AsCSi(nl)  AsCSi(n2)  AsCSi(n3)  AsCSi(nd)

#1 120.3 113.6 104.5 132.0
#3 120.9 114.6 105.6 129.9
#4 121.3 114.0 104.9 130.7
#5 121.1 113.7 104.9 130.8
#6 121.0 113.6 105.9 131.0
#7 120.5 113.6 105.3 130.4
#8 120.3 113.6 105.6 129.7
mean 120.8 113.8 105.2 130.6
rms deviation 0.3 0.3 0.5 0.7

typical esd 04 0.3 0.4 0.3

The differences between these geometrical parameters in these seven
molecules (parameters for the eighth one are also given in Table IV, along with
those for the single bis(disyl)phosphine molecule) and those for the radical are
therefore highly significant, reflecting the internal energies of the molecules and
radicals. We therefore have reliable stuctural data for both the diarsine and
diphosphine and for the arsenido and phosphido radicals, and should be able to
use them to interpret these changes, in particular accounting for the easy
cleavage of the short, strong P-P and As-As bonds.

The thermodynamics of dissociating diphosphines and related
compounds

To understand the relationships between structural and energetic changes
that occur when tetrakis(disyl)diphosphine and diarsine, and other related
molecules, dissociate we have used computational methods to dissect the
dissociation process. As the molecules with disyl substituents are large for high-
level calculations, we experimented with various methods of calculation and
basis set size, to find the simplest calculation that would give reasonably reliable
energies. For these molecules we eventually selected B3LYP/3-21G*, although
this is not a method we would normally employ. For somewhat smaller
molecules we used MP2/6-311+G* calculations, but otherwise with the same
methodology.
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Table IV. Comparison of AsCSi angles in {As|CH(SiMe3);],}. conformers
and {P|CH(SiMe;)2]:}2

AsCSi angle  mean, molecules rms deviation ~ molecule #2 P analog

#1 and #3-#8
AsCSi(nl) 120.8 0.3 121.8 123.8
AsCSi(n2) 113.8 0.3 109.7 110.9
AsCSi(n3) 105.2 0.5 110.2 112.8
AsCSi(n4) 130.6 0.7 125.1 125.1
AsCSi(n5) 121.0 04 123.2 123.3
AsCSi(n6) 113.9 0.8 109.0 1119
AsCSi(n7) 106.4 0.6 110.0 112.4
AsCSi(n8) 117.7 1.1 123.4 125.2

In the analysis of the processes for tetrakis(disyl)diphosphine, we first
calculated the energy of a diphosphine molecule, starting with coordinates taken
from the crystal structure determination, allowing all atomic positions to
optimize. For a general dimer X-X, this energy is E,,(X-X), as shown in Figure
5. This molecule was then split into two halves, which were identical, because
the diphosphine had C, symmetry. A single-point calculation then gave the
energy of one of these radicals, E,,(X), and the difference between E,,(X-X) and
2E,(X) is then the instantaneous dissociation energy, AE;,,. (We include a
correction for basis set superposition error.)

Allowing the structure of the radical to relax would, for most molecules,
give the true dissociation energy, AFE,, However, in the case of the
bis(disyl)phosphido radical simply allowing the fragment formed by splitting the
diphosphine into two to relax does not yield the observed structure of the radical.
To reach this state one of the two disyl groups must be rotated. A twist of 180° is
more than is needed, but from this position it will optimize to the potential
minimum, where the energy is E,,(X). Care must therefore be taken to ensure
that the true value of AE,;; is obtained. The relaxation energy for one radical is
defined as AE,,,,, and for the system as a whole this must be doubled (Figure 5).

The Morse curve for a sterically crowded diphosphine differs from that for
an ideal, unstrained diphosphine in two major ways. First, the potential minimum
is higher, and secondly, the interatomic distance at the equilibrium position is
increased. The lower potential energy curve in Figure 5 represents such an
idealized system. We have modeled the relationship between strained and
unstrained systems using a very simple ball and spring model,>® which allows us
to extract the intrinsic energy of the central bond, which does not necessarily
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2E(X)

| 20E i)

2E ,p(X) 1

AEdiss AEinsl

Figure 5. Energetics of dissociation of a molecule X-X to give two X radicals

AEspring
- W

Figure 6. Ball and spring model of dissociation
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resemble the actual dissociation energy of the bond, because of the
reorganisation of the radicals.” This model is illustrated in Figure 6.

In this model the two half-molecules (PR; in the case of a diphosphine) are
regarded as flexible balls, linked by a spring. We define a single force constant,
Jo, which represents deformation of the ball along the direction of the connecting
spring, which has a force constant f,. At equilibrium (i.e. as in the structure of the
dimer) the spring is strained and the balls are also distorted, and the total
potential energy of the system is thus equal to the sum of the potential energies
stored in the balls and the spring.

Values of these two force constants were computed by calculating the
derivative of the total energy with respect to the P-P internuclear distance, first
keeping the structures of the two half-molecules unchanged, and secondly
allowing them to relax. Using the method described earlier,>® the energies stored
in the spring and the distorted balls (half-molecules) were calculated, and the
energy relationships shown in Figure 7 then gave the intrinsic energy of the P-P
bond (Equation 1).

DO = AEdis.s' + 2AEreorg + AE.?pring (])

2E(X)

ZEO/;I(X)

AEdisx AEinsl

Do(X-X)

Figure 7. Relationships between energies of dissociation of a sterically crowded
X-X molecule and a hypothetical unstrained molecule.

The results of these calculations for a series of diphosphines and disilanes
are shown in Figure 8, and data are given in Table V. The heavy straight line
represents equality of the intrinsic bond energy and the actual dissociation
energy. The data for two diphosphines lic very close to this line. These are
tetramethyldiphosphine and tetrasilyldiphosphine, both compounds with small
substituents, for which steric effects should be minimal. The remaining
diphosphines compounds all have larger substituents, and as a consequence of
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the interactions between the groups the dissociation energies are smaller, and in
the case of tetrakis(disyl)diphosphine, even negative. Nevertheless, the intrinsic
dissociation energies of the P-P bonds are remarkably consistent, particularly so
given the approximations of the methodology. The smallest intrinsic energy is
about 140 kJ mol™, for tetrakis(disyl)diphosphine, but the calculations for this
system were only done with the B3LYP/3-21G* method and basis set. Using the
conditions that were applied to the other systems, we would expect to obtain a
rather larger value, as indicated by the arrow in Figure 8.

Dy(X~X) +
/ k) mol”

300 r

200

100 0 00 200 300

e p +5j AE s / kJ mol™

Figure 8. Comparison of intrinsic bond dissociation energies, Dy(X-X), with
dissociation energies, AE  ;,, for a series of diphosphines (circles) and disilanes
(crosses).

The results resolve most of the mysteries about tetrakis(disyl)diphosphine.
Although the central P-P bond is not much longer than normal, the molecule can
dissociate freely in the gas phase, because the relaxation of the substituents when
the bis(disyl)phosphido radicals are formed releases sufficient energy to make
the bond-fission process energetically favorable overall. However, there is one
further feature of this system that distinguishes it from other diphosphines that
can dissociate to give free radicals, which we discuss below.

The data for the disilanes follow a similar pattern. There is one compound,
unsubstituted disilane, for which the intrinsic Si-Si bond energy is close to the
molecular dissociation energy, and the more crowded molecules have similar
intrinsic bond energies, despite having a very wide range of dissociation
energies.
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Table V. Dissociation energies and intrinsic bond energies for some
diphosphine and disilanes.

System Dissociation energy Intrinsic bond energy

MP2/6-311+G*

P2(SiH;)s — 2P(SiH;), 213 216
MP2/6-31+G*
P.[C(CH;);]4 = 2P[C(CH;);]2 151 258
P-[CH(SiH;),]s & 2P[CH(SiH;):]. 153 226
P-[C(SiH;);]4s = 2P[C(SiH;);], 68 290
P-[SiH(CH;).]; = 2P[SiH(CH;).]. 216 242
P-[Si(CH;)s]4 = 2P[Si(CH;)]- 207 245
{PIN(SiMe;):}(NPr'5)}2
— 2P[N(SiMe;),}(NPr's) 65 286
B3LYP/3-21G*
P,[CH(SiMes)2]4
— 2P[CH(SiMe;).]> -54 140
Si-Hg — 2SiH; 306 309
SigH:BU‘.,; - 2SiHBU‘2 254 306
Si2HA[C(SiH;);]4
— SiH[C(SiH;);]- 163 261
Si-Bu', — 2SiBuy ~75 ~330

Dissociation energies (for vibrationless states at 0K) and intrinsic bond energy terms
(corrected for BSSE, kJ mol™') are from theoretical calculations.

Ligand shape is as important as ligand size

Although the large size of the disyl substituents in tetrakis(disy!)diphosphine
is a critically important factor in the facile cleavage of the P-P bond, the shape of
these groups is also important. The structure of the bis(trimethylsilylamido)(di-
iso-propylamido)phosphido radical, P[N(SiMe;).](N'Pr»), in gaseous and solid
phases has recently been determined.® The crystal structure suffers from severe
disorder, and the conclusions that can be drawn are therefore limited, although it
is clear that the crystal consists of diphosphine molecules. However, the
reorganization energy is substantially smaller than for the bis(disy!l)diphosphido
radical. This difference can be attributed to the fact that the -N(SiMe;), group is
planar at nitrogen, and so rotation about the P-N bond makes no difference to the
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crowding of the phosphido substituents (Figure 9). In contrast, rotation of a disyl
group of P[CH(SiMes),], around the P-C bond makes a great deal of difference
to the crowding of the groups (Figure 4), and it is therefore the asymmetry of this
group that provides the key to the apparent anomaly of an easily broken but
strong P-P bond.

Figure 9. The bis(trimethylsilylamido)(di-iso-propylamido)phosphido radical

Conclusions

Tetrakis(disyl)diphosphine and the analogous diarsine exist as the molecular
diphosphine and diarsine in the crystalline phase, but dissociate completely to
free radicals in the gas phase. The central P-P and As-As bonds are not
exceptionally long. The energy required to break these bonds on vaporization
comes from the substituent groups, which are highly distorted in the dimer
molecules.

On dissociation, strain caused by interactions between the two ends of the
molecule is removed. A special feature of the disyl compounds is that rotation of
one disyl substituent of each radical removes interactions between the two
groups in each radical, and thus permits a further substantial reduction in strain
energy. It is the total energy released in this way that allows the strong central
bonds of the diphosphine and diarsine to be broken.
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The energetics of the processes have been analysed with the aid of
computational methods, and a simple ball and spring model. These enable the
intrinsic dissociation energies of the central bonds to be derived. Applications to
series of diphosphines and disilanes show that these intrinsic energies are
remarkably constant, for compounds with extremely wide ranges of dissociation
energies.

The unexpected behaviour of tetrakis(disyl)diphosphine and diarsine does
not therefore depend on a new law of thermodynamics. However, study of this
behaviour has lead to a new understanding of the thermodynamics of homolytic
bond dissociation.
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Chapter 8

Cationic Low Oxidation State Phosphorus and
Arsenic Compounds

Bobby D. Ellis and Charles L. B. Macdonald*

Department of Chemistry and Biochemistry, University of Windsor,
Windsor, Ontario, Canada

Compounds containing main group elements in unusually low
oxidation states exhibit structural features and reactivities that
are significantly different from those of analogous compounds
containing the elements in their more typical oxidation states.
This work summarizes the investigations of cationic univalent
group 15 compounds, with a particular focus on the research
derived from the seminal work of Schmidpeter concerning P(I)
cations. These unusually stable "triphosphenium" cations
consist of a P* center stabilized by two phosphine donors and
have the general form [R;P-P-PR;]". Recently, interest in this
type of compound has been re-kindled because of the unique
modes of reactivity they may display. Improved synthetic
strategies to such compounds, and their arsenic analogues,
have been developed and current research exploits the unique
chemistry of Pn(I) cations to produce unprecedented chemicals
and materials.
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Introduction

Heavier group 15 elements (pnictogens; Pn = P, As, Sb, Bi) are generally
found in either of their typical oxidation states: +3 or +5. There exists only a
handful of types of compounds containing pnictogen atoms in the +1 oxidation
state. Neutral examples include transient pnictenidenes (Pn-R), which must be
stabilized by either a Lewis base or transition metal complex to prevent
oligomerization to (Pn—R), rings or double-bonded dimers (R-Pn=Pn-R) (I-3).
Examples of charged species containing +1 oxidation state pnictogen atoms are
even more rare, typically consisting of a Pn" ion stabilized by two Lewis bases,
which are usually phosphines (4).

The electronic structure of these cations is described by the various
canonical forms illustrated in Figure 1. The nature of the bonding implied by the
different models in Figure 1 range from a base-stabilized Pn" ion having formal
single Pn-P bonds (a) to a situation in which there is a double bond between the
Pn" ion and each Lewis base (b); in theory, the actual bond order would depend
on the degree of back-bonding from Pn to the stabilizing ligands. Structural and
computational evidence both indicate that there is a significant amount of Pn to
ligand back-bonding in these types of molecules and that canonical form (c) is
the most adequate description of the electronic structure. Such a description
suggests that back-bonding effectively "oxidizes" the Pn(I) center (5) by
removing excess electron density and helps to explain the relative stability of
such cations as to the point that some of these Pn(I) salts are even air stable.

In contrast to +3 oxidation state pnictogen cations, pnictogenium cations,
R,Pn’, in which a significant amount of the positive charge is located on the
pnictogen center (6), the positive charge in the +1 oxidation state cations is
localized on the substituents. The various canonical structures depicted in
Figure 1 suggest many modes of reactivity for these P(I) cations, several of
which are distinct from those of the higher oxidation state analogues. Some
examples of unique chemistry that has been investigated recently are described
herein.

..@ ‘
RiP” PRy T RPFO PR, ¥~ RyP7
()
o-@ @
@ _Pnl® _P
RyP”+* PR, " \\>R3 R;P7 PR,
(a) (®)

Figure 1. Canonical Forms of Pn* Cations Stabilized by Phosphines.
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The following account outlines research stemming from the seminal work of
Schmidpeter in the development of synthetic strategies for the generation of
cations containing phosphorus atoms in the +1 oxidation state and the initial
investigation of their reactivity. Recently, interest in these types of compounds
has been re-ignited, both in terms of their synthesis and potential uses as reagents
and as sources of P* jons. Research in this area has since been extended to
include arsenic analogues, which are also discussed.

Early Work

The initial work of Schmidpeter and co-workers on +1 oxidation state
pnictogen cations was done exclusively for Pn = P. The first example of such a
cation was synthesized by the reduction of PCl; by SnCl, in the presence of an
equimolar amount of a chelating diphosphine, bis(diphenylphosphino)ethane
(dppe), as shown in Scheme 1 (7). The structure of this cation was confirmed by
X-ray crystallography and the PP bond distances, 2.122(1) A and 2.128(2) A,
are found to fall between those of P-P single bonds, Ph,P-PPh,: P-P = 2.217 A
(8), and P-P double bonds, Mes*P=PMes*: P=P = 2.046 A (9). Such
intermediate bond lengths suggest a degree of multiple bonding in this structure.
The investigators later discovered that an additional equivalent of dppe improves
the reaction by sequestering the SnCl, as a dppe-SnCl, by-product (4).

[SnC16] + SnC14

N
2PCly +2SnCl, +2 PR PPy _ \ph p* ppp,
— \_/ )

Scheme 1

Schmidpeter and co-workers also demonstrated that, in certain cases, one
additional equivalent of phosphine may be used to reduce phosphorus
trichloride, instead of tin(II) chloride, as shown in Scheme 2. The stability of the
salt is enhanced by either the presence of a chloride acceptor, such as AICl;, or
by a concurrent metathesis anion exchange with, for example, [Na][BPh,]
(10,11). The tetrachloroaluminate salt of the [Ph;P-P-PPh;]* cation was
structurally characterized and again the average PP bond distance of 2.132 & is
intermediate between those of single and double P-P bonds (/0).
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Cations stabilized by PPh; may be converted to other cations by
displacement of PPh; by more basic phosphines to produce new symmetric and
asymmetric cations (/0). Schmidpeter and Lochschmidt also showed that
cations such as these can undergo substitution of the phosphines by more basic
anions, X, such as CN", SnPh;", PPh, and POPh,, which generate either
neutral R;P=PX or anionic PX, molecules with P(I) centers (4,12).

The symmetric P(I) stabilized cations contain a characteristic AX, spin
system, which allows for easy identification of their structure. The dicoordinate
P atom exhibits a triplet splitting pattern that has a chemical shift range of
approximately § = —156 to —261, depending on the identity of the stabilizing
phosphines. The tetracoordinate P atoms give rise to a doublet splitting pattern
and range from § = +12 to +104. The 'Jp» coupling constants range from 347 to
566 Hz for both symmetrical and unsymmetrical examples, and the “Jp_» coupling
constants range from 15 to 41 Hz in the unsymmetrical cases (/0,13).

PCl; +3PR; + 2 AICl; — > [Ry;P-P-PR,][AIC],] + [RyPCIJ[AICI,]

R = Ph, NMe,

PCl, + 3 PR, + 2 [Na][BPh,] [RyP-P-PR3][BPh,] + [RyPCI][BPhy]

—2NaCl
Scheme 2

Acyclic “triphosphenium” cations may be oxidized by the addition of an
organic chloride (or HCI) in the presence of an equivalent of AIC]; to produce
dications as tetrachloroaluminate salts, in which the dicoordinate P(I) atom is
oxidized from +1 to +3, as shown in Scheme 3A (/4). With the exception of
oxidation by HCI, cyclic cations were thought to be resistant to oxidization. The
analogous cyclic dications may be produced, however, through chloride
abstraction by two equivalents of AICI; of a dichlorophosphine in the presence
of a chelating phosphine, as shown in Scheme 3B (/4). The oxidation of the
dicoordinate P atom results in a deshielding of about 100 ppm for the chemical
shift of the central P(I) atom, ranging form & = —23 to —157, and a shielding of 5
to 10 ppm of the tetracoordinate P atoms in the stabilizing ligands. The 'Jp;
coupling constants decreased to range from 239 to 358 Hz.

It should be noted that the salt [Ph,P-P(H)-PPh;][AICL], was characterized
by X-ray crystallography and the most important change in the metrical
parameters upon oxidation is the increase in the P-P bond lengths to 2.205(1) A
and 2.224(1) A, which are indicative of single bonds (14).
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[RyP-P-PR,][AICI,] + R'CI + AICl; —— [R;P-P(R)-PR;][AICL], A
Rl
I

+ + 2 2 — AlCI
R'PClz 2 AlCl3 2 \ / p 2P [ C 4]2 B

Scheme 3

Schmidpeter and co-workers also demonstrated the nucleophilicity of the
P(I) cations through coordination of the cation to AICl; (/1,15). Coordination of
the Lewis acid results in a deshielding of about 50 ppm for the resonance of the
P(I) atom, and broadening of the signal. The chemical shift of the P(III) atoms
were also shielded by an additional 15 ppm.

One of these P(I) cations has been suggested to act as a source of P”, as
shown by the insertion of P* into a C=C double bond, to generate 2-
phosphaallylic cations (/6). It was speculated that the P(I) cation undergoes
electrophilic attack by an electron-rich olefin, followed by sequential loss of the
two phosphines to result in a phosphaallylic cation, as shown in Scheme 4 (R =
NMe,, R' = Me, Et).

" L

P(NMe,)3

A~
[;>==<:] * [RyP-P-PRy[[BP] — = ‘_ P:JR' [BPh]
! R ,

ﬁ _P N 43
YO (B
NR' RN

Scheme 4

Recent Developments

Almost 10 years following Schmidpeter’s initial synthesis of the first P(I)
cation, in 1993 Gamper and Schmidbaur extended the SnCl, reduction reaction
to arsenic. By mixing equimolar amounts of a chelating diphosphine, tin(II)
chloride and either arsenic or phosphorus trichloride, they synthesized both the
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As(I) and P(I) cations (/7). The arsenic compound was structurally
characterized by single crystal X-ray diffraction. As with the phosphorus
analogues, the As—P bond lengths of 2.250(1) A and 2.244(1) A are intermediate
between those of As—P single bonds, P(As(C(0)'Bu),)s: As-P = 2.305 A (18),
and double bonds, Mes*P=AsCH(SiMe;),: As=P = 2.124 A (19). The
phosphorus analogue may be deprotonated to form a zwitterionic species
analogous to cyclic carbodiphosphoranes, as illustrated in Scheme 5.

Ph_Ph Ph_Ph
P |[SnClg] ——=
& [SnCle] _ | pasersncl P@
/ \
P Ph |, P Ph
Scheme 5

Karsch and co-workers synthesized related zwitterions containing Pn(I)
atoms by reduction of pnictogen trichlorides using LiC(PR;),(SiMe;) (LiCPRSi),
R = Me or Ph, to generate four-, six- and eight-membered rings. The size of the
ring depended upon the substituents on phosphorus and whether the equivalents
of the lithium salt were added at once or stepwise, as shown in Scheme 6 (20).
Both lithium salts reduced SbCl; and BiCl; to elemental Sb and Bi. When R =
Me, AsCl; was reduced to a mixed valent species with an average oxidation state
of 0.5 (Scheme 7).

Meng oPMez ,Pél\
Ce ©© C Ph,P&.e PPh,
Me;Si” “P” SiMe; c
Me2 K > SiMe
% \g’ 3
% Pn=P,As | LiCPRSi
Pn=P R=Ph NaBPh,
R=Me PnCl, 1 Pn=P
S R=Ph
&
N / Phy Phy eppp
Me,P; e S PMe, o Me;Si—C?, P\ e,c SiMe;,
Me3Sr—C9 °C—S1Me3 P
MezP\ °PMe, th Ph,
Scheme 6
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Mez .
. SiMe
. . MezP /)A‘\S /P§C 3
4 AsCl; + 12 LiC(PMe,),(SiMe3) —— | As-As |
C=p’ As-PMe;

Me381 Mez

Scheme 7

Ellermann and co-workers concurrently produced similar salts using an
analogous nitrogen-based on the lithium reagent, LIN(PPhy), (2/). The reactions
were performed using pnictogen triiodides and resulted in the successful
synthesis of an eight-membered zwitterionic ring and a seven-membered cationic
ring for arsenic. The cation was structurally characterized as the iodide salt and
the distances between As(I) and P(III) were again consistent with partial
multiple-bond character. Complete reduction to the element was also observed
for Sb and Bi.

In 2000, Dillon and co-workers continued to build on the seminal work of
Schmidpeter. The group synthesized many new cyclic triphosphenium cations
from PX; (X = Cl, Br, I) based on *'P NMR data, and they structurally
characterized the six-membered ring analogue of Schmidpeter’s original five-
membered ring, also as the hexachlorostannate salt (22). They noted that the
formation of the P(I) salt was observed whether or not a tin(II) halide was
present in the reaction mixture. It was suggested that the reaction occurring
involved the reduction of PX; and the oxidation of dppe to either [dppeX][X]
(Scheme 8A) or [dppeX;][X], (Scheme 8B) depending on the stoichiometry.
The oxidized diphosphine is evident by peaks in *'P NMR spectra between & =
66 to 30 ppm (for the chloro-systems) either as two doublets for [dppeX][X] or a
singlet for [dppeX,][X],.

PX3+2dppe ——— [(dppe)P]X + [dppeX][X] A
2PX;3+3dppe —— 2 [(dppe)P]X + [dppeX,][X], B

Scheme 8

The following year, Dillon and co-workers reported additional P(I) cyclic
cations and new cyclic As(I) cations (23). They again showed that the halide
salts could be made through stirring of PnX; (Pn = P, As) with diphosphines
based on *'P NMR data. However, only the hexachlorostannate salts of
[(dppben)Pn]’, Pn = P, As, dppben = 1,2-bis(diphenylphosphino)benzene, and
the unusual stannate C,H,(Ph,POSnCls), salt of [(dppE)As]", dppE = cis-1,2-
bis(diphenylphosphino)ethene were structurally characterized. The Pn(I)-P(III)
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bonds lengths all lie in the expected region intermediate between single and
double Pn—P bonds.

We have also recently reported a hexachlorostannate salt of a cyclic As(I),
[(dppe)As],SnClg, the arsenic analogue to Schmidpter’s first cyclic P(I) cation,
prepared using his method (24). The X-ray crystal structure showed bond
lengths or angles in good agreement with similar structures reported. The
molecular structure is depicted in Figure 2.

Figure 2. Molecular Structure of [(dppe)As] ;fSnCls]. Hydrogen Atoms and One
Molecule of CH,Cl, Have Been Removed for Clarity. (Adapted from Reference
(24). Copyright 2004 Taylor & Francis.)

In our investigation of the synthesis of and chemistry iodide salts of P(I) and
As(I) cyclic cations, however we have noticed that the oxidation of excess
diphosphine is not part of the redox couple with the reduction of Pnl;. Rather
the interaction of Pnl; with diphosphines, such as dppe, helps to promote the
reduction of P(III) to P(I) and the oxidation of iodide to iodine, as shown in
Scheme 9. *'P NMR spectra of the reaction mixtures exhibit no indication of
either [dppelI][I] or [dppel,][I], during the reaction (5). The iodine can be
washed out of the system and colorless crystals of [(dppe)P][I] suitable for single
crystal X-ray crystallography can be obtained by the slow evaporation of
dichloromethane. The structure of one of the two independent molecules in the
asymmetric unit is depicted in Figure 3. If the reaction is performed in donor
solvents, such as THF or MeCN, there is evidence of the formation of the
oxidized iodo-phosphonium iodide salt contaminants, presumably generated
from the reactive iodine by-product.
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Figure 3. Molecular Structure of [(dppe)P][1]. Hydrogen Atoms Have Been
Removed for Clarity. (Adapted from Reference (5). Copyright 2003 Royal
Society of Chemistry.)

Py
Pl + PR PPy [php™ Spph, ] +1,
/ _/

Scheme 9

The iodide salt of [(dppe)P]" is remarkably stable, even in the presence of
H,0, however reactivity studies of the P(I) cations can be complicated through
side-reactions involving the I" anion. Thus, it is necessary to convert the iodide
to a more robust, less reactive anion. This is conveniently achieved through
simple metathesis reactions, as shown in Scheme 10. We have structurally
characterized the tetraphenylborate salt of the [(dppe)P] cation, in which the
cation has the expected metrical parameters in terms of bond lengths and angles
(3). The molecular structure of [(dppe)P][BPhy] in depicted in Figure 4.

[(dppe)Pn](T] + MX —— [(dppe)Pn][X] + [M][I]y

Scheme 10
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Figure 4. Molecular Structure of [(dppe)P] [BPh,]. Hydrogen Atoms Have Been
Removed for Clarity. (Adapted from Reference (5). Copyright 2003 Royal
Society of Chemistry.)

The [(dppe)P][BPhy] salt is incredibly stable, even in the presence of air and
moisture; we performed a computational investigation in an attempt to
understand the origin of this surprising stability. Density functional theory
(DFT) calculations on the model cation [(dmpe)P]" (dmpe =
bis(dimethylphosphino)ethane) reveal backing-bonding of n-electrons from the
dicoordinate P(I) to anti-bonding orbitals on the tetracoordinate P(III) centers.
This increases the bond order, which is exhibited in the shortening of the bonds,
relative to single bonds, noted during structural investigations. Furthermore, the
removal of electron density effectively increases the oxidation state of the central
phosphorus atom and explains the stability of the cation (5).

Just as Schmidpeter showed [R;P-P-PR;][BPh,] (R = NMe;,) to be a source
of P*, in 1999 Driess and co-workers utilized the same salt with Schwartz’s
reagent, Cp,ZrHC], in the presence of base, to generate the unprecedented
cationic four-coordinate, planar P(I) atom bound to four zirconicenes bridged by
four hydrides Scheme 11 (25). Subsequently, Driess’ group synthesized the
As(I) salt [R;P-As—PR;][BPh,] (R = NMe,) using Schmidpeter’s method, and
showed that under similar conditions, but without any base, both the planar P(I)
and As(I) salts could be synthesized from the As(I) salt, suggesting that it is a
simultaneous source of both P* and As* (26,27).
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Cp., .Cp
W4 S
[(Me;N);P-P—P(NMey);][BPhy] Cp H'['H Cp
+ —_— Zr—P—Z1 [BPhy]
Cp,ZtHCl o H.) H Cp
Cp” Cp

Scheme 11

In a similar vein, we have shown that [(dppe)As]I can be used as a source of
"As-I". Oxidation of the stabilizing diphosphine ligand appears to liberate As—I
fragments, which oligomerize to form six-membered As rings in the chair
conformation with I atoms in the equatorial positions. The ring is capped by two
iodide ions (28) and the resulting structure is a thus a distorted Asgl, cube, as
depicted in Figure 5.

Figure 5. Molecular Structure of the Assls™ Anion. (Adapted from Reference
(28). Copyright 2004 American Chemical Society.)

Dillon and Olivey have recently extended the number cyclic dications
analogous to Schimpeter's early dications. Whereas Schmidpeter and co-
workers were only able to oxidize the cyclic P(I) cations with hydrochloric acid,
methylation was also found to be successful. Although reaction with methyl
iodide proved unsuccessful, the stronger methylating reagent methyl triflate
resulted in successful oxidation of the P(I) atom based on *'P NMR chemical
shifts to higher frequency (29). Four equivalents of methyl triflate (MeOTf)
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were necessary to generate a significant amount of the oxidized dication, relative
to the starting monocation, as shown in Scheme 12. Unfortunately, the only
product that could be structurally characterized was the salt {dppeH,][OTf],.

Me

P I
Ph,P{ “'PPh, |[C]] + P Cl][OT
P 5 [[C1] + 4 MeOTf — Phyp :Pth [C1[OTf]

R

Scheme 12

Shah and Protasiewicz have shown the utility of the closely related
phosphine stabilized phosphinidenes, RP<- PR;, as phospha-Wittig reagents, as
shown in Scheme 13. Reactions with aryl aldehydes successfully resulted in the
generation of phosphaalkenes of the type ArHC=PR (30).

0 par
Ar—C +R3P=PAr' —— Ar—C +0=PR,
H H
Scheme 13

We have investigated the utility of P(I) cations as possible phosha-Wittig
reagents, using computational methods (DFT). Calculations indicate that
phospha-Wittig reactions should be favorable for reactions of P(I) cations with
aldehydes and even more favorable (by ~100 kJ mol™) with epoxides (24).
Some potential types of products from these reactions are depicted in Scheme
14. The reactivity of these cations should be enhanced by changing the alkyl
phosphines to either aminophosphines or phosphites, based on the computational
results. Following the first metathesis reaction there is still another P-P bond
available for a further phospha-Wittig reaction, which makes these cations
potential diphospha-Wittig reagents. We are currently undertaking experimental
investigations to verify the computational predictions.

0
Me—C" O
\ 2 ® P—CH
@ P H _P. H,C-CH, B2
RyP SCHMe <ogr, RPOPR; —opr B CH,

Scheme 14
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Conclusions

Recent progress in the chemistry of low oxidation state Pn(I) cations
provides new and convenient synthetic methods for the production of such stable
low oxidation state compounds. The facile production of such compounds has
allowed for the development of these species as useful reagents; of particular
note is their unprecedented use as a source of "Pn"" fragments. The exploitation
of the unique reactivity of these Pn(I) cations has only begun to be investigated
and continuing research should prove these cations to be versatile reagents for
the synthesis of new compounds and valuable materials.
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Chapter 9

A General Route to MyN, Heterocubanes: Synthesis
and Crystal Structure of [M(u; NSiMe;)], (M=Ge, Pb)

Jack F. Eichler, Oliver Just, and William S. Rees, Jr.*

School of Chemistry and Biochemistry, and School of Materials Science and
Engineering, and Molecular Design Institute, Georgia Institute
of Technology, Atlanta, GA 30332-0400

Novel germanium- and lead-nitrogen heterocubanes containing
the trimethylsilyl moiety, [M(u ;-NSiMe;)]; (M = Ge, Pb),
obtained in the reaction of N-
lithio(trimethylstannyl)(trimethylsilyl)amine with MCl, (M =
Ge, Pb), have been structurally characterized by single crystal
X-ray diffraction studies. Structural comparison to the
previously reported [Sn(u ;-NSiMe;)], reveals a trend of
increased distortion in the MN, tetrameric core with the
heavier congeners of the Group 14 series.

122 © 2006 American Chemical Society
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The SnyN, heterocubanes, described previously in the literature, have been
prepared by a variety of synthetic pathways (/). However, the heavier analogues
containing germanium or lead are not commonly found, with structurally
characterized examples being limited to two lead, [PbN(CgH;)ls (2) and
[PbN(2,6-i-Pr,CgH3)ls, (3) and one germanium species, [GeN(CgHs)l4 (4). It has
recently been demonstrated that reaction of lithiated stannyl amines with SnCl,
affords the tin-nitrogen cubane structural motif (5). Thus, it is of interest to
determine if reactions of lithiated stannyl amines with PbCl, and GeCl, result in
the corresponding lead and germanium heterocubanes. This report discusses the
synthesis and structural characterization of the rare germanium-nitrogen, [Ge(u
3-NSiMe;)]4 (2) and lead-nitrogen cubanes [Pb(u 3-NSiMe;)], (3), as well as the
trimethylstannyl-trimethylsilyl lithium amide species
[(Me;Sn)(Me;Si)NLi*Et,01; (1).

Results and Discussion

The preparation of compound 1 is depicted in Scheme 1. The synthesis of
the THF adduct of 1 was previously reported (5); however, a satisfactory X-ray
structure was not obtained. The alternate synthetic route reported here was
explored in an attempt to obtain higher quality crystals. Me;SiCl was added
dropwise to a diethyl ether solution of [(Me;Sn),NLi-THF], (1/2 equivalent) at
0°C, and subsequently stirred overnight at room temperature. The colorless
solution was filtered to remove the LiCl precipitate, and one equivalent of MeLi
was added drop-wise in situ to this filtrate at —30°C. The solution was then
allowed to attain ambient temperature and stirred overnight. After reducing the
volume of the clear, colorless solution, 1 was recrystallized directly from diethyl
ether at 40°C.* Scheme 2 illustrates the synthesis of compounds 2 and 3. Both
species were prepared by adding a diethyl ether solution of 1 (1/2 equivalent) to
a diethyl ether slurry of the appropriate metal dichloride at 0°C. After stirring
overnight at room temperature, the orange (2) or yellow (3) reaction mixture was
filtered to remove LiCl and Me;SnCl. Recrgstallization from approximately 15

mL of CH,Cl, at -80°C produced orange (2)° or yellow (3)¥ crystals. Elemental
analyses of compounds 1-3 confirmed the formulae given in Schemes 1 and 2
and the single crystal X-ray diffraction studies of 1-3 revealed the structures
depicted therein.

The crystal structures of 2 and 3 are shown in Fig, 1¥ and 2¥ respectively.
The incorporation of the trimethylsilyl moiety into germanium- or lead-nitrogen
cubanes has to our knowledge not been previously reported. However, the
configuration of the central M4N, skeleton does not differ drastically from other

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



124

(1) LO9F-VIN(SON)(USEIW)] JO SISFYIUAS ] UYIS

/_._w\
_
SPoN + OO VINCSEIN)(USEIIZ/T =——— TR + N
ot <.\
us us
7\ /\
/__W\
or1 + ___ IDISON + AHLTINYUSSN)]T/1T
<.\ __
us us
7\ /N

600U0°2T60-G00Z-0/T20T 0T :10p | G002 ‘T Jequiedeq B Uoed!and
Blo'sJe'sqnd/:dny | 6002 ‘22 00100 Lo 9ET £ '€9T 68 Ad pepeojumoq

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



125

(€) *[(SNISN-7)qd] pue () *[(SINISN-97)3D] JO SISOYIUAS :7 YIS

ad =W (€)
D=NWQX)

\

/ \ \_W/

DUS®OW + 10K + N _v: ~— DN + HOUETINGSEIN)(USES)IT/T

600U0°2T60-G00Z-0/T20T 0T :10p | G002 ‘T Jequiedeq B Uoed!and
Bio'sJe'sqnd/:dny | 6002 ‘22 J00100 Lo 9ET £ '€9T 68 Ad pepeojumoq

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Publication Date: December 1, 2005 | doi: 10.1021/bk-2005-0917.ch009

Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org

126

Fig. 1 ORTEP representation (30% probability) of [Ge(1s-NSiMes)]4 (2);
hydrogen atoms omitted for clarity.
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Fig. 2 ORTEP representation (30% probability) of [Pb(14-NSiMes)l4 (3);
hydrogen atoms omitted for clarity.
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Group 14-nitrogen cubane species formerly described (/-4). The M4Ny core for
both 2 and 3 exhibits a distortion from a perfect cube, as evidenced by the
average angles of 84.06° (N-Ge-N) and 96.65° (Ge-N-Ge) in 2, as well as the
average angles of 81.8° (N-Pb-N) and 97.4° (Pb-N-Pb) in 3. This type of
distortion is common for similar Group 14-nitrogen cubanes. Comparison to the
previously reported, structurally analogous tin-nitrogen cubane, [Sn(x 3-
NSiMe;)]4 (5,6) (average N-Sn-N = 82.27° and average Sn-N-Sn = 97.26°)
indicates an increasing trend of distortion from perfect cube geometry from
germanium to lead. This can be attributed to the decrease in sp-hybridization in
the heavier tin and lead atoms. A summary of the angles found in the MN,
tetrameric core is given in Table 1. The average Ge-N and Pb-N interatomic
distances of 2.013 A in 2 and 2.304 A in 3 are comparable to those found in
previous reports: [GeNPh],, 2.019 A (4); [PbNCy],, 2.303 A (2); and [PbN(2,6-
i-Pr,CsHy)ls, 2.337 A (3). The distorted tetrahedral geometry about the silicon
atoms in 2 and 3, with average Si-N interatomic distances of 1.742 and 1.704 A,
respectively, is in agreement with previous structures containing the
trimethylsilyl moiety in a similar chemical environment: (Me;C)AlLiy[14-
N(SiMe;)]4, Si-Nyyg = 1.691 A (7); IMeGa(us-NSiMe3))y, Si-Nyyg = 1.727 A
[Meln(u3-NSiMe3)]y[Li(Me;Si)N-NH'Bu)y, Si-Nyyg = 1.743 A ).

The crystal structure of 1 is depicted in Fig. 3. The compound crystallizes
as a lithium dimer, with bridging (trimethylstannyl)(trimethylsilyl)amine
moieties and terminal diethyl ether molecules. This species is iso-structural with
the bis-trimethylstannyl derivatives possessing coordinating THF (5) or '‘BuOMe
(10) molecules. It is noted that the tin and silicon atoms are crystallographically
indistinguishable, with an identical interatomic distance of 1.919 A for all Sn-N
and Si-N interactions, which lies between the corresponding interatomic
distances observed in the structurally analogous compounds:
[(Me3Sn),NLi*THF];, Sn-N,,; = 2.093 A (5); [(Me3Si);NLi-E;0;, Si-N,yg =
1705 A (In. A summary of all relevant interatomic distances and bond angles
for Compounds 1-3 can be found in Table 2. The identity of the heteroleptic
species, 1, that includes both tin and silicon is verified by the elemental analysis
and multinuclear NMR.*

Compounds 2 and 3 are rare examples of Ge- and Pb-nitrogen
heterocubanes and represent the first report of either class of compounds that
contain the trimethylsilyl moiety. The reaction pathway used to obtain 2 and 3
differs from previous protocol for synthesizing Ge- or Pb-nitrogen cubane
assemblies and provides a potential avenue to obtain additional examples of such
species.
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Table 1: Metal-N-Metal and N-Metal-N angles in the Group 14-Nitrogen
heterocubane series (*mean angle)

[M(u3-NSiMe;)] , M-N-M* N-M-N*
M=Ge 96.65(12)° 84.06(12)°
M=S8n 97.26(14)° 82.27(15)°
M=Pb 97.4(3)° 81.8(3)°
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Fig. 3 ORTERP representation (30% probability) of [Li(zp-
N(SiMe;)(SnMe;)Et,0], (1); hydrogen atoms omitted for clarity.
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Table 2: Summary of interatomic distances and bond angles for Compounds 1-3

Atoms Distance Atoms Angle
Ge(1)-N(1) 2.010(3) Ge(2)-N(1)-Ge(3) 95.52(13)
Ge(1)-N(2) 2.013(3) Ge(3)-N(2)-Ge(4) 95.72(12)
Ge(1)-N(4) 2.013(3) Ge(3)-N(2)-Ge(1) 95.94(12)
Ge(2)-N(1) 2.014(3) Ge(4)-N(2)-Ge(1) 95.76(12)
Ge(2)-N(4) 2.015(3) Ge(4)-N(3)-Ge(3) 95.71(13)
Ge(2)-N(3) 2.016(3) Ge(4)-N(3)-Ge(2) 95.83(13)
Ge(3)-N(2) 2.006(3) Ge(3)-N(3)-Ge(2) 95.52(13)
Ge(3)-N(3) 2.012(3) Ge(1)-N(4)-Ge(2) 95.35(11)
Ge(3)-N(1) 2.015(3) Ge(1)-N(4)-Ge(4) 95.61(12)
Ge(4)-N(3) 2.007(3) Ge(2)-N(4)-Ge(4) 95.55(12)
Ge(4)-N(2) 2.013(3) Ge(1)-N(1)-Ge(3) 95.78(13)
Ge(4)-N(4) 2.018(3) N(1)-Si(1)-C(3) 109.7(2)
Si(1)-N(1) 1.740(3) N(1)-Si(1)-C(2) 109.09(17)
Si(2)-N(2) 1.748(3) C(3)-Si(1)-C(2) 110.0(2)
Si(3)-N(3) 1.745(3) N(1)-Si(1)-C(1) 107.91(16)
Si(4)-N(4) 1.735(3) C(3)-Si(1)-C(1) 109.6(2)

C(2)-Si(1)-C(1) 110.6(2)
N(2)-Si(2)-C(4) 108.86(18)
N(2)-Si(2)-C(5) 108.07(18)
C(4)-Si(2)-C(5) 109.02)
N(2)-Si(2)-C(6) -  108.93(19)
C(5)-Si(2)-C(6) 111.1(2)
N(3)-Si(3)-C(7) 108.8(2)
N(3)-Si(3)-C(8) 109.04(18)
C(7)-Si(3)-C(8) 110.8(2)
N(3)-Si(3)-C(9) 107.93(18)
C(7)-Si(3)-C(9) 110.9(2)
C(8)-Si(3)-C(9) 109.4(2)

N(4)-Si(4)-C(10) 108.94(19)
N(4)-Si(4)-C(11) 108.17(19)
C(10)-Si(4)-C(11) 110.8(3)
N(4)-Si(4)-C(12) 108.86(19)
C(10)-Si(4)-C(12) 109.7(2)
C(11)-Si(4)-C(12) 110.3(2)
N(1)-Ge(1)-N(2) 83.84(12)
N(1)-Ge(1)-N(4) 84.36(11)
N(2)-Ge(1)-N(4) 84.07(13)
N(1)-Ge(2)-N(4) 84.22(12)
N(4)-Ge(2)-N(3) 83.96(13)
N(2)-Ge(3)-N(3) 83.99(13)
N(2)-Ge(3)-N(1) 83.90(12)
N(3)-Ge(3)-N(1) 84.22(11)
N (1)-Ge(2)-N(3) 84.13(11)
N(3)-Ge(4)-N(2) 83.95(11)
N(3)-Ge(4)-N(4) 84.12(11)
N(2)-Ge(4)-N(4) 83.96(13)
Ge(1)-N(1)-Ge(2) 95.46(12)
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Notes

All manipulations were carried out in a dry atmosphere glovebox or by
standard Schlenk techniques. All solvents were dried over Na® metal or P,0;s
(CH,Cl) and were freshly distilled under an inert atmosphere prior to use.
PbCl, and Me;SiCl reagents were purchased from Alfa Aesar and used without
further purification. GeCly-(dioxane) (12) and (Me;Sn),NLi-THF (5), (13) were
prepared according to literature procedures. All NMR experiments were
performed on a Bruker 400 MHz spectrometer at 300K using C¢Dg solvent ['H
(400 MHz), *C (100.6 MHz), ¥Si (79.5 MHz), '"°Sn (149.3 MHz), and 'Li
(155.5 MHz)}. 'H, '*C, and *Si spectra were referenced to TMS. ''°Sn and "Li
spectra were externally referenced to Me,Sn and LiBr respectively. All UV/VIS
measurements were performed on an Olis, Cary-14 spectrophotometer in dry
hexane solvent.

1 Selected data for 1. CyHsgN,0,Li,Si;Sny: C, 36.17; H, 8.50; N, 4.22%.
Found: C, 35.92; H, 8.38; N, 4.28%. 'H NMR: 6 0.28 (s, 18H, CH3Sn), 0.30
(s, 18H, CH;,Si), 0.98 (t, 12H, CH;), 3.46 (q, 8H, CH); °C NMR: ¢ -1.2
(CH;Sn), 5.9 (CH;,Si), 14.4 (CHj), 63.8 (CH,); *Si NMR: 4 -12.6; ''°Sn NMR:
334.2;"LiNMR: 6 1.38.

Crystal data for 1. CyHsgN,OLisSizSny: M, = 664.11 g cm?, crystal
dimensions 0.37 x 0.27 x 0.17 mm, tetragonal, space group P-4n2, a = 9.788(3),
¢ = 17.406(9) A, B=90% V = 1667.7(11) A%, Z = 2, pueq = 1.323 g cm?,
Siemens SMART CCD diffractometer, 2.34 < 8 < 28.71°, Mo, radiation (1 =
0.71073 A), @ scans, T = 193(2) K; of 9,799 measured reflections, 2,074 were
independent and 1,739 observed with I > 206(), -13<h<13,-12<k<10,-23 <
1 < 15; R, = 0.0434, wR, = 0.0953, GOF = 1.061 for 79 parameters, Afpx =
0.552 eA. The structure was solved by direct methods (SHELXS-97) and
refined by full-matrix least-squares procedures (SHELXL-97), Lorentz
polarization corrections and absorption correction (SADABS) were applied, u =
1.585 mm™', min./max. transmission 0.7744/0.5887.

§ Selected data for 2. C;3H3¢N4Ge,Sis: C, 22.55; H, 5.68; N, 8.76%.
Found: C,23.56; H, 5.24; N, 9.10%. 'H NMR: 6 0.31 (s, CHy); °C NMR: 4 -
1.4 (CH3). UV/VIS: A, =280 nm. This crystal data structure was deposited in
CCDC, reference number 249797.

Crystal data for 2. Yield: 0.11 g (29%). C;ssHsNsGe,Sis: M, =685.23 g
cm’, crystal dimensions 0.56 x 0.20 x 0.17 mm, monoclinic, space group C2/c, a
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= 25.748(5), b = 11.878(2), ¢ = 21.478(4) A, a. = 90, B = 110.690°% V = 6145(2)
A% Z =8, poca = 1.481 g cm’®, Siemens SMART CCD diffractometer, 1.69 < 6
< 28.70°, Mok, radiation (A = 0.71073 A), @ scans, T = 193(2) K; of 18,078
measured reflections, 7,251 were independent and 5,531 observed with I > 20(0),
-29<h<33,-14<k<15,-28 <I<12; R, =0.0506, wR, = 0.1330, GOF =
1.057 for 269 parameters, Afax = 1.412 €A™, The structure was solved by direct
methods (SHELXS-97) and refined by full-matrix least-squares procedures
(SHELXL-97), Lorentz polarization corrections and absorption correction
(SADABS) were applied, 4 = 4.041 mm’', min/max. transmission
0.5466/0.2102. This crystal data structure was deposited in CCDC, reference
number 249296.

¥ Selected data for 3. Yield: 0.25 g (38%). Ci;H3sN4PbsSis: C, 12.24; H,
3.08; N, 4.76%. Found: C, 12.19; H, 3.09; N, 4.89%. "H NMR: 6 0.02 (s, CH3);
BC NMR: 6 -0.3 (CH;). MS (El, 274°C): m/z 1178 [M*]. IR (nujol): 1255
(m), 1242 (m), 864 (m), 826 (s), 741 (m), 523 (m) cm.’ UV/VIS: max.
absorbance = 320 nm. ,

Crystal data for 3. Cj,HsNPbSisz M, = 1177.57 g cm®, crystal
dimensions 0.459 x 0.408 x 0.170 mm, trigonal, space group R-3, a =
10.7447(8), ¢ = 47.935(7) A, a = 90, y= 120° V = 4792.6(9) A®, Z= 6, Peatca =
2.448 g cm?, Siemens SMART CCD diffractometer, 2.23 < 6 < 28.74°, Mok,
radiation (A = 0.71073 A), @ scans, T = 193(2) K; of 8,240 measured
reflections, 2,473 were independent and 2,127 observed with / > 20(), -14 <h <
11, -12 <k < 14, -54 <1 < 63; R, = 0.0507, wR, = 0.1426, GOF = 1.082 for 82
parameters, AQna, = 4.103 eA>. The structure was solved by direct methods
(SHELXS-97) and refined by full-matrix least-squares procedures (SHELXL-
97), Lorentz polarization corrections and absorption correction (SADABS) were
applied, 4 = 21.167 mm’', min./max. transmission 0.1234/0.0368. This crystal
data structure was deposited in CCDC, reference number 249297.
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Chapter 10

Hydrolysis of Diborane(4) Compounds

R. Angharad Baber, Jonathan P.H. Charmant, M. J. Gerald Lesley,
Nicholas C. Norman*, A. Guy Orpen and Jean Rossi

School of Chemistry, The University of Bristol,
Bristol, BS8 1TS, United Kingdom

Hydrolysis of diborane(4) compounds including B2(NMe,)s
and the amine adduct [B.Cli(NHMe,),] affords either
diboronic acid, B;(OH),, or the borinane species B4O(OH)s. A
crystal structure of the latter species, which co-crystallises
with two equivalents of [NH;Me.]Cl, is described and
compared with a previously reported polymorph of the same
material. X-ray crystal structures are also described for the
amine adducts [B,Cli{(NHMe,),][2-picH]Cl (2-pic =
2-picoline), [B.Cly(NHMe;);][4-picH]CI (4-pic = 4-picoline)
and [BzCL:(NHMez)z][NHzMez]Cl.

Introduction

In a recent publication we described the synthesis and X-ray crystal
structure of diboronic acid, B,(OH), (1) (/) and in a previous paper, we reported
the structure of the condensed borinane species B4O,(OH)4 (2) which was
isolated as a co-crystal containing two equivalents of the salt [NH,Me,]Cl (2).
Several synthetic routes to diboronic acid have been studied (/) including
hydrolysis of B,Cls (/,3), of the amido species B,(NMe:)s (4,5), of the alkoxide
derivatives By(OEt)s and By(O'Pr)s (5) and of [B:Bri(NHMe,).] (/). The
borinane species described in ref. 2 was isolated as a minor product in the
preparation of the diborane(4) compound B,(1,2-0,CsCls); from Bz(NMey)a.
Clearly the factors which determine the nature of the product formed (ie 1 or 2)
in hydrolysis reactions of diborane(4) compounds are subtle and as yet poorly
understood. Thus, as part of a more detailed study, hydrolysis reactions were
performed on a range of diborane(4) precursors. Some preliminary results are
described herein.

© 2006 American Chemical Society 137
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A product shown by X-ray crystallography to be diboronic acid (1) was
initially obtained by hydrolysis of either B,Cls or [B,Br4(NHMe:),] as described
in ref. 1. Subsequent work established that hydrolysis of B(NMe)s in aqueous
HCl, according to the method of Brotherton (5), afforded a colourless crystalline
product shown to be 1 by X-ray crystallography and furthermore, that
recrystallisation of samples of 2, as its dimethylammonium chloride co-crystal
(see below), from water also afforded crystals of 1. The original preparation of
compound 2 is described in ref. 2, but samples of the same material, ie
B4O2(OH)4.2[NH;:Me,]Cl, (hereafter 2a) were obtained in much higher yield
from the hydrolysis of [B,CL(NHMe:),] (6) in aqueous acetone. The structure of
2a was confirmed by X-ray crystallography but was shown to be a different
polymorph to the material described in ref. 2. Fig. 1 shows the molecular units
present in the structure of 2a whilst Fig. 2 presents a comparison of the crystal
structures of 2 and 2a revealing that they differ in the precise arrangement of the
intermolecular hydrogen-bonding. Specifically, in 2 the hydrogen bonding
between the [NH;Me,]" cations and the borinane species involves an
N-H.....OH interaction whereas in 2a, the hydrogen bond acceptor site is one of
the B4O; ring oxygens. In both 2 and 2a the conformations of the BOH units in
the borinane are the same and are presumably determined by the hydrogen-
bonding interactions with the chloride ion.

HO  OH HO\B,O\B/ OH
B—B ] ]
/ \ B B

HO OH HO” 0~ “OH

Establishing whether 1 or 2 is present in solution is hampered by the fact
that both compounds appear to have the same ''B NMR chemical shift since
solutions of both 1 (7) and 2 in DO exhibit a ''B NMR chemical shift at 30.0
ppm (compound 2 was originally reported to have a "B NMR shift of 29 ppm in
ref. 2). It is therefore unclear precisely which compound or compounds are
present in solution but preliminary hydrolysis studies followed by ''B NMR
indicate that 1/2 are formed under a variety of conditions. Thus in addition to the
hydrolysis procedures described above and in ref. I, several other methods were
also examined. Hydrolysis of B(NMe,)s in aqueous ethanol, acetone or thf
resulted in little evidence for the formation of 1/2 after three days at room
temperature, but similar reactions using 1,2-B,Cl,(NMe,): all revealed a signal
at 30.0 ppm in the ''B NMR spectrum. In acetone and thf this was accompanied
by a signal at around 19 ppm which is most likely due to boric acid although in
ethanol only traces of this product were observed. Boric acid has been reported
as a side product arising from oxidation/disproportionation of the B-B bonded
precursors in previous studies as described in ref. / and refs. therein.

Dissolution of [B,Cl{(NHMe;),] in either aqueous ethanol, acetone or thf
also resulted in the formation of 1/2 although in these cases with much less boric
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cu)

citn
N1

Ct2)

Figure 1. The molecular structure of the borinane ring and the dimethyl
ammonium chloride units in 2a. Selected bond distances (A) and angles (deg)
include: B(1)-B(2a) 1.728(2), B(1)-0O(1) 1.3513(18), B(2)-0O(3) 1.3517(19),
B(1)-0(2) 1.3886(18), B(2)-0(2) 1.3875(18),; O(2)-B(1)-B(2a) 119.92(12),
B(1)-B(2a)-0(2a) 119.87(12), B(1)-0(2)-B(2) 120.10(10), O(1)-B(1)-0(2)
113.59(11), O(1)-B(1)-B(2a) 126.47(13), O(3)-B(2)-0(2) 114.22(11),
O(3)-B(2)-B(1a) 125.90(13).
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acid. A preparative scale reaction in acetone resulted in the crystals of 2a as
described above. With smaller amounts of water present, reaction times were
longer and more boric acid was observed. Hydrolysis of 1,2-B,Br,(NMe:); and
[B2Bry(NHMe,),] in aqueous thf also afforded good yields of 1/2, the latter
affording crystals of 1 (/) when carried out on a larger scale (see above). We
note in passing that a compound B,O2(NMe)s, with a structure analogous to the
borinane unit found in 2/2a, is a potential hydrolysis product in these reactions
since the related compounds B4O2(NR2)s (R = Pr, ‘Bu, ‘Bu) have been
previously characterised albeit by a route not involving hydrolysis (7). No
spectroscopic evidence was obtained for such a species, however.

Another aspect of the hydrolysis chemistry described here, and originally in
ref. 2, was that crystals of the borinane B,0,(OH), were always obtained with
co-crystallised [NH;Me,]Cl, this salt arising from the presence of amide or
amine and chloride in the starting material or reagents used. Attempts to obtain
the pure borinane by recrystallisation were unsuccessful. Thus as a possible
route to dimethylammonium free products, it was decided to investigate the
hydrolysis of precursors containing no NMe; units. Reactions between
[B:Cl{(NHMe),] and either 2- or 4-picoline were therefore performed to explore
a potential route to the compounds [B.Cls(2-pic),] (2-pic = 2-picoline) or
[B2Cl4(4-pic)2] (4-pic = 4-picoline). Whilst affording only low yields of the
desired products which were therefore of little use in subsequent hydrolysis
studies, crystals of the compounds [B,Cl{(NHMe,).][2-picH]Cl] and
[B2Cls(NHMe,).][4-picH]CI were isolated which are briefly described here.
Views of the molecular structures of both compounds are shown in Figs. 3 and 4
and views of hydrogen bonding interactions present in the solid state structures
are presented in Figs. 5 and 6.

A similar crystalline material, [B.X4(INHMe,).][NH;Me:]X, was obtained as
a minor product in the synthesis of [B,Brs(NHMe,),] described in ref. / and is
also reported here. Although initially formulated as the bromide salt
[B2Brs(NHMe;),][NH,Me;]Br, refinement of the X-ray data was more successful
in terms of a species containing chloride as indicated by the labels in Fig. 7
which shows the molecular structure; a view of the hydrogen bonding
interactions is presented in Fig. 8. Whilst microanalytical data were consistent
with the formation of [B,Br4(NHMe;),] as the major product (/), the presence of
chloride in a minor product is not unexpected in view of the reaction precursor,
ie [BzC]4(NHM€z)z]. ’

Selected bond lengths and angles for all three [B,Cl,(NHMe,),][Q]CI
structures, Q = picolinium or ammonium cation, are presented in Table I
together with data from the structure of [B,CL(NHMe,),] itself (8).

As illustrated in Figs. 5, 6 and 8, the structures of the co-crystals of
[B2Cly(NHMe:).] with [2-picH]CI, [4-picH]Cl or [NH;Me.]Cl all exhibit
significant hydrogen bonding interactions. Specifically, the interactions in all
three structures are predominantly between the N-H bonds and the free chloride
ions, the latter being better hydrogen bond acceptors than the alternative B—Cl
chlorines. Selected H-bond donor to H-bond acceptor distances (A) include:
[B:CL(NHMey),][2-picH]CI [N(1)-H(1).....CI(5) 3.289(14), N(2)-H(2).....CI(5)
3.297(15), N(3)-H(3).....CI(5) 2.998(13) Al]; [B:ClL(NHMe),][4-picH]CI
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Figure 3. The molecular structure of [B,Cl(NHMe,),][2-picH]CI

Figure 4. The molecular structure of [B:Cl(NHMe;),][4-picH]CI
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Figure 7. The molecular structure of [B,Cl,(NHMe,),][NH:Me,]CI
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Table I. Selected bond lengths (A) and angles (°) for crystals containing the
diborane(4) compound [B.CL(NHMe,),].

Compound B-B av.B-Cl av.B-N N-B-BN
A) A) A) ©)

Publication Date: December 1, 2005 | doi: 10.1021/bk-2005-0917.ch010
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[B:CL(NHMe,),] ref. (8) 1.737(5) 1.885 1608  -154.2
1.731(5) -152.4
1.740(6) 153.0
[B.CL(NHMe,)][2-picHICI ~ 1.783) 1.875 1606  -152.8(13)
[B,CL(NHMe,),][4-picHICl  1.735(7) 1.891  1.593 154.6(3)
[B,CL(NHMe,),][NH,Me,]JCI 1.78(3)  1.876  1.605  -151.3(13)

* Contains three molecules per asymmetric unit.

[N(1)-H(1).....CI(5) 3.187(3), N(2)-H(2).....CI(5) 3.157(3), N(3)-H(3).....CK(5)
3.019(4) A}; [B:CL{(NHMe,);][NH;Me;]Cl [N(3)-H(3).....CI(5) 3.109(14),
N(3)-H(3).....C1(6) 3.124(14) A]. Furthermore, the observed hydrogen bonding
interactions probably influence the conformation about the B-B bond in the
[B.Cl.(NHMe:);] molecules. Thus the observed conformations allow the
chloride ions to approach the N-H bonds in a position which maximises the
distance between the chloride ions and the B—CI chlorine atoms.
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Experimental

General

All reactions were carried out under a dinitrogen atmosphere, using
standard Schlenk line or glove box techniques. Solvents were dried using an
Anhydrous Engineering system employing alumina columns and subsequently
degassed. ''B-{'H} NMR spectra were obtained using JEOL GX400 and JEOL
Eclipse-300 spectrometers.
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Synthesis

B40O,(OH)4+.2[NH;Me,]Cl (2a)

Toa sample of [B.CL,(NHMe),] (0.9 g, 3.54 mmol) dxssolved/suspended in
acetone (20 cm reagent grade), a degassed solution of H,O in acetone (25 %
v/v, 1.5 cm’) was added slowly. After stirring for 3 days the solvent was
removed by vacuum. The resulting white solid was stirred in hexane, filtered
and dried by vacuum leaving a white powder. Recrystallisation from thf
afforded a crop of small crystals one of which was shown to be
B4O,(OH),.2[H,NMe;]Cl (2a) by X -ray crystallography, yield 94 %. 'H NMR
(D;0): & 2.66 (6H, s, Me,), "B-{'H} NMR: § 30.4. Microanalysis, Found: C,
16.00; H, 7.45; N, 10.10 %: C4sH20B4CI,N,O¢ requires C, 15.70; H, 6.60; N, 9.15
%).

[B:Cli{(NHMe.),][2-picH]CI

Overnight stlrrmg of a solution of [B,Cl{(NHMe),] (0. 73 g, 2.88 mmol) in
CH,Cl, (60 cm’) with an excess of 2-picoline (1.45 cm’, 14.4 mmol) was
followed by removal of all volatlle products by vacuum. The resultmg solid was
washed with hexane (3 x 10 cm®) but 'H NMR analysis indicated the presence of
mostly 2-picolinium chloride and dimethylammonium chloride as the major
products with only small amounts of the desnred material [B,Cls(2-pic).].
Dissolution of the product mixture in thf (2 cm®) followed by slow diffusion of a
layer of hexane (5 cm’) at —30°C afforded a small crop of colourless crystals one
of which was shown to be [B,;Cl{(NHMe;);][2-picH]CI by X-ray
crystallography.

[B.CL(NHMe,),][4-picH]CI

Crystals of [B.Cls{(NHMe.).][4-picH]CI] were prepared in an analogous
manner to those of [B,Cly(NHMe,),][2-picH]CI but using 4-picoline as the
reagent.

[B 2C]4(NH Mez)zl [NHzMCz]C]

Crystals of [B.Cl{(NHMe,).][NH,Me:]Cl were obtained as a minor product
in the preparation of [B,Brs,(NHMe,),] the synthesis of which, from
[B2Cl4(NHMe,).] and excess BBr;, is described in ref. /. Attempted
recrystallisation of a sample of [B;Brs(NHMe;),] from thf afforded a small crop
of crystals one of which was shown to be [B.Cl{(NHMe,),][NH;Me]Cl] by
X-ray crystallography. Refinement of the X-ray data was consistent with the
presence of chloride as the halide rather than bromide in the crystal analysed.

X-ray crystallography

Crystals were coated in perfluoropolyether oil and mounted on a glass
fibres. X-ray measurements were made using a Bruker SMART CCD area-
detector diffractometer with Mo-K |, radiation (A4 = 0.71073 A) (9). Intensities
were integrated (/0) from several series of exposures, each exposure covering
0.3° in w. Absorption corrections were applied, based on multiple and
symmetry-equivalent measurements (/7). The structure was solved by direct
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methods and refined by least squares on weighted F? values for all reflections
(12). Complex neutral-atom scattering factors were used (/3).

Crystal Data for 2a: C4H2B4C1:N,O6, M = 306.36, triclinic, space group
P-1, a = 5.9193(6), b = 8.1499(9), ¢ = 8.4416(9) A, a = 110.755(2), B =
99.073(2), Y = 92.429(2)°, U = 373.91(7) A>, Z = 1, D.= 1.361 Mg m*, A =
0.71073 A, p(Mo-K,) = 0.448 mm™, F(000) = 160, T = 100(2) K, R, = 0.0286.

Crystal Data for [B.CL(NHMe,),][2-picH]CI: CicH2B,CIsNs, M = 383.18,
monoclinic, space group P2,, a = 8.0100(16), b= 12.706(3), c = 9.936(2) A, B =
113.773), U=925.53) A*, Z=2, D. = 1.368 Mg m”, A = 0.71073 A, p(Mo-
K,)=0.776 mm™, F(000) = 392, T=100(2) K, R, = 0.1356.

Crystal Data for [B,Cl(NHMe;),][4-picH]CI: CcH2.B,ClsN3, M = 383.18,
monoclinic, space group Cc, a = 16.061(3), b = 10.058(2), ¢ = 12.704(3) A B=
114.89(3)", U= 1861.6(8) A>, Z=4, D. = 1.367 Mg m>, A = 0.71073 A, u(Mo-
K,)=0.772 mm™, F(000) = 792, T= 100(2) K, R, = 0.0504.

Crystal Data for [B2Cl{(NHMe,).][NH,Me]Cl: CioH20B2ClsNs, M = 333.12,
trigonal, space group P3,21, a=9.781(3), ¢ = 30.787(14) A, U=2550.7(16) A’,
Z=6,D.= 1301 Mg m>, A = 0.71073 A, p(Mo-K,) = 0.834 mm"', F(000) =
1032, T=173(2) K, R, =0.1497.

Crystal data for all four compounds have been deposited at the Cambridge
Crystallographic Data Centre (CCDC deposition numbers 242182 - 242185).
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and Cage Chemistry
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The chemical and structural diversity of compounds containing
Groups 13/15 element combinations continues to expand at a
rapid pace. In this paper we outline some recent results from
our groups that illustrate the continued evolution of boron-
phosphorus ring and cage constructs.
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The molecular chemistry of boron-phosphorus Lewis acid-base compounds
was initially developed in the 1960’s; however, the area remained relatively
dormant for the next twenty years as other topics in inorganic and organometallic
chemistry evolved. Spurred by discoveries in the 1980’s of main group element
multiple bond conditions (/) and rational, low energy syntheses of solid state
materials via main group precursors (2), attention to Group 13/15 molecular
chemistry in general and boron/phosphorus chemistry in particular exploded. In
1995, we summarized the remarkable advances that had occurred in boron-
phosphorus chemistry since 1985, and new areas ripe for development in
synthesis, structure and reactivity were suggested (3). Since that review
appeared, the field has continued to prosper in a number of research groups
worldwide. No attempt will be made here to comprehensively review the many
advances since 1995. Instead, some snapshots of several recent developments
from our groups are presented that illustrate the continued excitement in the area.

Phosphine Borane Systems

Boron phosphide (BP), a little studied but potentially important
optoelectronic material (4) is prepared as a bulk powder by using traditional
metallurgical approaches. Several gas mixtures, including B,Hs/PH; (5), have
been employed to prepare BP films by using CVD methods, but all of the simple
reagent mixtures suffer from one or more of the drawbacks common to this
methodology. As a result, attention has been given to the development of single
source precursor molecules for BP synthesis (6). Perhaps the simplest single
source precursor to BP would be H;BPH; which ideally could undergo inter- or
intra-molecular elimination of H, that could be easily and cleanly removed from
the preparative system. Although the adduct has been carefully studied and
characterized in solid and molten states as well as in the gas phase at -60°C (7),
it is unstable toward dissociation near 23°C and elimination products containing
boron and phosphorus have not been fully characterized due in part to low
solubility. Although this adduct may prove to be a suitable low temperature CVD
precursor system, it is not particularly useful as a starting material for the
synthesis of ring or cage condensation products that could be employed as
solution phase precursors for nano-sized materials.

In 1959, Parshall and Lindsey (8) reported the formation of H;BP(SiMe;);
as a colorless, crystalline compound from B,Hs and P(SiMe;);. This reaction
system was subsequently studied by Leffler and Teach (9), and N&6th and
Schrigle (10) and found to undergo stepwise Me;SiH elimination. Products
formed at 125°C and at 200°C were proposed to be H,BP(SiMe;); and
[HBPSiMe;],, respectively. A reinvestigation of the system in our groups
showed that the initial adduct indeed undergoes Me;SiH elimination in solution
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even at 23°C and this elimination chemistry is influenced by the presence of
either excess phosphine or borane (/7). Further, the crystalline adduct slowly
decomposed in a sealed tube held at 100°C, and the rate of Me;SiH elimination
significantly accelerated at 150°C and higher. Two crystalline compounds, 1
and 2, were isolated from the thermolysis reactions at 150°C and single crystal x-
ray diffraction analyses provided unambiguous assignments of the structures
which are shown in Figures 1 and 2, respectively. Compound 1 is the trimer of
the coordinatively unsaturated monomer H,BP(SiMe;), originally proposed by
Néth and Schrigle. It is noteworthy that this six-membered ring containing four
coordinate boron and phosphorus atoms is much flatter than the related
cyclohexane-like chair shaped structures of (H,BPMe;); (/2) and (H,BPPh,);
(13). The second crystalline compound, 2, P[p-H-B,H,]{(H,B),P(SiMe;),],}»
displays a unique spirocyclic structure in which two B;P; rings share a common
P atom. Adjacent BH groups in the two rings are joined via a bridge B-H-B
bond. The structure of this molecule suggests that elimination reactions in the
B,H; + P(SiMe;); system are not confined to processes that split out Me;SiH,
but may also include P(SiMe;) elimination. Subsequent gc-ms studies of the
system confirmed that Me;SiH, P(SiMe;); and H, are present in the gas phase
over decomposing H;BP(SiMe;);. Furthermore, several additional non-
crystalline intermediate compounds are also formed. As a consequence of the
competing elimination processes, the thermal decomposition chemistry of bulk
samples is complex. In fact, pyrolysis of gram-sized samples of the adduct at
elevated temperatures (> 400°C) gives solid state materials that contain BP and
SiC (identified by XRD) and carbon (identified by elemental analyses).

Noth and Schrigle (/0a) also reported on the reactions of the haloboranes
BX; (X=Cl, Br, I) with P(SiMe;); in hexane solution where they noted formation
of crystalline 1:1 adducts. In subsequent reinvestigations of these systems Lube
and Wells (/4) noted that additional products form. By using salt elimination
chemistry between BX; and LiP(SiMe;),, they isolated and structurally
characterized [X,BP(SiMes),]; (X=Cl, Br). The planar four membered (BP),
rings contain four coordinate B and P atoms. Pyrolyses of the 1:1 adducts and
the dimeric elimination products were examined up to 500°C and, under the
conditions utilized, none gave boron phosphide as a pure solid state material.

Based upon the prior work by Groshens and Johnson (65) one would not
anticipate that organyl phosphines would provide good single source precursors
for electronic grade BP since the organyl groups typically provide a source for
carbon under high temperature conditions. Nonetheless, reactions of B,Hs and
H;B-base adducts with organyl phosphines are of interest for comparison with
the chemistry described above. Noth and Schrigle (/0a), for example, reported
that the reaction of (Me;Si);P with PhBCl, gave a stable crystalline adduct
Ph(CI),BP(SiMe;); which upon heating to 150°C produced a golden polymeric
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Figure 2. Molecular structure of P[u-H-B,H,]{(H,B),P(SiMe;),] },, 2.
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solid. We have returned to examine this reaction in greater detail. Indeed,
combination of the reagents in a 1:1 ratio in hexane at -78°C leads to immediate
formation of a white solid that crystallized from cold toluene. A molecular
structure determination confirmed that this initially formed solid 3 is a 1:1 Lewis
acid-base adduct with a P-B bond length of 2.059(4) A as shown in Figure 3.
Subsequent heating of a suspension of 3 in refluxing toluene for 3 days gave an
orange solution which produced colorless crystals of 4 upon concentration.
Single crystal x-ray analysis revealed that 4 is a planar, four-membered ring
compound [Ph(C1)BP(SiMe;),], with a trans orientation of the like substituents
on the B atoms. The P-B bond lengths of 2.02(1) A and 2.05(1) A are similar to
those reported by Wells for [Cl,BP(SiMe;),],, 2.025(3) A and 2.024(3) A, and
for [Br,BrP(SiMe;),],, 2.03(1) A. In 4 the single B-Cl bond length, 1.92(1) A is
significantly longer than those in [CL,BP(SiMes),];, 1.852(3) A and 1.839(3) A.
Further reflux of the reaction mixture in toluene for several more days led to the
formation of an orange colored crystalline compound 5, (PhB)sPs(SiMes),. The
molecular structure for 5 appears in Figure 5. The compound has a novel cage
structure consisting of a tri-fold (PhB);(PSiMe;),P crown linked via two B-P
bonds and a P-P bond to a (PhB),(PSiMe;), four-membered ring. The tri-fold
crown has a B-B-B triangular base, with an average B-B bond length, 1.920 A
and the average B-P bond lengths to the phosphorus atoms in the crown (P1, P2
and P3) is 1.974 A. The upper B,P; ring has an average B-P bond length, 2.005
A. The two B-P bond lengths connecting the crown and four-membered ring
fragments are P1-B4, 1.984(7) A and P3-BS 1.992(7) A. The connecting P2-P5
bond length is 2.175(7) A. The cage is not configured as would be expected for a
fragment from a cubic BP unit cell, but it can be considered to be on the way to
such a state. Unfortunately, at this time, additional cage intermediates have not
been isolated from the reaction mixture, but it can be anticipated that they exist
(as evidenced by additional peaks in *'P NMR spectra of the reaction mixture).
Further studies will likely provide additional information on the growth of cage
molecules from such reactions.

Additional Cage Assembly Chemistry

In prior reports from our group we have described efforts to develop
systematic stepwise assembly routes for the formation of B,P, and B,P,E, cage
molecules (3, 15-20). The syntheses have been based upon the use or transient
existence of four-membered diphosphadiboretane ring compounds that undergo
subsequent substitution and ring closure chemistry. For the known examples, the
syntheses have been found to be highly efficient for formation of five and six-
membered closo cages and several spirocyclic and chained cages. It has become
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Figure 4. Molecular structure of [PhB(C))P(SiMe3),],, 4.
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clear, however, that these smaller cages represent thermodynamic “sinks” that
acyclic systems have a tendency to descend to. In order to obtain larger cages it
will likely be necessary to prepare larger building blocks than the four-
membered diphosphadiboretanes. Several avenues are understudy and one
involves the proposed assembly shown in Scheme 1.

The formation of 6 is known from our prior work, and the existence of 7
also has been substantiated. The subsequent dimerization of 7 to give the eight-
membered ring compound 8 has not been confirmed although NMR spectra are
consistent with its formation. The subsequent reduction and intramolecular P-P
coupling reaction is validated by the isolation of (THF)(DME)P,[(i-
Pr;NB),PH];. The molecular structure of 9 is shown in Figure 6. The P1-P2
bond length, 2.165(8) A, in the edge-sharing bicyclic structure is normal for P-P
single bonds. The average B-P bond length, 2.00 A involving P1 and P2,
however, is longer than those associated with P3 and P4, 1.84 A. The P1 atom is
coordinated to a lithium which is, inturn, bonded to DME and THF molecules.
The reaction of 8 with BuLi was performed in an effort to make the lithiated
derivative for subsequent additions of boryl phosphane fragments. Clearly
deprotonation occurs, but this is accompanied by P-P bond formation. At the
present time, the utilization of 8 and 9 as building units for larger cages remains
to be explored, and both molecules provide attractive construction possibilities.

Diborane (4) Building Blocks

Power and coworkers (27) have examined the 2:1 reaction of LiPPh, with
the diborane(4) species (Me,N)(Br)BB(Br)(NMe,). They isolated the 1,2-
diphosphinodiborane(4), (Me,N)(Ph,P)BB(PPh,)(NMe;) and reported the
formation of chelate complexes with the Cr(CO), fragment. The diborane(4)
fragment should also serve as a useful construct for B-P ring and cage
compounds of interest to our groups. The entry point for these studies is 1,2-
dichloro-1,2-bis-(dimethylamino)diborane(4) which was combined, in a 1:2 ratio
with LiP(SiMe;),(thf),, LiP(SnMe;),*(thf), and LiPH,(thf),, In the
combinations with LiP(SiMe;);, and LiP(SnMe;), crystalline products,
{[(Me;Si),P](Me,;N)B}, (10) and {[(Me;Sn),P](Me;N)B}, 11 were isolated, and
the molecular structure of 11 was determined by single crystal x-ray diffraction
methods. A view of the molecule is shown in Figure 7. Both 10 and 11 are
moderately stable in hexane but, dissolved in thf, the compounds slowly evolve
P(SiMe;); and P(SnMe;);, respectively. In each case at least two condensation
products are also formed, but they have not been isolated in a pure form and
characterized.
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Figure 7. Molecular structure of {[(Me;Sn),P](Me;N)B};,11.
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In the case of the product obtained by addition of LiPH, to [(Me,N)}(Ch)B],,
the bis-phosphine was not isolated. Instead a mixture of three products was
obtained, one of which, [(Me,N)B-B(NMe,)PH],, (12) has been isolated and
structurally characterized by single crystal x-ray diffraction methods. A view of
the molecule is shown in Figure 8. It appears that [(H,P)(Me,N)B], likely forms
in the initial metathesis reaction and this compound must undergo intermolecular
PH; elimination with dimerization giving the six-membered ring. This ring
system should be useful for further cage construction reactions although the
synthesis must be improved so that 12 is obtained in high yield as a single
product without impurities.

In previous work, we have used the 1,2,3,4-diphosphadiboretane (tmp
BPH), as a building unit to produce five and six vertex closo cage compounds.
We have attempted to extend that approach as shown in Scheme 2. The yellow,
crystalline 1-borylated intermediate (tmpB)z[PB(NMez)B(Cl)(NMez)]PH 13
was isolated and characterized. The *'P NMR spectrum is consistent with the
formation of the compound as two equal intensity resonances centered at 5 -110
and -104 ppm are observed. The former is a doublet of doublets (Jpy = 172 Hz,
Jep = 60 Hz) and the latter is a doublet (Jpp = 60 Hz). Single crystal x-ray
diffraction analysis for 13 confirms the structure of the molecule and a view is
shown in Figure 9. The orientation of the B-Cl bond near the P-H group suggests
that HCI elimination should provide the closo six atom cage molecule, 14. The
intramolecuolar HCI elimination process has been examined with and without
base promotion. Compound 13 in hexane appears to be stable toward
elimination at 23°C; however, addition of BuLi gives an orange solution and
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Figure 9. Molecular structure of (tmpB),[PB(NMe;) B(Cl)(NMe;)]PH, 13.
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LiCl. Evaporation of the hexane leaves an orange oil which so far has not
yielded single crystals. The *'P NMR spectrum contains a strong, high field
resonance at § 7.7 which falls in the general region observed for P,(BNR;); five
vertex cage compounds. The spectrum also contains resonances at 3 46 and 51
which have not been assigned to a known product.

Conclusion

As pointed out in our 1995 review, molecular boron-phosphorus chemistry
still contains many exciting frontiers. The snapshot summaries presented here
provide some glimpses at targets under recent study in our groups in
Albuquerque and Miinchen. Other groups are exploring alternative approaches to
B-P ring, cage and oligomer systems including catalyzed dehydrocoupling
reactions (22). Others are involved in the generation of novel radical molecules
(23) and “heavy atom” ring and cage analogs containing aluminum, gallium and
indium (24). We look forward to the continued development of the novel
structural and electronic properties of boron-phosphorus ring and cage
compounds.
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Chapter 12

History of a Paradigm Shift: Multiple Bonds
to Silicon

Robert West

Organosilicon Research Center, University of Wisconsin,
Madison, W1 53706

In 1981, the first compounds containing Si=C and Si=Si bonds
were reported. These discoveries overturned the belief that
multiple bonds to the heavier main group elements were
unstable (the “double bond rule”), and led to the intense
development of chemistry in this field. In this chapter the
history leading up to these discoveries is recounted, and some
recent developments in the multiple bond chemistry of silicon
are described.

Introduction

Science advances in many different ways. Sometimes, as Thomas Kuhn
pointed out in his famous book, a paradigm shift can take place, in which a new
discovery or insight revolutionizes the pattern of belief in a given area (7). Such
a change occurred in main group chemistry in 1981, with the discovery of
multiple bonds to silicon.

Early in the 20" century, with multiple bonds between carbon and other first
row elements well established, the search for multiple bonds to heavier main
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group elements attracted the attention of many chemists. Especially for silicon,
the immediate congener to carbon, it doubtless seemed only reasonable that
multiple bonds should be possible. F. S. Kipping, the pioneer Organosilicon
chemist, made numerous attempts to prepare compounds with Si=C, Si=Si, and
Si=O bonds between 1900 and 1920. At one time he believed that he had
synthesized a disilene, Ph(Et)Si=Si(Et)Ph (2). However upon close examination
this, and all the compounds obtained in his investigations, proved to be singly
bonded oligomers or polymers. Kipping eventually concluded that multiple
bonds to silicon were not possible. Similar results were found for other main
group elements — thus for instance the structure of the early arsenical
chemotherapeutic agent “Salvarsan”, active against syphilis, was originally
written with an As=As double bond, but later shown to be a mixture of singly-
bonded oligomers (3). Double bonds were likewise claimed, and later shown not
to exist, for other heavier elements, including phosphorus, antimony and
germanium.

These uniformly negative results were rationalized in theoretical papers by
Mulliken (4) and Pitzer (5), which showed that m bonds between elements
outside the first row of the periodic table should be weak. The experimental and
theoretical results led to the consensus embodied in the “double bond rule”:
“Elements with principal quantum numbers greater than 2 do not form double
bonds with themselves or other elements” (6,7). Textbooks of inorganic
chemistry generally reflected this view until the 1980’s.

A paradigm shift took place however in 1981. At the end of the 15t
Organosilicon Symposium in Durham, NC, in back-to-back papers, the synthesis
of stable compounds containing Si=C (8) and Si=Si (9) double bonds were
announced. Soon after that stable diphosphenes, with P=P double bonds, were
reported by Yoshifuji (/0) and by Cowley (/7) and their coworkers. These
findings led decisively to the overthrow of the double bond rule, and opened the
way for a great flowering of multiple-bond chemistry of the heavier main-group
elements over the past 23 years.

In this chapter, the events leading up to the discovery of multiply bonded
silicon compounds will be outlined, beginning with the Si=C compounds,
silenes. Then, some of the recent developments in multiple-bond chemistry of
silicon will be described. Finally some yet unknown types of multiple bonds will
be mentioned, as challenges and research opportunities for the future.

A number of useful reviews of doubly-bonded silicon compounds have been
published (72, 13). The early history of this field is covered in a review by
Gusel’nikov and Nametkin (/4).
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Silenes, Si=C

The discovery of molecules containing new types of chemical bonding
sometimes occurs by the following progression: First, the new molecule is
proposed as an unstable intermdiate in chemical reactions. Second, an example
of the new species may be isolated in a matrix, at very low temperatures.
Finally, the new molecule, stabilized by appropriate substitution, may be
obtained as a stable compound at room temperature. The discovery of the
silicon-carbon double bond followed exactly this sequence.

The initial experiments, involving the heating of 1,1-dimethyl-1-
silacyclobutane (1) to 700-1000 K in the gas phase, were carried out by
Gusel’nikov and coworkers (Scheme 1) (/5). The products of this thermolysis
are ethene and 1,1,3,3-tetramethyl-1,3-disilacyclobutane. The process mirrors
closely the thermolysis of 1,1-dimethylcyclobutane to ethane and isobutene;
even the kinetic parameters and activation energies are similar for the two
processes. The intermediacy of dimethylsilene (2) was further evidenced by
trapping reactions, for example with alcohols as shown in Scheme 1.

CH,
CH;— I—CHZ >700 K
H,

3 /N

l:l.—cn, (CH) 2Sl\OR

[(CH3)ZS|—CH + CHy=CH,

Scheme 1

Cleavage of a silacyclobutane to form a transient silene also takes place
photochemically, as shown in Scheme 2 (/6).

Ph
Ph— hv CH-,0D . _CH,D
———=  Ph,Si=CH, ——— Ph,SiC
] ocH,
Scheme 2

This evidence for silene intermediates doubtless inspired research to isolate
silenes under matrix conditions, in solid argon near 10K. In fact three groups
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accomplished this at almost the same time, in 1960. Chapman and coworkers
(17), and Chedekel et al. (/8), generated a silene by photolyzing
trimethylsilyldiazomethane, yielding an intermediate carbene which rearranged
to the silene (Scheme 3). Mal’tsev and coworkers (/9) employed the thermolytic
method shown in Scheme 1. Study of the trapped silene by infrared spectroscopy
showed a strong band near 1000 cm’, assigned to the Si=C stretching vibration.

h CHy M
(CHy)Si-CH=N, "~ || (CHy)ssiC-H si=C
CH, \:H,

Scheme 3

Fifteen years then passed before a stable silene was isolated. The discovery
came about from a series of fortunate incidents. In the laboratories of Adrian
Brook at the Universty of Toronto, acylsilanes (silyl ketones) were being
intensively studied. Photolysis of acylsilanes led to rearrangement, with the silyl
group moving from carbon to oxygen to give the a siloxycarbene intermediate,
which could be trapped with alcohols as shown in scheme 4. These workers than
made the fortunate choice to investigate the photolysis of a disilanyl ketone. In
this case, the beta silicon atom rearranged rather than the alpha silicon atom, to
give a transient silene.

R
Me,Si-0-CH
Rl

R'-OH

0
Me;Si—t—R —¥ [ Me;Si-0-C-R|

0 SiMe;
Me;Si-SiMe,{'—g MY _ [ Me,Si=C

R

Scheme 4

The hunt for a -stable silene was now on. Photolysis of a
tris(trimethysilyl)silyl ketone gave a silene that self-trapped by an unusual head-
to head dimerization. Replacement of the carbon substituent in the starting
ketone by a t-butyl group yielded a silene in equilibrium with its head-to-head
dimer, in solution. The final step was replacement of the t-butyl group by 1-
adamantyl. Photolysis produced the stable silene 3 , an intensely reactive white
crystalline substance (Scheme 5) (20).
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Me;Si OSiMe,
I hv OSiMe;, Me;Si—Si—C—CMe,
(Me;8i);Si—C—CMe; — (Me3S|)281—C —_

Me; Me;Si—Si—C—CMe;

MC3 i OSIMC3

0 OSIMC3
(Me;Sl);Sl"‘CQ e (Me;Sl)ZSl—C\Q
Scheme 5

In compound 3, the Si=C double bond is strengthened and lengthened by
ylidic electron donation by oxygen, as shown in the resonance structure 3a. X-
ray crystallography showed the Si=C distance to be 176.4 pm, somewhat longer
than the distance predicted from theoretical calculations, 170 pm (27). Later the
silene 4, lacking ylidic character, was synthesized by Wiberg et al., and shown to
have a normal Si=C bond length of 170.2 pm 22).

S'Me3 _ OSlMe; SIMC3

(MeaSl)le—C -~ (Me;Si),Si—C Me,Si==c_
(Me,5i), Q 2 SiMe(tBu),

Many reactions of 3 have been investigated by Brook and his group, and
were reviewed by him in 1996 (13d). Some recent developments on silene
chemistry include the synthesis of a cyclic silene (5) by rearrangement of a
silylene (23), and the prepartion of silenes from polysilanyllithium compounds
and ketones (Scheme 6) (24). This reaction pathway has recently provided the
first bis-silene (25), as well as a 4-silatriafulvene, 6 (26) .

tBuMe,Si

(tBuMe,Si),(Me;Si)SiLi * 0:@ >S"@
tBuMe,Si

Scheme 6

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: December 1, 2005 | doi: 10.1021/bk-2005-0917.ch012

171

SiMe3
tBu
lBUMCzSi
tBuMe,Si
B
Me;Si iMe3 5 6 Y

In our recent research at Wisconsin, we have employed silyldilithium
compounds to generate novel types of silenes. Reaction of
dilithiotetraphenylsilole with 2-adamantanone yields a 5-silapentafulvalene, as
shown in scheme 7 (27).

Ph Ph
Ph = . Ph _
iLiy + o:@ — i:@
= ~
Ph
Ph Ph Ph
Scheme 7

Pentatriafulvalenes, 7, are aromatic compounds; charge shift from the three
to the five-membered ring gives the doubly aromatic structure 7a. These
compounds are known as “calicenes” from the fancied resemblance of the
structure to a wine cup (Greek “calyx”, cup). Reaction of the dilithiosilole with
di-t-butylcyclopropeneone produced silapentatriafulvalene 8, the first example of
a heterocalicene (scheme 8) (28).

A CA

Ph tBu Ph tBu
Ph = Ph
SiLi; + O _— i
=
Ph
Ph tBu Pr Ph 8 tBu

Scheme 8

Aromatic compounds in which a silicon atom occupies a position in the
aromatic ring have recently been synthesized by Okazaki and Tokitoh (29).
Examples are 9 and 10. These compounds exhibit electronic properties quite
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similar to those of the all-carbon molecules, indicating that the silicon atoms
participate actively in the electron delocalization and aromaticity.

Tht Tht
Xsi”” 2 si””

e ) 10

Disilenes, Si=Si

The synthesis of stable disilenes was preceded by evidence for Si=Si
compounds as reaction intermediates, but not by matrix isolation of disilenes.
The classic early experiments involved thermolysis of a 7,8-disilabicyclo-2,5-
diene, leading to a retro-ene reaction forming the disilene (30). The latter was
trapped with various unsaturated compounds, anthracene, naphthalene or 1,4-
diphenyl-1,3-butadiene. The reaction with anthracene is shown in Scheme 9.

Me,Si—SiMe,
Me,Si—iMe; 9 0¢ [Me28i=SiMeQ ] CisHyo <N\
S 77\

Scheme 9

These experiments provided good evidence for tetramethyldisilene as a
transient intermediate, but did not suggest a route to stable Si=Si compounds.
The latter were obtained in a somewhat accidental manner, in a collaboration
between our group and that of Josef Michl on silylenes, R,Si:. Silylenes may be
generated by the photolysis of cyclic or linear polysilanes, as shown by the
examples in Scheme 10.

(Me,Si)g — ™Yo (Me,Si)s + MeySi:
Ar o hv o Ar\
Si(SiMe3); — Me;Si-SiMe;  + Si:
Mg Me
Scheme 10
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When we carried out the photolysis of (Me;,Si)s in solid argon at 10 K, we
were able to identify dimethylsilylene, Me,Si:, trapped in the matrix. This
provided the first direct observation of this key intermediate. The electronic and
vibrational spectra of this silylene could then be investigated (37).

Eventually we found that silylenes could also be isolated in a hydrocarbon
glass, 3-methylpentane, at liquid nitrogen temperature. This made their study far
more convenient, since no liquid helium cryostat was necessary. We then
investigated a series of silylenes with differing substituents, produced by
photolysis of cyclosilanes or aryltrisilanes. The silylenes were identified in part
by their strong uv-visible absorption, the result of a n-p transition from the lone
pair on silicon into the vacant p orbital. The substituents greatly influence the
energy of the electronic transition. Aryl substituents, or the presence of bulky
groups, lead to a bathochromic shift of the electronic absorption band (32).
Suitable substitution provided almost a complete rainbow of variously colored
silylenes (Table I).

Table I. Absorption Maxima and Colors of Matrix-isolated Silylenes.

Silylene Amax,NM Color
Me,Si 453 yellow
Et,Si 460 yellow
t-Bu,Si 480 orange
Ph(Me)Si 490 red
Ph,Si 495 red
Mes(Me)Si 496 red
Mes(Ph)Si 530 purple
Mes,Si 577 blue

Upon melting of the hydrocarbon matrix, the silylenes generally combine,
producing colorless cyclic oligomers or polymers. With dimesitylsilylene
however, we observed that upon warming the blue color of the silylene gave way
to a yellow solution, which persisted up to room tempereature. In the crucial
experiment by Mark Fink, careful evaporation of this solution yielded
tetramesityldisilene, 11, as bright yellow crystals (33) (Scheme 11).

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: December 1, 2005 | doi: 10.1021/bk-2005-0917.ch012

174

MeS Mes
- h
/ Si(SiMes); —— .\Si: —_— i—Si
Mes Mes/ ; f
1
Scheme 11

An X-ray crystal structure of 11 was soon obtained. The disilene has a
Si=Si bond length of 214 pm, about 21 pm shorter than the normal value for a
Si-Si single bond. This prototypical disilene has surprisingly complicated solid-
state behavior, with at least four different stereoisomeric forms. In all of these
the silicon atoms are slightly trans-bent and the Si=Si double bond is slightly
twisted (34).

Many other disilenes were synthesized following the discovery of 11.
Disilenes with differing substituents, such as tBu(Mes)Si=SiMes(tBu), can exist
as Z or E stereoisomers. Studies of the kinetics of E-Z isomerization have been
carried out for this and several other disilenes. The rotational barrier, between
25 and 31 kcal/mol., serves as a measure of the strength of the 7-bond strength in
disilenes (35).

The disilenes are brightly colored substances, exhibiting strong electronic
absorption bands due to the n-n* transition with an energy of ~3 eV. This is
roughly half as large as the corresponding excitation energy in alkenes.
Comparing the disilenes with olefins, the 1 HOMO lies at higher energy and the
n* LUMO at lower energy for disilenes. Therefore the disilenes are both more
electron-rich and more electron-deficient than alkenes, and consequently they are
highly reactive toward both electrophiles and nucleophiles. Reactions of
dislienes have given rise to an elaborate chemistry. One result has been the
synthesis of a large number of new ring systems, not available by any other
means (/2).

Recently several striking new structures containing silicon-silicon double
bonds have been reported by Kira and coworkers, including trisilacyclopropenes
12 (36), a pentasilaspiropentadiene 13 (37), and a trisilaallene 14 (38). In
addition the first molecule with two conjugated Si=Si bonds has been
synthesized by Weidenbruch et al.(39).

Conversations regarding the Si=C and Si=Si discoveries are available online

at http://www.sciencestudio.org/www.sciencestudio.org go to chemistry and

search for Brook or West.
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Other Multiply-bonded Silicon Compounds

The reports of 3 and 11 were followed by the synthesis of many other new
types of multiply-bonded compounds of the heavier elements. Known multiply-
bonded compounds containing silicon are listed, with the dates they were first
prepared and the principal authors or laboratories, in Table II. A striking
development was the synthesis of the first compound containing a silicon-silicon
triple bond, by Sekiguchi and coworkers in 2004 (39a). Also numerous
compounds with divalent silicon coordinated to metals have been synthesized,
containing at least partial Si=M double bonds.

Table II. Types of Multiply-Bonded Silicon Compounds

Si=C Brook, 1981 [N=Si=N] West, 1989
Si=Si West, Michl, 1981 [P=Si=P]" Niecke, 1989
Si=N  Wiberg, 1985 Si=C=C West, 1993
Si=P  Bickelhaupt, 1989 Si=C=P Escudie, 1999
Si=As Driess, 1992 Si=Se Tokitoh, 1999
Si=Ge Baines, Sekiguchi, 1992 Si=Te Tokitoh, 1999
Si=S  Okazaki, 1994 Si=Si=Si  Kira, 2003

Si=Si  Sekiguchi, 2004

These however represent only a small part of the development of main-
group multiple-bond chemistry. Since the paradigm shift of 1981, stable
compounds have been obtained for virtually all of the elements of periodic
groups 13, 14, 15 and 16.

Possibilites for the Future

Despite the intense activity in the chemistry of multiply-bonded silicon
multiply-bonded silicon compounds, many challenges remain.

1. Silanones. Although these is abundant evidence for Si=O doubly-bonded
species as reaction intermediates (40), and silanones have been isolated in matrix
(41), no stable silanones have been reported. Theoretical calculations suggest
that with appropriate substitution silanones should be isolable (42), and it seems
likely that they will eventually be synthesized.

2. Triply-bonded silicon compounds. The recent synthesis of the first
disilyne, RSi=SiR, opens the way to a new area of triply-bonded silicon

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: December 1, 2005 | doi: 10.1021/bk-2005-0917.ch012

176

chemistry. Other triply-bonded silicon species have often been implicated as
reaction intermediates, and both HSi=N and PhSi=N have been isolated in
matrix at cryogenic temperatures (43,44). Silynes HC=SiF and HC=SiCl have
been identified by neutralization-reionization mass spectrometry (45). We can
look forward to the synthesis of new disilynes (46), and of new kinds of triply-
bonded silicon compounds, in the future .

3. Silyne and disilyne polymers. The synthesis of a conjugated
tetrasilabutadiene (39) by Weidenbruch and coworkers shows that conjugated
molecules of this sort are possible and stable. A major challenge now is to
extend this conjugation, to make polyacetylene-like polymers, 15 and 16. These
polymers are expected to have electronic properties at least as striking as those
of the well-known organic conductor, polyacetylene itself. Conducting and
even superconducting behavior is possible for these unknown materials.

\GT%% 15 i\i %Lx); 16

4. Reaction mechanisms. The reactivity of many of the new multiply-
bonded compounds of the heavier elements has been qualitatively explored.
Now, there are great opportunities to study the reaction mechanisms of the new
chemical reactions. The reaction pathways for the new multiply-bonded
compounds may be quite different from those for carbon compounds. Disilenes,
for example, seem to undergo several reactions by unique pathways unknown for
alkenes. This is an area of research still in its infancy, which may contain many
surprises.
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Chapter 13

Stable Derivatives of New Isomeric Forms of Heavier
Group 14 Element Alkene Analogues

Philip P. Powers

Department of Chemistry, University of California, One Shields Avenue,
Davis, CA 95616

The stabilization of new isomeric forms of heavier group 14
element (Si, Ge, Sn or Pb) analogues of ethylene are
described. The simplest such compounds, involving hydrogen
substituents only, were calculated by Trinquier to have
structures that were quite different from the familiar planar one
found in ethylene. The most stable arrangement for the
disilene SiH,; and the digermene Ge,H, were similar to
ethylene except that silicon and germanium had pyramidal
instead of planar coordination. For Sn,H, and Pb,H,,
however, the trans-doubly bridged structures HE(u-H),EH (E
= Sn or Pb) were calculated to be the most stable. Moreover,
the calculations also showed that several other minima could
exist, for example, HEEH; or HE(u-H)EH,, which had
stabilities close to those of the trans-pyramidal or bridged
structures. Nonetheless, up to the year 2000, the only stable
examples of these structural forms that had been isolated were
those that corresponded to the trans-pyramidal isomer. In this
chapter, the synthesis and characterization of the first stable
derivatives of the HE(u-H),EH, HEEH; and HE(u-H)EH,
isomers are described.

© 2006 American Chemical Society 179

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Publication Date: December 1, 2005 | doi: 10.1021/bk-2005-0917.ch013

Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org

180
Introduction
In the early 1990s calculations by Trinquier (/,2) showed that the heavier

group 14 element analogs of ethylene could adopt at least five different isomeric
forms as illustrated by the line drawings II-V in Figure 1.

H
S,H H
s (———y | __ /
HE=EQy y o= /E—E‘..,,,H
H\ H H
planar (D) trans-pyramidal (Cay) mixed valent (Cg)
I I 111
H H H H
E/ \E ’H \, ..“\\\H”h,,. é.‘“‘\H/,,,‘ l
- ¥ - .
H” >y H Ny ~wH>
mono bridged (C,) trans doubly bridged (C,;,) cis doubly bridged (C,,)
v \' VI

Figure 1. Isomeric forms of E;H,; (E = C— Pb) identified as minima on the
potential surfaces by Trinquier (1,2).

The planar form I is observed as a minimum on the potential surface for
carbon only. In contrast, several or all of the other five isomers are minima for
each of the heavier elements E = Si, Ge, Sn and Pb. The planar form I is now
known never to be a minimum for these elements, although the trans-pyramidal
form II lies close to it in energy in the case of silicon and germanium. In sharp
contrast, the trans-doubly-bridged isomer V was calculated to be the most stable
for tin and lead. Uniquely, all five isomers I-VI were found to be minima on the
potential surface for tin (Figure 2), including the singly bridged isomer 1V,

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Publication Date: December 1, 2005 | doi: 10.1021/bk-2005-0917.ch013

Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org

181

which was also calculated to be a minimum for lead (2). Recent calculations for
Si,H, with more sophisticated basis sets have shown that singly

A
2
H.. H
¢‘Sn=Sni 18.5%
2.712A
H,
_H.. H“Sn=8n.,H 9.1
G/GVHVG e\ 116 2724
H 28188 H H
H, , S&JS“QH 79
e. H
§H¢G
2.798A 2.74A
7.0
H 30s Sn—Sn
Ge— ex
H‘7 e SH 289A§-|H
H
e—Ge Sn n 23
2.574A §-|H [ \H
H 3114A
H H H
| K N H
’ ce=—=ae=H ° Sn-wa‘S"/ ’
H;{ 2315A 3.00A
E keal mol-!

Figure 2. Relative energies (kcal mol ') and E-E bond lengths (E = Ge or Sn)
calculated by Trinquier (1,2). *signifies that the planar isomer is not a
minimum on potential surface.

bridged IV is also a minimum for silicon (3). It is only 7.16 kcal mol ™' less
stable than the trans-pyramidal global minimum structure II. Apart from the
structures the most striking feature of the computational data concerns the
relatively small energy separations between the isomers as shown in Figure 2 for
germanium and tin. For these elements just 11.6 and 9.0 kcal mol ™' separate the
highest and lowest calculated energy minima (/,2). For the corresponding
silicon derivatives, the hydrogen substituted isomers can be detected
spectroscopically (3). Despite this a range of stable structural models for
isomers of the heavier elements was unknown. As recently as the year 2000, the
only isolated stable derivatives of the isomeric forms II-VI were those of the
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trans-pyramidal II. Four bulky alkyl, aryl, or silyl groups were generally used to
achieve stability in these 'dimetallenes' and, since the beginning of the work in
the 1970s (4), the structures of over 40 R,EER, compounds (E = Si-Pb, R =
bulky group) have been determined (5). The data confirmed an increasingly
trans-bent geometry and weaker E-E bonds as atomic number increases Si —
Pb. Given the availability of theoretical data concerning hydrogen substituted
models of isomeric forms III-VI since 1990, it is odd that no stable derivatives
were reported. It seems probable that many workers believed that the isolation
of stable bridged structures of type IV-VI was unlikely because no stable
hydrogen bridged compounds of any kind were known for group 14 elements.
Yet, parallel work on germanium, tin and lead alkyne analogues, hydrides and
low valent species, which seemed unrelated to structures IIFVI at the time, led to
vital breakthroughs (see below) that allowed substituted analogues of all the
remaining isomers except VI, to be isolated. In this review, aspects of the
isolation of the first stable examples of substituted derivatives of III, IV and V
are now described.

Derivatives of the Mixed Valence Isomer 111

The first stable derivative of the mixed valent isomer III were
discovered serendipitously. We were investigating the reactions of Ar*SnCl
(Ar* = C¢H;-2,6(CsH,-2,4,6-Pr';) with various organolithium reagents (LiR; R =
Me, Bu', Ph, etc) in order to produce a series of derivatives of formula Ar'SnR
for spectroscopic ( 11%Sn NMR, UV-Vis, etc.,) examination. It was found that the
reaction with LiMe afforded, not the expected symmetric product
Ar*(Me)SnSn(Me)Ar* but the unsymmetric Ar*SnSn(Me)Ar* as shown in

eq(1) (6).
2Ar*SnCl + 2LiMe —> Ar*SnSn(Me),Ar* + 2LiCl 0))
Further reaction with LiMe yielded LiAr*(Me)SnSn(Me)Ar* eq(2)

Ar*SnSn(Me),Ar* + LiMe — LiAr*(Me)SnSn(Me)),
2

Both compounds were characterized by X-Ray crystallography and by ''’Sn
NMR spectroscopy. The latter readily distinguished the two tin centers in each
compound and the X-Ray crystal data confirmed the unsymmetric structure of
Ar*SnSn(Me),Ar* (Figure 3) which is, in effect, a substituted derivative of III.
Steric arguments and bonding considerations supply a ready justification for why
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it is favored over the symmetric isomer. The steric argument is illustrated in
eq(3).

RR'SnSnR'R—> RSnSn(R'),R A3)

In the unsymmetric stannylstannylene form on the right of eq(3) is sterically
disfavored if both R and R' are sterically demanding. This is because excessive
crowding is induced on the triorganosubstituted tin center by the three large
substituents. This explains why only the symmetric distannene structure on the
left was observed in earlier studies (5) where homoleptic bulky ligand set was
usually employed to stabilize the compounds. Even in the few heterdeptic

ol

Figure 3. X-ray crystal structure of the unsymmetric Ar*SnSn(Me),Ar. The Sn-
Sn distance is 2.8909(2)A4 (6).

examples that are currently known, a combination of bulky ligands was always
employed to achieve stability. In contrast, it can be seen that, if one of the
ligands (R') used is relatively small (eg., Me), the stannylstannylene structure
becomes sterically feasible since there would be no undue crowding introduced
at the trionganosubstitued tin by an extra methyl group. However, this requires
that the other ligand R be particularly bulky to stabilize the structure, and the
terphenyl group Ar* fulfills this requirement. The lone pair effect, ie, the
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tendency of s-valence electrons to remain non-bonding in heavier p-block
elements, explains the preference for structure III instead of I in the tin species

).

The corresponding reaction of LiMe with Ar*GeCl yielded the
symmetric trans-bent structure for Ar*(Me)GeGe(Me)Ar* analogous to II (8).
This finding is in agreement with the calculations of Trinquier where structure II
was predicted to be the most stable for germanium. The reaction of LiMe with
Ar*PbBr produced only a monomer Ar*PbMe (9). Trinquier's calculations
showed that the unsymmetric model species HPbPbHs, III, is 17.2 kcal mol -1
less stable than the doubly bridged form V (which is the global minimum). It
seems likely that III is disfavored for this reason. Furthermore, it seems
probable that the doubly bridged structure V is not observed because of the
lower bridging tendency of Me in comparison to H. In the case of tin, however,
the unsymmetric structure III is only 7.0 kcal mol' less stable than the doubly
bridged form V and is sufficiently stable to be observed.

Derivatives of the Trans-Doubly Bridged Isomer V

The calculations which predicted that HE(u-H),EH would be the global
minimum for tin and lead raised the possibility of isolating these compounds.
However, no stable divalent hydride derivatives of any of group 14 elements
were then known. In parallel work, we had shown that the reduction of
Ar*PbBr(Ar* = C¢H;3-2,6-(CsH,-2,4,6-Pr';),) with LiAlH, afforded Ar*PbPbAr*
— the first stable heavier group 14 element alkyne analogue (/0). Presumably,
the reaction proceeds through a Ar*PbH intermediate which readily decomposes
to give Ar*PbPbAr*. Subsequent experiments designed to synthesize the
corresponding tin compound Ar*SnSnAr*, via treatment of Ar*SnCl with
LiAlH, or HalBu';, led instead to the isolation of Ar*Sn(u-H),SnAr* — the first
stable divalent hydride of a group 14 element (/7). The bridged structure is
illustrated in Figure 4 and it is consistent with Trinquier’s prediction that V is
the most stable hydride isomer for tin. The synthesis of the corresponding
germanium hydride was then attempted to test Trinquiers calculations, which
predicted that, unlike tin, it should have a trans-pyramidal (type II) structure. It
was found that Al-H reducing agents were unsuitable for the reduction of
Ar*GeCl to the hydride as they produced elemental germanium. Further
investigation showed that the use of LiHBBUS, gave the desired
Ar'(H)GeGe(H)Ar' (Ar' = C¢H3-2,6(C¢H3-2,6-Pr'y), species in moderate yield
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Figure 4. lllustration of the structure of Ar*Sn(u-H),SnAr* (11) was the first
stable group 14 divalent hydride to be isolated.
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2.372(1)4) which, unlike the related tin species (Figure 4), has a trans-
pyramidal configuration (12).

(12). X-ray crystallographic data revealed that this compound had, indeed, a
trans-pyramidal structure (Figure 5) consistent with Trinquier's prediction.
Further experiments, involving the addition of excess PMe; to the reaction
mixture to remove BBu®; byproduct by forming Me;PBBu®;, afforded the unique
adduct (Me;P)Ar*GeGe(H),Ar* illustrated in Figure 6. In this compound, a
hydrogen has been displaced from one germanium to the other to give an
unsymmetric species of type III which is stabilized by PMe; donor. The ease
with which this reaction occurs underlines the closeness of the stabilities of the
two isomeric forms II and III for germanium (see Figure 2).

Derivatives of the Singly Bridged Isomer IV

Theoretical exploration of the potential energy surfaces of Sn,H, and Pb,H,
led to the prediction that structure IV, in which there is a single E-H-E bridge as
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Figure 6. The addition of PMe; to Ar'(H)GeGe(H)Ar' (Figure 5) displaces a
hydrogen from Ge(l) to Ge(2) to afford a phosphine stabilized unsymmetric type
HI structure (12).

well as a short E-E distance, lay within 8 (Sn) or 15(Pb) kcal mol” of the doubly
hydrogen bridged global minima. More recent calculations by Schaefer (3) and
co-workers for Si,H, showed that the monobridged form IV had comparable
stability to the unsymmetric III. Furthermore, the bridged species could be
detected by microwave spectroscopy (3). In the earlier studies, Trinquier had
pointed out that the monobridged structure represents an intermediate step
between II and III. There is little doubt that II and III can be interconverted as
the above mentioned interaction of PMe; with Ar'(H)GeGe(H)Ar' demonstrates.
Other experimental results also support the intermediacy of a monobridged
species. For example, treatment of Ar*SnCl with LiPh at or below —30°C
afforded the unsymmetric Ar*SnSn(Ph),Ar*, Warming the green solution of this
species to ca. 25°C resulted in a color change to red due to dissocation to two
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Ar*SnPh monomers (/3), which shows that the Ph group must be transferred
between the tins. This monomer can be crystallized above ca. 10°C, and the
equilibrium between these two species can be followed by variable temperature
'Sn NMR spectroscopy. It is probable that the rearrangement from two
Ar*SnPh to Ar*SnSn(Ph),Ar* monomers occurs via a weak Sn-Sn to give a
symmetric structure Ar*(Ph)SnSn(Ph)Ar* (most R,SnSnR, species exist in
solution in equilibrium with the monomer SnR,) which rapidly rearranges via a
bridged intermediate Ar*Sn(p-Ph)Sn(Ph)Ar* to Ar*SnSnPh,Ar*. Nonetheless,
this intermediate could not be trapped or even detected by NMR spectroscopy.
However, related experiments involving the generation of benzyl substituted
distannenes in accordance with

2Ar'SnCl + BrMgCH,C¢H,-4-Pr' —>

Ar'Sn(p-Br)Sn(Ar')CH,C¢H,-4-Pr' + MgCIBr 4)

The product had the structure featured in Figure 7 (14). It displays a unique
monobridged arrangement in which bromine bridges two tins that are separated

by a relatively long Sn-Sn distance of 2.9407(4)A. The bridging Sn-Br
distances, 2.7044(5)A (Sn(1)) and 2.7961(5)A (Sn(2)), differ slightly. '“Sn

Figure 7. lllustration of the bridged structure of Ar'Sn(u-Br(Sn(Ar)CH,CsH ~4-
Pr. Selected structural data are given in the text (14).
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NMR spectroscopy affords two signals at § 1399.8ppm (Sn(1)) and 2274.3ppm
(Sn(2)). A separate experiment involving the reaction of a 1:1 ratio of Ar'SnCl
and BrMgCH,C¢H,-4-Pr' to give  [Sn(Ar)CH,Ce¢Hs-4-Pr'], which has one
"”Sn NMR signal with a chemical shift of 1120 ppm. This shift indicated that a
symmetric Sn-Sn bonded type II structure for this species existed in solution.
Unfortunately, this compound did not afford crystals that were suitable for X-ray
crystallography. However, the closely related species [Sn(Ar')CH,C¢H,-4-Bu 2
in which there is a Bu' instead of an Pr' group at the para position of the benzyl
ring, confirmed the dimeric structure. It had an Sn-Sn distance of 2.7705(8)A
and it had an almost identical 'Sn NMR chemical shift (1205.7 ppm) to that of
the Pr' substituted species in solution. It may be concluded, therefore, that the
bromine bridged species also remains intact in solution, as its dissociation is
expected to give a mixture of Ar'SnBr and (Sn(Ar')CH,C¢Hy-4-Pr'),, and no
signals that corresponded to these species could be observed. The compound
Ar'Sn(u-Br)Sn(Ar')CH,Cg¢Hy-4-Pr' is thus a stable model species for the elusive
singly-bridged type IV. At present, no other compounds of this type are known,
but it is probably that other examples, including a hydrogen bridged species can
be synthesized by suitable manipulation of the substituents.

Conclusions

The results described above have shown that it is possible to isolate the first
examples of heavier group 14 element species whose structures correspond to
the model hydrides I1I, IV and V. Only the cis-doubly bridged structural type VI
remains unmodelled. In addition, this account has emphasized the role that
serendipity played in their discovery. The importance of Trinquier's calculations
on the simple model species, which accurately predicted structures almost ten
years prior to the isolation of stable derivatives, cannot be underestimated
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Chapter 14

p-Diketiminates of Some Main Group Elements:
New Structural Motifs

Laurence Bourget-MerIe', Yanxiang Cheng', David J. Doyle',
Peter B. Hitchcock', Alexei V. Khvostov', Michael F. Lappert"*,
Andrey V. Protchenko', and Xue-hong Wei'?

'The Chemistry Laboratory, University of Sussex, Brighton, UK BN1 9QJ
United Kingdom
The Institute of Modern Chemistry, Shanxi University,
Taiyuan 030006, Peoples Republic of China

A number of crystalline metal (Li, K, Al, Sn) B-diketiminates
have been prepared and X-ray-characterized. Each shows
unusual metal-to-ligand bonding modes. In the case of the
reduction of Li[ {N(C¢H;Pr’,-2,6)C(H)},CPh] by lithium in the
presence of TMEDA, C-N homolysis with ligand
fragmentation was observed.

Introduction

B-Diketiminates are useful spectator ligands. They bind strongly to metals,
have readily tuneable steric and electronic demands on the metal, and show a
variety of bonding modes. The B-diketiminato ligands are able to stabilize
compounds not only in an unusually low state of molecular aggregation but also
in a low metal oxidation state, as cations, and complexes containing metal
multiply bonded co-ligands. Many B-diketiminatometal complexes have a useful
role as catalysts or biomolecular mimics. The topic has been reviewed.' Our
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studies in this field date back to 1994, and our most recent publication is found
inref. 3.

B-Diketiminato ligands which are widely used are close relatives of acac™,
with the two oxygen atoms of acac™ replaced by NR moieties, as in 1. We have
been much involved with ligands of formula 2; another featured in this paper has
formula 3. Each of 1 — 3 is shown in its monoanionic n—delocalized form.

Ar 1 Ar Me;Si” , SiMe;  ArT 5 Ar

Ar=CgHsPr'y-2,6  2aR'=Ph=R? Ar= CgH,Pry-2,6
2bR' = CHMe-4 = R?
2¢ R! =C4H,Bu'-4 = R?
2d R! = Ph, R?=Bu'

The B-diketiminato ligand binds to metals either in a terminal or a bridging
mode; examples are shown in a — n of Figure 1. The former is usually N,N’-
chelating and is attached to the metal either (i) in a four-electron G-bond fashion,
the metallacycle being planar as in a,* or has the metal out of the NCCCN plane
as in b’ or (less usually) (ii) in a six-electron 26 + 47 1’-fashion with the

MNCCCN ring adopting a boat conformation as in c.> Rarer are the
monodentate N- (as in d°) or C- (as in e, X = CI’ or f, X = Ph®) centered metal -
diketiminates. Similarly, the bridging B-diketiminates may be terminal as in g’ or,
more frequently, chelating asin h,21,'° j," or k."

Of the more than 500 known B-diketiminatometal complexes, in every case
but three the ligand has been monoanionic. The exceptions were the ytterbium
complexes L® m,"” and n."* In 1 and m the ligand 2a (abbreviated as L was
regarded as dianionic. As shown in n of Figure 1, two of the ligands were
assigned on the basis of detailed structural data as trianionic, one bound to Yb(II)
and the other to Yb(III), while the third was attached to Yb(II). The structures of
the crystalline complexes 1 to m were consistent with the ligand charge
distribution shown in valence bond terms for [L™™"]>~ and [L™™]*" in 4 and 5,
respectively.'> ' These structures also illustrate thus far unique bonding modes:
both N, N’-bridging and chelating in 1 and m, and multicentered chelating and
bridging for the trianionic ligands in n.
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K P h g Ph Bu' g Ph
/C—N\ ‘\\\N—C P \'/ \(f’ u\clz\t:\lclzz
HC Mg CH s
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>C—N/ Sd RN MR R™VZ TR
Pi R R  Ph TMEDA Cl
a b ¢
g PEHX
Me  Ar Ar Me\C;C\C,Me
N Y 0o
HCC s~ e . 8 NN
\ / ] i ~~-t~-Ph R R
LN Me N_ TG e (X=Cl
Mé  Ar Ar . (X=Ph)
‘ L’ s Li(CHR;)
i C=—N_—-1{HR
thf Ph Ph R‘N/LI\IL,R HC’( DA
: \ Li
A o N N .
R R loo Ph c Ph PE , R
h _(\rMe v Me
MeCN);Pd e
(MeCN)SPd, o Me DN,C6H11 _\({E_ -
H-C=C=N. CH, 7N oo N !
lC:N‘—\Pd(NCMe)z ¢ "Ba” Gethii' Ba—NR,
Me |, Ar
J
. e
Li
RSN N
!\ / SiMe.
Me;Si Yb
. \ R'
Me;Si~—~N-
=S
/N
mt” e X Yo
SiMe; 2 ' PhAé, ;
I (R'=Ph) vb? +; 1 Ph.Phy3- e N~
m (R'= C¢H,Ph-4) ( y— R

Figure 1. Examples (a — n) of metal B-diketiminates, each showing different
ligand-to-metal bonding modes (R = SiMe;, Ar = C4H;Pr';-2,6).
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Ph.__\_ Ph \\Ph Ph_\ P

g
Me;SiN® ONSiMe;  Me;SiN© ONSiMe;  Me;SiN©  ©NSiMe;
4 5

Results and Discussion

The reaction of an alkali metal (M) trimethylsilylmethyl with an o~H-free
nitrile is exemplified in Scheme 1 for the Li(CHR,)/PhCN system (R = SiMe;).’
Noteworthy features are the following. (i) In the presence of a strong neutral
donor ligand (TMEDA in Scheme 1), the 1:1 reaction yielded the lithium
enamide, whereas in its absence, the 1,2-adduct the lithium B-diketiminate was
obtained. (ii) The latter was also prepared from the enamide and PhCN, via the
thermodynamically less stable 1,3-diazaallyl isomer as the intermediate. (iii) The
reactions of Scheme 1 demonstrate not only C-C coupling but also 1,3-shifts of
SiMe; from carbon to nitrogen; furthermore, the latter were preferred to
migrations of hydrogen from C—N.

Ph SiMe;,
[Li{CHEMes)} g —em o e=¢
TMEDA MC}Si\ 4
N H
1.2 PhCN, Et,0 Li(TMEDA)
2. TMEDA
PhCN
H
Ph Ph
X P
N - heat  Me;Si A\~ SiMe
Me;Si” \Li/N SiMe; =——— ° CZ NN 3
(TMEDA) H Li(TMEDA)

Scheme 1. Reactions of LifCH(SiMe3),] with PhCN.
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Lithium B-Diketiminates from Li[CH(SiMe;){SiMe; ,(OMe),}] (» = 1 or 2)"*

The reactions of [Li{CH(SiMe;)(SiMe,0Me)}}s'® (the monomer is
abbreviated as LiL') with various nitriles are summarized in Scheme 2. These
have yielded the alkali metal B-diketiminates 6 - 9, as well as the B-diketimine

| U THF -
[KL'(OEt)y)]y0 YL,
11
|1 Bu'CN YC's
2 Ar'CN PhCN Toluene,
THF 2. 6 PhCN| refiyx
H ,SiMe3
1 %,
ArlY\r Ar' LiL Ph_ C,c\ C/Ph
7\ TR
NN Nier

H,0, KOH
2 THR, /" Ssi'\ THF
THF -
Ph Li \' Li Ph
- ~
N N
Ar H Me;Si Si si ) SiMe;
@ P L \/ L bh
[ 4 THF - Sh THF
Al H \_J
‘ : Ph Ph
Ar =C¢H Bu'-4 SiMe; 9

Scheme 2. Li and K B-diketiminates from M[CH(SiMe3)(SiMe,0Me)] (ML").
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10, via the yttrium B-diketiminate 11. An analogue of 6, having the ligand 12a
had previously been prepared by a different procedure.’” The following features
are significant. (i) New B-diketiminato ligands 12a — 12d have been generated in
which the nitrogen atoms are bridged by SiMe, groups. (ii) The 1,3-silyl C-»N
migration is regiospecific, with SiMe,OMe preferred over SiMe;. (iii)
Compounds 8 and 9 show that under different reaction conditions 1,3-carbon-to-
nitrogen migrations as between H or SiMe; are not regioselective; this is in
contrast to the SiMe; preference shown in Scheme 1. (iv) The Si-N bonds are
sensitive to hydrolysis (cf.,, 7 — 8). Details of some of these reactions have

recently been published.'’
R! R’
)

N,.-N
Si
Mez

12a R'=Ph=R%R’=H

12b R'=Ph=R? R®=SiMe,
12¢ R'=C¢HBu'-4=R%,R*=H
12d R'=Ph R2=Bu,R’°=H

The proposed pathway to the B-diketimine 10 is shown in Scheme 3, and
those'” to 9 and the isomer 13 (an analogue of 8) in Scheme 4. Each of the
crystalline lithium B-diketiminates has been structurally characterized. From the
geometric data for 8, 9, and 13, it is evident that whereas 8 and 13 have 7-
delocalized structures, the central carbon atom (C2) in 9 has significant
carbanionic character, attributed to its stabilization by the exocyclic SiMe; group
at C2.

The reactions of the lithium alkyl [Li{CH(SiMe;)(SiMe(OMe),)}].."* with
benzonitrile under different conditions furnished the binuclear lithium bis(B-
diketiminate)s 14 and 15, as illustrated in Scheme 5. In both compounds there is
a central Si—O-Si bridge. It is evident that, as for 8 and 9, 14 and 15 differ in
that the 1,3-migration from C—N is indiscriminate as between H and SiMe;,
although the reactions are regiospecific in that SiMe; ,(OMe), > SiMe; in
migratory aptitude (n =1 or 2).

Proposed pathways to compounds 14 and 15 are shown in Scheme 6.
Structural data for the two crystalline compounds again (as for 9) show that 15,
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, ,SiMe; PhCN Me;Si,  Ph 1
L';Y-CH_ CH-C=N—YL,
SiMe,0OMe MeOMe,Si
Me3Si\ I: h
PhCN | /CH' C=N— SlMOzOMC
Me;Si, H LY
Phw)ﬁn/ Ph Me,;Si, H
I Ph\eﬁrph
VAR 1 - 4t 10
S YL, -L',YOMe Ngi
OMe Me,
3L',YOMe — 2YL!; + Y(OMe),
Scheme 3. Proposed pathway to the f-diketimine 10 [L' =
CH(SiMe3)(SiMe,0OMe)].
€301 ) |
Li[CH(SiMe)(SiMe;OMe)] —LneN F SN one
/Ll )
Me;Si, H PhCN
Ph Ph
I Me;Si, H H
N_ _N Ph Ph Phj/\r Ph
ST m)“.r — I
€ N N ., Sa:
. ’ \ 7
+LiOMe Li OsiMe,  MesST N[ PiMe
THF MeO / OMe
Me;Si H
Ph\(\r Ph Ph Ph
I | I I .
+ MeOH + Me;SiOMe
RSN G gL ’
9 13

Scheme 4. Proposed pathway to [Li{N(SiMe,)C(Ph)C(R*)C(Ph)N}(D)], [R’ = H,
D = OEt, (13) or R = SiMe;, D = THF (9)].
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the compound with an exocyclic SiMe; groups at C2, shows significant
carbanionic character at C2.

[Li{CH(SiMe))(SiMe(OMe))}] .,

1. 2 PhCN, Et,Q, 1. 2 PhCN, TMEDA
2. THF 2. THF/hexane

(THF), (THF),
Ph Ll\ Ph

L Y.L
N\ ./O\ .IN . N\ . 0\ .’N .
—Si s:\\> Me;Si C,,s( Sl\\) SiMes
N N N
A Ph

N
Li/ Ph ~ Li/ Ph
(THF), (THF),
14 15

Scheme 3. Lithium B-diketiminates from [Li{ CH(SiMe3)(SiMe(OMe))}}] .. and
PhCN.

Lithium and Aluminum CH,-Bridged Bis(B-diketiminate)s Having Diverse
Structures'®

The lithium P-diketiminate derived from the ligand 2a was shown to react
with dibromomethane to yield the CH,-bridged bis(B-diketimine) 16a.2 The p-
tolyl analogue 16b has been prepared in similar fashion from the lithium salt of
the ligand 2b; the crystal structure of 16a has been determined.” '* Reaction of
16a or 16b with a two molar portion of n-butyllithium in hexane afforded the
crystalline bicyclic dilithium compound 17a or 17b; 16b with 2AIMe; furnished
the crystalline binuclear CH,-bridged bis[(B-diketiminato)dimethylalane] 18.
The latter was also obtained from 17b and 2AI(CI)Me,. These experiments are
summarized in Scheme 7.

Features of interest regarding the metal-ligand bonding modes are the
following. (i) Compounds 16a and 16b are rare examples of the B-diketiminate
behaving as a C-centered moiety. (ii) Compounds 17a and 17b are 4,6-dilithio-
3,5,7,9-tetraazabicyclo[5.5.1]tridecane derivatives, in which each of the two B-
diketiminato ligands acts as an N,N’-centered bridge between the two lithium
atoms and the central carbon atoms of each ligand are joined through a
methylene bridge. (iii) The crystalline binuclear aluminum compound 18 is C;-

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Publication Date: December 1, 2005 | doi: 10.1021/bk-2005-0917.ch014

Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org

200

SiMe; Me;Si I|’ h
Li-CH + PhCN CH— C=—N—Li
SiMe(OMe), (MCO)ZMCSI
Me;Si, [P
CH~C=N—SiMe(OMe),
Li
1PhCN
MC3Si

H
Ph\P(r Ph
I ' C . N
N Ny I;J:J\SPSH/ Ph
NoMe \ |

Pj/\(Ph /0/

N N—Li 4 S [
Si \ . ' 7 “OMe
—ome SM& (  +LiOMe J
MeO .
\MeOSnMe;, / — MeOH
H SiMe;
Ph ' X Ph Ph Fh
N\S { | N< Li N\§\i /N‘Li
OMe MeO
THF THF
—MeOMe - MeOH
(THF), (THF),
Ph

§ Sx\:§ Me;Si C’Sl QS:M@

(THF)z (THF)z
14 15

Scheme 6. Proposed pathway to
[{Li(THF) },{O(Si(Me)NC(Ph)C(R’)C(Ph)N) }] 4 [R’ = H (14) or SiMe; (15)].
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R R
H‘~N\\C'Rl RLC/NN.:
R™Ne=¢ ('f c” R 2LiBu",
]
R! }‘C\/ R! CeHiq
H
] H \2AMe;, 2AI(CI)Me,, N~Li
16a R'=Ph CeHy4 PhMe / R
16b R'=C,H,Me-4 17a R'=Ph
Rl M gl 17b R!= C.H,Me-4
L _C_ oHeMe-
R NG gNR
, /C‘ ]/C \
Me,Al—N R' R —AIMe,
R R

18 R!=CHMe-4

Scheme 7. Syntheses of compounds 16a, 16b, 17a, 17b, and 18 (R = SiMe;).

| |
: ) C 1412 C 1
NN N

\ /1.529 1.928
158.4
127.6
2457
..... 2 _59.8----CH2____2_5.5_6.---_- IR Y
‘*~2483 1.538 1.960

N 2235 N

1.444
Si 134\4\ 1.310 Si
T

Figure 2. Selected geometrical parameters for 17b.
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symmetric and is the first example of an ansa-CH,-bridged bis(B-
diketiminatometal) derivative. As for (i), recent examples of C-centered -
diketiminato-element compounds are shown in e’ and f® of Figure 1.

The X-ray structures of compounds 17a and 17b show that the environment
of the two lithium atoms is very different, as illustrated for 17b schematically in
Figure 2; thus one of the lithium atoms has a reasonably close Li...C
intermolecular contact.

The reaction pathway for the formation of the dilithio compound 17a or 17b
from the CH,-bridged bis(B-diketimine) 16a or 16b may follow the route shown
in Scheme 8. The preparation of 18 from 16b and AlMe;, on the other hand, is
unexceptional since no rearrangement is implicated. However, that 18 is also
obtained from AI(C)Me, and 17b indicates that the isomer 18’ is
thermodynamically less favored than 18 and if 18’ is first formed then its
rearrangement into 18 requires a process similar in reverse of the final two steps
of Scheme 8 with the lithium atoms replaced by AlMe, moieties in 18°.

165 —2LiBu"_ ‘ﬁ}, AZSI
/

R
/Ll\
/LL l
CH 1 1
17b

Scheme 8. Proposed pathway for the conversion of 16b—17b (R! = CsH Me-4).

R Me g

4-MeCgH, C¢H Me-4
CH,— {
4-MCC6H4 CGH4MC-4
N\ AI/N
R M62

18'

The data presented in this section are presented in greater detail in ref. 19.
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Di- and Tri-anionic B-Diketiminates’

We recently showed that monoanionic ligands of the type 2 could be
reduced to the dianionic or the trianionic state, giving rise to the heterotrimetallic
(Yb/Liy)" or the homotrimetallic (Yb,)'* B-diketiminates, as illustrated in 1 and
m or n, respectively of Figure 1.

The paramagnetic dilithium B-diketiminates 19a and 19b and the
diamagnetic trilithium derivative 20 were prepared by reduction of the
appropriate mono-lithium precursor, as shown in Scheme 9.

R‘W R?

NS, -
Me;Si” TLi N\SiMeG

1.2 Li, Et,0 1. Li, Et,0 /
2. TMEDA 2. TMEDA o
2 L/ M\

R

- = 1
FN RIS /) SiMe,

—

/o B siMe Me:Si” N\ /
7N N N-SiMe Li
= A
=77 N N
* ) ! Li~~~ - \ /N‘
Li \ \

Bu'

i ! d, 19a R'=Ph=R’
20 R!=C¢H,Bu"4 19p R'=Ph R?=Bu'

Scheme 9. Synthesis of compounds 19a, 19b, and 20.

The structures of the crystalline complexes 19a and 20, shown schematically
in the Scheme 9, were established by X-ray diffraction. The B-diketiminato
ligand in 19a both chelates each lithium atom and bridges the two, one of which
is above and the other below the NCCCN plane. The bonding mode of the ligand
in the dimeric complex 20 is more complicated; a schematic representation of
the skeletal atoms is illustrated in Figure 3 and shows the cis-disposition of the
two TMEDA-bound lithium atoms. This feature was consistent with the °Li- and
"Li-NMR spectra of 20 in toluene-ds at 228 K, exhibiting four inequivalent
lithium nuclei. At progressively higher temperatures fluxional processes were set
in train until at 338 K all "Li signals merged. The "H-NMR spectra revealed a
dynamic process, corresponding to AG"5s, ¢ = 53 kJ mol™, eq (1).
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L®
e, O O o
N N N
Me,Si’lg © *SiMe, Me;Si” © © SiMe,

More details of the data presented in this section will be published.”"

Experiments with Alkali Metal N,N “Bis(diisopropylphenyl)-p-
Diketiminates

Unusual bonding modes have been observed in a number of studies
involving the B-diketiminato ligands 1 and 3, and a selection of these is
described in this section.

The crystalline N-bonded potassium B-diketiminate 21 was obtained as
shown in eq (2).> The molecular structure shows that the skeletal atoms of the
ligand are essentially m-delocalized. The two aryl groups are arranged in a
transoid fashion. The K-N distance is 2.861(3) A, and the potassium
coordination environment is completed by contacts of 2.794 to 2.943 A to the six
oxygen atoms of the crown ether.

_ " \ : /Q N" Me
K[{N(Ar)C(Me)},CH] _18-crown-6_ ( \Il(,/ L (2
Ar= C¢H3Pr',-2,6
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The crystalline tin(IV) B-diketiminate 22 was prepared as shown in eq (3).23
It is evident that the ligand 1 behaved as its tautomer 1’ in order to account for
the conversion of the C-methyl substituent of the substrate into the C-
triphenylstannylmethyl moiety in the product 22. The X-ray structure of 22
indicates that the m-bonding in the NCCCN unit is largely localized. A previous
example of a Me-activated metal P-diketiminate is 23, obtained by
dehydrochlorination of [Sc(C1)(NRy){(N(CH,CH,NEt,)C(Me)),CH} 1.

H H
A O Sy
N. _N PhySnCl N N 3)
K~ N
PhMe H
: 22

_ Et\ , JEt
Me CH,

z

TL zw/)

Ar “Ar

H ( u
1' Ar=CgHsPr'y-2,6

N \
B L 2 Et/ Et 23

Attempts to reduce the lithium B-diketiminate of the ligand 3% with metallic
lithium under the conditions of eq (4) afforded in low yield the crystalline 1,6-
dilithio-1,6-diazahexa-2,4,6-triene  derivative = 24 and  1,2-bis(2',6"-
diisopropylphenyl)hydrazine 25.2 These products are reasonably accounted for
by assuming that the paramagnetic dilithio-B-diketiminate was a transient
intermediate, which underwent homolysis of a C-N bond, the two radicals then
coupling to furnish the observed products 24 and 25.

Ph

Ar=C¢H;Pr,-2,6 25
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Chapter 15

Fluoride Ion Complexation by Chelating
1,8-diborylnaphthalene Lewis Acids and Their
Isoelectronic Dicarbocationic Analogs

Huadong Wang, Stéphane Solé, and Frangois P. Gabbai

Department of Chemistry, Texas A&M University,
College Station, Texas 77843-3255

This article deals with the chemistry of 1,8-
diborylnaphthalene and 1,8-bis(methylium)naphthalene
derivatives as bidentate Lewis acids. The synthesis,
structure and reactivity of these two isoelectronic classes
of derivatives toward fluoride anion will be presented.

Introduction and background

1,8-Diborylnaphthalenes are prototypical examples of bidentate
Lewis acids which have been studied for the complexation of both neutral
and electron rich substrates (/-5). 1,8-Bis(dimethylboryl)naphthalene (1) is
one of the simplest representatives of this class of compounds. It reacts with
potassium hydride in THF to form a kinetically and thermodynamically
stable 1:1 hydride complex featuring a B-H-B 3c-2e bond (/,2). Further
exploration of the chemistry of this derivative showed that fluoride is also
readily chelated (Scheme 1). Although the crystal structure of the resulting
fluoride chelate complex has not been determined, NMR data strongly
support the formation of a symmetrical B-F-B bridge. This complex is very
stable and fluoride anion decomplexation can only be effected via the use of
a strong Lewis acid such as BF;. This situation contrasts with that of
monofunctional boranes which form more labile fluoride complexes; for
example, tris(9-anthryl)borane forms an isolable fluoride complex which
readily dissociates in the presence of water (6). Based on the above, it can
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be concluded that 1,8-diborylnaphthalenes could be used as molecular
recognition units for the design of fluoride sensors.

Scheme |
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Stable methylium cations, which also constitute powerful Lewis
acids (7) are isoelectronic analogs of boranes. On the basis of this analogy,
a new class of bidentate Lewis acids with methylium moieties as eletrophilic
sites may be envisaged. For example, it is conceivable that a derivative
featuring two methylium moieties connected by a peri-substituted
naphthalene backbone would display chemistry similar to that of the
aforementioned 1,8-di(boryl)naphthalenes (/-5). If this is indeed the case,
the complexation of fluoride by a 1,8-bis(methylium)naphthalenediyl
bidentate Lewis acid of type A could afford a C-F-C bridged species
(Scheme 2). As part of our continuing efforts in the chemistry of
naphthalene based Lewis acids (5,8-/0), we have recently engaged in an
exploration of this paradigm.

Scheme 2
+
RR B) RR k. R;;]
+C C+ (o
?
A

In this article, we present some of our recent results concerning the
chemistry of 1,8-diborylnaphthalene and 1,8-bis(methylium)naphthalenediyl
derivatives as bidentate Lewis acids. In particular, we will focus on the
synthesis and structure of these two isoelectronic classes of derivatives as
well as their reactivity toward the fluoride anion. A large portion of the
material presented herein is extracted from two of our recent papers (I/,12).

1,8-bis(diphenylboryl)naphthalene and its isoelectronic
dicarbocation

The reaction of 1,8-dilithionaphthalene with two equivalents of
diphenylboronbromide affords 1,8-bis(diphenylboryl)-naphthalene (2) (/0).

In Modern Aspects of Main Group Chemistry; Lattman, M., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Publication Date: December 1, 2005 | doi: 10.1021/bk-2005-0917.ch015

Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org

210

The isoelectronic dicarbocationic analog of this diborane has also been
prepared by reaction of the known 1,8-
bis(diphenylhydroxymethyl)naphthalene with a mixture of [HBF,],; and
(CF;C0),0 which affords 1,8-bis(diphenylmethylium)naphthalenediyl 3*
as the [BF,] ™ salt (Scheme 3) (/1,13). Both of these compounds have been
fully characterized. As shown by single crystal X-ray analysis, 2 and 3
display very similar structure (Figure 1). The boron centers of 1 as well as
the methylium centers of 3** adopt a trigonal planar arrangement in
agreement with a sp® hybridization. Although carbon has a smaller covalent
radius than boron, the separation between vicinal methylium centers in 3 >
(3.112(4) A) is greater than that observed between the boron centers of 2
(3.002(2) A) which possibly results from electrostatic repulsions present in
the former. As shown by DFT calculations, the empty p, orbitals of the
boron centers in 2 and the empty p, orbitals of the methyhum carbon atoms
in 3%, largely contribute to the LUMO of these species and are oriented
toward one another in a transannular fashion. Hence, the electronic and
structural features of 2 and 3** present some important parallel and nicely
substantiate the isoelectronic relationship that exists between these
derivatives.

Scheme 3

Ph, Pth Ph Ph PhPh Ph OH OH
C c+ thc Cth

_PhyBBr_ _(HBFy)sg O
O (CF3CO)20

Figure 1: Crystal structure of 2 (left) and 3** (right) shown side by side.
color code: C, grey; B, light grey. H atoms omitted for clarity.
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Bidentate boranes as colorimetric fluoride ion sensor

Taking into account the importance of the fluoride anion in the
treatment of osteoporosis (/4) and in dental care (/5), a great deal of effort
has been devoted to the design of selective fluoride sensors. In addition to
receptors capable of hydrogen bonding with the anionic guest (/6), Lewis
acidic receptors that can covalently bind fluoride ion have also been
reported (/7). In this domain, the study of colorimetric fluoride sensors
based on boron-containing m-electron systems is especially noteworthy
(6,18). In such derivatives, fluoride ion complexation to the boron center
leads to a perturbation of the frontier orbitals thereby altering the
photophysical properties of the receptor.  Since only monotopic
complexation of fluoride occurs in these boron based sensors, we decided to
investigate the synthesis and properties of a colorimetric fluoride sensor
based on a bidentate Lewis acidic borane.

Scheme 4
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The successful design of such a sensor necessitated the
incorporation of a chromophoric boron moiety in a bidendate Lewis acid.
To this end, 10-bromo-9-thia-10-boranthracene (4) was prepared by reaction
of bis-(2-trimethylsilylphenyl)sulfide with boron tribromide and was
allowed to react with dimesityl-1,8-naphthalenediylborate (5) to afford
diborane 6 (Scheme 4) (/2). This bright yellow diborane is soluble in
chloroform, THF and pyridine. The ''B NMR spectrum of 6 shows two
resonances at 56 and 74 ppm confirming the presence of two different boron
centres. The structure of 6 was computationally optimized using DFT
methods. The optimized geometry is close to that observed for other
diboranes bearing a dimesitylboryl group (9). As in 2, examination of the
DFT orbitals reveals that the boron p, orbitals contribute to the LUMO and
are oriented toward one another in a transannular fashion (Figure 2) as
observed for 1,8-bis(diphenylboryl)naphthalene. Also, the UV-Vis spectrum
of this derivative features a broad band centered at 363 nm, € = 17400 mol™
cm’. As indicated by a time-dependent DFT calculations, electronic
excitations from the HOMO, HOMO-1 and HOMO-2 to the LUMO are the
major contributors to this broad band. Hence, any events leading to the
disruption of the LUMO should greatly affect the absorption spectrum of
compound 6.
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Figure 2: DFT orbital picture of 6 showing the LUMO (surface isovalue =
0.04). H atoms omitted for clarity. Adapted with permission from reference
12. Copyright 2004 Royal Society of Chemistry.

In the presence of [Me;SiF,][S(NMe;);]" in THF, compound 6
readily complexes fluoride anions (Scheme 5). This reaction is
accompanied by a rapid loss of the yellow color and affords the anionic
chelate complex [3+4,-F]” which has been fully characterized. The '°F NMR
resonance of the bridging fluoride appears at -188 ppm. As confirmed by
single crystal X-ray analysis (Figure 3), the fluorine atom is bound to both
boron centers and forms B-F bonds of comparable lengths (F-B(1) 1.633(5)
A, F-B(2) 1.585(5) A) (Fig. 2). The B(2)-F-B(1) bond angle is equal to
126.0(3)°. Owing to the bridging location of the fluoride anion, these bonds
are slightly longer than terminal B-F bonds observed in other borate anions
(1.47 A).'® The sum of the coordination angles (Zcai-c) = 347.8°, Zcig
= 34].2°) indicates that both boron centers are substantially pyramidalized.

Mes\ es ( Mes\ /F\

3 [3'#2 -F]

Scheme 5
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Figure3: Ortep view of the borate anion [6*u,-F] (50% ellipsoids). H
atoms omitted for clarity. Adapted with permission from reference 12.
Copyright 2004 Royal Society of Chemistry.

Fluoride complexation leads to population of the LUMO of 6 and
is logically accompanied by an instantaneous loss of the yellow color.
Remarkably, no changes in the color of the solution or in the NMR of
diborane 6 are observed in the presence of chloride, bromide and iodide
anions indicating that the larger halides are not complexed. As previously
proposed, the size of the binding pocket provided by this bidentate borane
can be held responsible for this phenomenon. As determined by a UV-Vis
titration experiment, 6 complexes fluoride anions with a binding constant of
at least 5x10° M which exceeds that observed for monofunctional borane
receptors by 3 to 4 orders of magnitude (6,/8). Addition of water does not
lead to decomplexation of the fluoride anion as typically observed for
fluoride adducts of monofunctional boranes (6). This difference
substantiates the chelating ability of 6 which leads to the formation of a
thermodynamically more stable fluoride complex. Altogether, the charge
neutrality of this sensor as well as the short space available between the
boron centers makes it highly selective for fluoride. By virtue of its
bidentate nature, the fluoride association is remarkably high and by far
exceeds that measured for monofunctional borane receptors.
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Formation of a cation containing a C-F—C bridge by
reaction of the 1,8-bis(diphenylmethylium)naphthalenediyl
dication with fluoride

Formally, a species featuring a C-F-C bridge corresponds to a
fluoronium cation whose existence, in the condensed state, remains to be
confirmed. Indeed, we note that while halonium ions of the type [R;C-X-
CR;]" (X = halogen, R = alkyl or aryl) are known for chlorine, bromine, and
iodine (/9,20), the corresponding fluorine species are remarkably elusive
and have not been isolated nor structurally characterized (21). In
comparison to its heavier group 17 congeners, fluorine possesses the highest
one-electron ionization energies for the outer-shell s and p orbitals (22).
These intrinsic characteristics are responsible for the high electronegatvity
of fluorine and also provide a rationale for the reluctance of this element to
form fluoronium ions. Although the latter can be observed as gas phase
species (23,24), the mere intermediacy of fluoronium ions in the condensed
state has long been questioned (25) and often refuted (/9,26) Recent
studies, however, provide strong support for the intermediacy of such
cations in intramolecular fluorine transfer reactions (27). As mentioned in
the introductory section, it occurred to us that the complexation of fluoride
by a 1,8-bis(methylium)naphthalenediyl bidentate Lewis acid such as 3*'
could afford a C-F-C bridged species.

Scheme 6

3%

Addition of one or preferably two equivalents of [Me;SiF,]”
[S(NMe,);]* to a solution of [3]*'[BF,]> in acetonitrile results in the
formation of [3-F]"[BF,]” which could be recrystallized by diffusion of ether
vapors (Scheme 6) (/I). The use of two equivalents of [Me;SiF,]”
[S(NMe,);]" did not afford the difluoride 3-F, but instead led to higher yield
of [3-F]'[BF,]". Crystals of [3-F]'[BF,]” have a deep purple color and are
very air-sensitive. As indicated by a single crystal X-ray analysis (Figure
4), the [3-F]* and [BF,]” ions are well separated. The cation [3-F]" is C,
symmetrical, with the bridging fluorine atom preferentially bound to one of
the two former methylium centers. Indeed, inspection of the structure
shows that the C(01) carbon center is tetrahedral and forms a regular C-F
bond of 1.424(2) A with the bridging fluorine atom. By contrast, the C(02)
carbon atom retains a formal sp2 hybridization (Zc.c@2.c) = 359.5°) and
forms a contact of 2.444(2) A with the bridging fluoride atom. While the
C(02)-F linkage is markedly longer than the C(01)-F single bond, it remains
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less than the sum of the van der Waals radii of the two elements (ry4,(F) =
1.30 - 1.38 A, 4, (C) = 1.7 A) (28). Moreover, the C(01)-F-C(02) angle is
111.11(9)°, a value expected for a formally sp’ hybridized fluorine atom
with one of its lone pair pointing directly toward the C(02) center (Figure 4).
In agreement with this view, the C(31)-C(02)-F (90.4(1) °), C(41)-C(02)-F
(99.6(1)°) and C(8)-C(02)-F (86.7(1)°) angles are close to 90°, which
indicates that the fluorine atom is positioned along the direction of the p-
orbital of the C(02) carbon center.

Figure 4: : Ortep view of [3-F] * (50% ellipsoids). H atoms omitted for
clarity.

The structure of [3-F]* was optimized using B3LYP-DFT. The
lowest energy structure of the ion has C,; symmetry and corresponds very
closely to the experimental geometry determined by single crystal X-ray
diffraction. In order to elucidate the nature of the bonding interactions
involving the unsymmetrically coordinated fluorine atom, an Atoms In
Molecules (AIM) analysis (29) was performed on the density of the
optimized geometry of the C; minimum. The AIM analysis indicates bond
paths and bond critical points (CP) between the fluorine atom F and both
central carbon atoms C(01) and C(02) thus confirming the bonding nature of
both the C(01)-F and C(02)-F interactions. This analysis also suggested that
the C(02)-F interaction is dative in character. Further evidence of the
delocalized electron sharing between F and C(02) was shown by the Boys
localized orbital (Figure 5) (30) which corresponds to this interaction. The
lone pair of the F atom is clearly extended in the direction of C(02) and
mixes with the p-orbital of this carbon atom to form a dative bond.
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Figure 5. Boys localized orbital (at 0.01 isodensity value) in [3-F]*
showing he delocalization of the F 2p “lone pair” on the methylium C(02)
atom (viewed perpendicular to the naphthalene ring).

In agreement with its bridging location, the '’F NMR resonance of
the bridging fluorine atom in [3-F]* (-117.0 ppm at 25°C in CD;CN)
appears downfield from that of Ph;CF (-126.7 ppm at 25°C in CD,Cl,) (31)
The low temperature carbon spectrum of [3-F]" at -60°C in CHC, indicates
that the fluorine bridge remains unsymmetrical in solution at this
temperature. Indeed two distinct >C NMR signals are detected for the
former methylium centers of 3%*. The resonance of the C(01) (105.1 ppm,
Jcr = 178.5 Hz) and C(02) (209.3 ppm, Jcr = 11.8 Hz) centers both appear
as a doublet. While the chemical shift of the C(02) resonance indicates that
this atom retains considerable methylium character, the magnitude of the
coupling constant is too large for a five-bond spin-spin coupling interaction
that would proceed through the naphthalene backbone. In turn, this
coupling possibly reflects the presence of a direct C(02)-F interaction. In
accordance with the above observations, the 'H spectrum of [3-F]* at —60 °C
in CDCI; displays six distinct resonances for the naphthalene H-atoms.
Upon elevation of the temperature, however, the peaks become broader and
eventually coalesce (Figure 6). These results can be interpreted on the basis
of a fluxional system in which the fluoride anion oscillates between the
C(01) and C(02) center (Scheme 7) with apparent activation parameters of
AH* = 52 (+3) kI'mol™ and AS* = 18 (+9) J-K™‘mol™" as derived from line
shape analysis. As confirmed by calculations, the transition state
corresponds to a fluoronium ion with a symmetrical C-F-C bridge (Scheme
7). The "°F NMR resonance of the [BF,]” anion appears at -150 ppm. This
chemical shift is identical to that typically observed for free [BF,]™ anion.
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Moreover, this resonance does not change as a function of temperature, thus
indicating that the [BF,]” anion is not involved in the observed dynamic
process.

Scheme 7
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Figure 6. Variable 'H NMR of (3-F]* in CDCl;. Portion of the spectrum
showing the 2- and 7-CH,phthatene resonances and their coalescence. The
resonances marked by * correspond to CHppeny resonances.

The structure of [3-F]* can be largely accounted for by considering
the methylium description B (Scheme 8) which is supported by the
approximate trigonal planar arrangement of the C(02) carbon atom as well
as its >C NMR chemical of 209.3 ppm. However, by virtue of the bonding
interaction between C(02) and F, which is supported by both experiment and
theory, the unsymmetrical fluoronium description C (Scheme 8) must also
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be contributing. The variable temperature solution studies of this ion allow
us to witness the oscillation of a fluorine atom between two carbon centers
on the NMR time scale. Taking into account the strength of the carbon-
fluorine bond and its chemical inertness, the occurrence of this transfer
process, which involves the concomitant lengthening and shortening of a C-
F bond, is rather unusual and suggests that cationic pathways are available
for the activation of primary C-F bonds. This assertion corroborates the
finding of Lectka and coworkers who have proposed the formation of a
fluoronium intermediate in the intramolecular reaction of a carbocation with
a C-F bond (27). The fluxionality of the structure of [3-F]" also indicates
that symmetrical fluoronium ion species constitute low energy transition
states for such processes. These results are of possible relevance to C-F
bond activation chemistry, an area that has witnessed a spur of interest
caused by the environmental accumulation and nuisance of fluorocarbons.

Scheme 8

Conclusions

This article outlines some of the parallels and differences
encountered in the chemistry of 1,8-diborylnaphthalenes and their
isoelectronic 1,8-bis(methylium)naphthalenediyl dicarbocationic analogs.
As demonstrated by single crystal X-ray analysis and theoretical
calculations carried out on 1,8-bis(diphenylboryl)-naphthalene (2) and 1,8-
bis(diphenylmethylium)naphthalenediyl (3?*), these two classes of
compounds present very similar electronic and structural features. In
particular, the Lewis acidic boron centers in 1,8-diborylnaphthalenes and the
methylium centers in 1,8-bis(methylium)naphthalenediyl dicarbocations are
separated by 3-3.3 A (8,9). This relatively short distance as well as the
rigidity of the backbone favors cooperative effects between the Lewis acidic
centers. This cooperativity becomes evident in the binding of fluoride
which is readily complexed by both 1,8-diborylnaphthalenes and 1,8-
bis(methylium)naphthalenediyl dicarbocations. While this had long been
known in the case of 1,8-diborylnaphthalenes, the results presented in this
article provide structural confirmation for the existence of a symmetrical B-
F-B bridge in 1,8-diborylnaphthalene-s,-fluoride adducts such as [6epi,-F]".
By contrast, the adduct [3-F]* obtained by addition of fluoride to 1,8-
bis(diphenylmethylium)naphthalenediyl ~ (3%*), features a  highly
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unsymmetrical C-F—C bridge in which both C-F bonds differ by
approximately 1 A. This difference can be rationalized qualitatively by first
considering the electronegativity of boron, carbon, and fluorine. In the case
of a B-F-B bridged species of the type [R;B-F-BR;]" (R = aryl), the large
difference in the electronegativity of boron and fluorine (Axrp = Xr-X5 = 2)
suggests that the B-F bonds will remain polar with a substantial amount of
negative charge on the fluorine atom. As a result, the fluorine atom in a
symmetrical B-F-B bridge should not acquire a prohibitive amount of
positive character. In the case of a [R;C-F-CR;]" species (R = aryl), the
difference in the electronegativity of carbon and fluorine (Ayrc = Xr-Yc =
1.4) is smaller than Ay, thus suggesting that the fluorine will acquire a
greater positive character. Keeping in mind that fluorine is the most
electronegative element, the positive charge development at fluorine in
[R3C-F-CR;3]" may very well exceed the tolerable limit. This situation will
be further intensified by the cationic nature of a [R;C-F-CR;]" species.
These arguments constitute a possible rationalization for the existence of an
unsymmetrical C-F—C bridge in [3-F]".
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