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structures of the diborane and 2 ), similarly to the previously
published dimesityl derivative (mesityl¼ 2,4,6-trimethylphenyl
(Mes) (Fig. 4))32. We reasoned that the magnesium(I) ketiminate
dimers developed by Jones, Stasch and co-workers33,34 may be
suitable agents for the reduction of complex 2 because of their
solubility and strongly reducing character. The addition of an
equimolar amount of [Mg(MesNacnac)]2 (MesNacnac¼
(MesNCMe)2CH) led to a colour change from yellow to purple
and precipitation of a white solid, which was filtered off (see the
Supplementary Information, Synthetic Details). Although slightly
contaminated samples of the resulting purple compound 3 could
be obtained by removal of the solvent, the extreme solubility of 3
meant that only low yields of pure compound could be obtained
(10%). Complex 3 is stable as a solid at room temperature under
argon (see Fig. S1 for a differential scanning calorimetry plot of
3 ), but decomposes at room temperature in solution, which
necessitates a low-temperature work-up and recrystallization of
the compound, and fast handling when in solution, such as for
the measurement of NMR spectra. The cause of the
decomposition and the resulting species are currently unknown.

Complex 3 showed a single 11B NMR resonance at d 129.9 ppm,
nearly identical to the durylborylene resonance of
[(OC)3Fe(BDur)(BN(SiMe3)2)] (d 129 ppm)30, but slightly upfield
of that of the terminal aryl borylene complex [(Me3P)(OC)3Fe¼
BDur] (d 146 ppm)35, in accordance with the usual upfield 11B
NMR shift observed with increasing coordination number. The
single 31P NMR resonance observed for 3 (d 48.6 ppm) showed a
195Pt–31P coupling constant of 1,726 Hz, higher than those of the
comparable cis-[(Et3P)2Pt(BR2)L] complexes (about 1,000–1,600 Hz),
but much lower than the highly comparable cis-[(Et3P)2Pt(p-olefin)]
(3,460–3,663 Hz) and cis-[(Et3P)2Pt(p-alkyne)] (3,160–3,443 Hz)
complexes36. Structural confirmation by way of single-crystal
X-ray diffraction (see the Supplementary Information, Crystal
Structure Determination) confirmed the connectivity of 3 as the
p-diborene complex [(Et3P)2Pt(B2Dur2)] (Figs 4 and 5). Several
novel geometrical attributes exist in the structure of 3 (see
Table 1). The B–B distance of 3 (1.510(14) Å) is one of the shortest
such bonds ever observed, and sits between those of the reported
base-stabilized diborenes prepared by Robinson and co-workers
(IDip! B(H)¼B(H)" IDip, IDip¼ 1,3-bis(2,6-diisopropylphe-
nyl)imidazol-2-ylidene, 1.561(18) Å)23 and ourselves (IDip!
B(Br)¼B(Br)" IDip, 1.546(6) Å), and the B–B distance in the
triply bonded diboryne IDip! B;B" IDip (1.449(3) Å)37. Also,
the B–B distance of 3 is identical to that calculated for the free
diborene PhB¼BPh (1.520 Å) within experimental error (discor-
dant with the significant bond lengthening observed for p-alkyne

ligands on metal complexation). Furthermore, critical to our
hypothesis of bond-strengthening p backbonding is the near
linearity of the C–B–B–C core (C–B–B angles, 166.0(8) and
164.2(8)8) and that the two phosphorus and two boron atoms are
in no way coplanar (angle between P–P and B–B axes, 74.878),
which distinguishes the complex from p-alkyne complexes of
zerovalent platinum16. This near-orthogonal arrangement is in
line with the calculated geometry of group 10 diborene model
complexes 1a and 1b, and also agrees with our calculation that
the HOMO of bent [(Me3P)2M] (M¼ Pd, Pt) fragments is
predominantly a filled d orbital in the P–Pt–P plane, which can
point above and below the diborene ligand (Figs 2b and 3).

Conclusions
Our computational and synthetic results confirm what we intuitively
thought possible, that if the p⊥ orbital of a side-on-bound p ligand
can be emptied of electrons (that is, by replacing the carbon atoms
with boron atoms) and the metal fragment is electron-rich enough,
a new form of p-backdonation interaction can be created. Thereby,
a metal donates electron density into a bonding p orbital of a ligand,
which strengthens not only the M–B bonds, but also the B–B bond.
Given its out-of-plane nature, we propose the term p⊥ backbonding
for this interaction.

Methods
Computational details. The ADF program38 was used for geometry optimizations
(at the OLYP/TZP level38–43) as well as for the bonding energy decomposition
analysis (EDA)38,44, as based on the methods of Morokuma45 and Ziegler et al.46

(at the B3LYP/TZP level47). All the calculations were conducted within the
zeroth-order relativistic approximation formalism48–50. For transition metals Pd and
Pt the core electrons were frozen51 up to 3d and 4p, respectively. Reported bond
orders between boron atoms are of the MBO type52,53 and atomic charges were
determined according to Hirshfeld charge analysis54,55. To quantify the contributions of
the s and p interactions between the transition metal and the B–B unit, we employed
techniques based on the ETS-NOCV formalism17,18. Spin-restricted calculations
were performed by constraining the projection of the total electronic spin along a
reference axis to zero. Using the EDA scheme, the energy Eint associated with
the interaction between the fragments ([(Me3P)2M] and [B2Ph2]) can be divided
into three components, Eint¼ Eelstatþ EPauliþ Eorb. The first term, Eelstat,
corresponds to the classical electrostatic interaction between the unperturbed charge
distributions of the fragments (the overall density being the superposition of the
fragment densities). The second term, EPauli , expresses the energy change that arises

P31
P24

B2 B3

Pt1

C4
C14

Figure 5 | Molecular structure of 3 as derived from X-ray crystallography.
Thermal ellipsoids are depicted at the 50% probability level. For clarity,
hydrogen atoms and thermal ellipsoids of the carbon atoms are removed.
Selected bond lengths (Å) and angles (8): B2–B3¼ 1.510(14), Pt1–B2¼
2.069(9), Pt1–B3¼ 2.072(9), Pt1–P24¼ 2.302(2), Pt1–P31¼ 2.317(2),
B2–C4¼ 1.565(13), B3–C14¼ 1.572(13), B2–Pt1–B3¼ 42.8(4), P24–Pt1–
P31¼ 97.68(8), B3–B2–C4¼ 166.0(8), B2–B3–C14¼ 164.2(8). The torsion
angle between the B2–B3 and P31–P24 axes is 74.878. This orthogonality is
a direct consequence of the new p-backbonding interaction vii (Fig. 1), and
is explained in Fig. 3.
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Figure 4 | Synthetic results presented herein. Oxidative addition of
Br2B2Dur2 to platinum to form 2 and the reduction of 2 to form 3.
r.t.¼ room temperature.
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ing sterically demanding substituents were shown
to undergo intramolecular stabilization reactions
instead (21, 25). Only drastic modifications in
not just steric parameters but rather fundamental
electronics led to a stable and isolable derivative
of an XBO (26). Hence, combination of a Lewis
acid coordinated to oxygen and a backbone struc-
ture additionally stabilizing the boron center re-
duced the bond order, and the boron–oxygen
linkage was characterized as a double bond.

Recently, synthesis of the previously elusive
iminoboryl complexes [LnM–B≡N–R] under re-
markablymild reaction conditions, and their inert-
ness toward cyclooligomerization, demonstrated
the stabilizing effect that late-transition-metal frag-
ments can exert on low-coordinate boron cen-
ters (27–29). Furthermore, theoretical calculations
predicted the anionic BO– ligand to be an elec-
tronically complementary isolobal alternative to
the CO ligand, exhibiting extraordinarily strong
s-donating abilities and correspondingly poor
p-acceptor properties (30). Thus, generation of the
B≡O triple bond in the coordination sphere of a
transition metal appeared to be a promising ap-
proach. The starting material suitable for this pur-
pose, Br2BOSiMe3, has been noted to be unstable
(31); however, when prepared in dilute toluene
solution it can be handled and stored for several
months without any signs of decomposition.

Analysis by means of multinuclear NMR
spectroscopy of the reaction mixture prepared
by mixing toluene solutions of Br2BOSiMe3 and
[Pt(PCy3)2] (Cy being cyclohexyl) at room tem-
perature reveals immediate consumption of the
starting materials and initial formation of one
product (32). Phosphorus (31P) NMR data [21.2
parts per million (ppm), 1JPt-P = 2777 Hz] are
indicative of a platinum(II) boryl complex fea-

turing a tricoordinate boron center (33–36) and
thus were assigned to the boryl complex trans-
[(Cy3P)2BrPt{B(Br)OSiMe3}] (1) obtained byB–Br
oxidative addition of the borane to platinum
(Scheme 1). In the further course of the reaction,
liberation of BrSiMe3 can be observedwith proton
NMR spectroscopy, and the signals assigned to
1 gradually decrease. Likewise, 31P NMR spectros-
copy indicates predominant formation of another
new phosphorus-containing product (32.5 ppm,
1JPt-P = 2294 Hz), which could be isolated and
fully characterized as trans-[(Cy3P)2BrPt(BO)]
(2). Because of the large peak width at half height,
the 11B NMR resonance of the product (17 ppm)
can be detected only in solutions with a concentra-
tion ofmore than approximately 0.3Mand appears
upfield of the starting boraneBr2BOSiMe3 (21 ppm)
and boryl species 1 (32 ppm) resonances. At room
temperature, the reaction reaches a stationary point,
with the two reaction products 1 and 2 in a ratio of
approximately 1:4. However, repeated removal of
all volatile components in high vacuum at ambient
temperature and redissolution of the residue af-
fords complete conversion of 1 to 2. These find-
ings suggest that the liberation of bromosilane is a
reversible process. To validate this result, pure 2
was reacted portion-wise with BrSiMe3, and suc-
cessive formation of increasing amounts of 1 can
be observed spectroscopically. In fact, the pres-
ence of a large excess of bromosilane enables the
NMR spectroscopic characterization of 1.

Recrystallization of 2 from varying solvents
(such as hexane, toluene, tetrahydrofuran, and
mixtures thereof) gave several single crystals
suitable for x-ray diffraction studies, which ex-
hibited different crystallographic space groups
and in some cases contained co-crystallized sol-
vent molecules. However, structural parameters

of the crystallographic data are not fully reliable
because of massive disorder of the two anionic
ligands in all cases. Nevertheless, the obtained mo-
lecular structures leave no doubt of the consti-
tutional composition of compound 2: an oxoboryl
ligand coordinated terminally via boron to the
metal center (Fig. 1, left). More specific informa-
tion on the linkage between boron and oxygen
could be obtained by means of IR spectroscopy.
Complex 2 shows two absorption bands (1853
and 1797 cm−1), which because of intensities
and relative position can be assigned to the BO
stretching vibrations of the two boron isotopo-
logues. The values are in good agreement with
the vibrational spectra of oxoboryl species ob-
served in matrix studies (14–19), suggesting that
complex 2 should exhibit a similar bonding sit-
uation. In marked contrast to the matrix-isolated
compounds, however, is the unusual thermal sta-
bility of the oxoboryl moiety in 2. A solution of
2 in benzene-D6 did not show any evidence of
oligomerization or decomposition after 24 hours
of heating to 100°C or irradiation with a Hg/Xe
arc lamp, respectively.

To understand this remarkable stability of 2
and investigate the nature of the linkage be-
tween boron and oxygen in more detail, density
functional theory (DFT) studies at the B3LYP
level of theory were performed on the slightly
simplified complex trans-[(Me3P)2BrPt(BO)] (2′).
The calculations reproduced the IR data well (the
calculated values were 1886 and 1828 cm−1), and
the natural resonance theory (NRT) bond index
of 2.83 in combination with the short calculated
interatomic distance between boron and oxygen
(122.6 pm) are in full agreement with the for-
mulation of a triple bond. Detailed analyses of the
molecular orbitals (MOs) inter alia revealed bond-

Fig. 1. X-ray molecular structure of trans-[(Cy3P)2BrPt(BO)] (2) (left) and p-MOs of the model complex
trans-[(Me3P)2BrPt(BO)] (2′) (right). The bond lengths and angles of 2 are not fully reliable because of
the disorder indicated by the white ellipsoids. Thermal ellipsoids are represented at the 50% probability
level. Hydrogen atoms and ellipsoids of the carbon atoms of 2 are omitted for clarity.

Fig. 2. Molecular structureof trans-[(Cy3P)2(PhS)Pt(BO)]
(3) ∙ 2 CH2Cl2. Thermal ellipsoids are represented at
the 50% probability level. Hydrogen atoms, solvent
molecules and ellipsoids of the cyclohexyl carbon
atoms are omitted for clarity. Selected Bond lengths
(pm) and angles (°): B–O 121.0(3), Pt–B 198.3(3),
Pt–S 241.06(6); Pt–B–O177.3(2), B–Pt–P1 87.75(8),
B–Pt–P2 86.80(8), B–Pt–S 171.3(2), Pt–S–C 111.33(8).
Estimated standarddeviations are given inparentheses.

Scheme 2. Preparation of trans-
[(Cy3P)2(PhS)Pt(BO)] (3).
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propan-2-ol. Deuterated isotopologues were made using NaBD4

as a starting material for NH3BD3, or by isotopic exchange of

NH3BH3 in D2O to give ND3BH3. In both cases the degree of

deuteration was greater than 90%, as judged from NMR inten-

sities in d6-DMSO solution.

Caution: This method results in the generation of a significant

amount of hydrogen gas, which is a potential fire hazard. It is

therefore recommended that the reaction is performed with suitable

ventilation. Both the starting and spent material react violently

with water; materials should be handled in an inert atmosphere

where possible and care in disposal of materials is recommended.

Stoichiometric ratios of AB and LiNH2 (typically 5–10 mmol)

were weighed under Ar in a glove box, and loaded into a round-

bottomed flask containing a magnetic stir bar and fitted with

Teflon valves. Unless otherwise noted, compositions were

prepared in a 1 : 1 molar ratio. The compounds were mixed

together just prior to experimental measurements. Heating

experiments were conducted at a ramp rate of 1 !C min"1 using

a laboratory oven in which the flask was attached to stainless

steel gas lines.

The composition of evolved gas was monitored using a quad-

rupole mass spectrometer (Dycor Dymaxion) with a flow (10 mL

min"1) of Ar carrier gas. Quantification of NH3 was carried out

by bubbling the gases through 0.1 M HCl solution and back-

titrating with standard NaOH solution. The total quantity of gas

evolved was determined in separate experiments without a carrier

gas by directing the outlet to a gas burette initially filled with

paraffin oil. Correction for temperature expansion in the reaction

flask was established with a blank run.

Solid state 11B NMR spectra were recorded at 11 T on a Bruker

Avance 500 spectrometer without proton decoupling and refer-

enced to BF3$Et2O (0 ppm). Samples were packed in silicon

nitride rotors in the Ar glove box and spun at ca. 10 kHz or

greater at the magic angle in a Doty probe. Parameters from

spectra with anisotropic quadrupolar resonances were obtained

using the line shape analysis module of the Bruker TopSpin

software.

Powder X-ray diffraction utilised a Bruker D8 diffractometer

fitted with Co Ka radiation and parallel beam optics. Samples

were loaded into a custom atmosphere-protected cell inside the

Ar dry box.

Rehydrogenation of the material heated to 250 !C was

attempted in a stainless steel pressure vessel. After pressurising

with hydrogen gas, the vessel was closed and heated to 400 !C in

a tube furnace with a 1/1600 stainless tube leading to a pressure

transducer in the laboratory.

Results and discussion

Initial mixing

Upon mixing, the two solid components combined in an

apparently exothermic reaction, forming a liquid phase.

Depending on the ambient temperature, the mixing time needed

to form the liquid varied from a few minutes to about half an

hour. The air-sensitivity of the materials and speed of reaction

prevented us from measuring the reaction enthalpy in a calo-

rimeter. The liquid began evolving hydrogen slowly at room

temperature, eventually transforming into an amorphous solid.

Only a small amount of hydrogen loss (<0.1 mol H2/mol AB) was

associated with the observed change of state, and no other gases

were detected at this stage. The rate of hydrogen production

increased with larger LiNH2 : AB ratios; 3 : 1 samples exhibited

quite vigorous reaction while those with a 1 : 2 ratio appeared

relatively stable. The heat evolved was most likely a factor in

these observations. X-ray diffraction showed that specimens with

a molar ratio in excess of 1Li : AB contained crystalline LiNH2

while those less than 1 : 1 exhibited crystalline AB.
11B NMR spectroscopy of the material in its liquid state

showed a single resonance at"22 ppm, resolved into a 1 : 2 : 2 : 1

quartet (Fig. 1(A)). The chemical shift and coupling allowed

a confident assigment of this resonance to sp3 boron in a –BH3

environment, but one which is different from that in AB (typi-

cally"25 to"27 ppm). The coupling constant (JBH¼ 82 Hz) was

also different to that reported6 for the new mobile AB observed

at "23 ppm during decomposition at 80 !C (JBH ¼ 94 Hz). We

propose that the resonance observed here is one in which AB and

LiNH2 are associated in a new hybrid phase with 1 : 1 stoichi-

ometry.

Further evidence that the NMR resonance is distinct from AB

was obtained using a sample which had been mixed for less than

1 min and had not yet formed the liquid phase. The 11B chemical

shift ("25 ppm, Fig. 1(B)) was initially the same as the –BH3

group in pure AB. Reaction between AB and LiNH2 took place

in this partially-mixed sample when the temperature was raised,

Fig. 1 Solid-state 11B NMR Spectra of 1 : 1 LiNH2 : AB samples.

Spectrum (A) was measured at room temperature from a sample mixed

until the formation of a liquid phase. Spectra (B) to (E) were measured

from a sample mixed for <1 min and held at 60 !C for 0 min, 15 min, 30

min, and 60 min respectively.

This journal is ª The Royal Society of Chemistry 2009 Energy Environ. Sci., 2009, 2, 706–710 | 707
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P = PtBu2
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P

P

Mo

Cl

Cl

Cl

Na!Hg          
(6 equiv) THF

room temp.
12 h

63% yield
31P{1H} NMR (THF-d8): " 94.6 (s).
1H NMR (THF-d8): " 7.07 (t, J = 7.3 Hz, ArH, 1H),
                                 6.93 (d, J = 7.3 Hz, ArH, 2H),
                                 3.37 (br, CH2PtBu2, 4H),
                                 1.28 (pseudo t, CH2PtBu2, 36H).
  IR (KBr, cm!1): 1936 (#NN).   Raman (THF, cm!1): 1890 (#NN).
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cf. N2 (gas): 2331 cm!1
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N
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P

Mo

δN –29.0
(dt, 1JNN&2JPN = 6.1&2.4 Hz, terminal Nα)
δN –16.5
(d, 1JNN = 6.1 Hz, terminal Nβ)
δN 8.5
(s, bridging N)

α

β P = PiPr2



��NMR�/P19F NMR?F=BM

7
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all experiments (slopes were !6.170.7 A.U./h for 5-FC and
2.070.4 A.U./h for 5-FU, based on linear regression; n¼ 6). These
data highlight the importance of repeat measurements for
detecting the presence of TAPET-CD conversion efficacy during
the tumour colonization period.

In vivo 19F MRS of i.v. injected TAPET-CD and i.p. 5-FC

The potential clinical applicability of TAPET-CD/5-FC involves not
only i.tu. application but also the systemic delivery of the enzyme/
prodrug system. Intratumoural production of 5-FU following i.v.
injection of TAPET-CD and i.p. injection of 5-FC (300mg/kg) was
measured in vivo in the HCT116 colon tumour (Figure 3A). The 5-
FC concentration in the tumours following i.p. injection was
comparable to the i.tu. administration (3-4mM). A clear conver-
sion of 5-FC to 5-FU was seen with this systemic application of
TAPET-CD/5-FC, although the 5-FU signals were less than with the
i.tu. delivery route (compare Figure 1 and Figure 3A).
Because of the reduced 5-FU signal, the conversion quality was

further analysed and confirmed with in vitro high resolution 19F
MRS (8.4 Tesla) of extract preparations from these tumours.
Intratumoural concentrations of 5-FU were about 0.570.2mM

(n¼ 6) for the i.tu. and 0.1570.07mM (n¼ 7) for the systemically
TAPET-CD plus 5-FC treated tumours respectively. A representa-
tive example of this analysis (Figure 3B) illustrates the efficacy of
the TAPET-CD/5-FC conversion to 5-FU in this i.v./i.p. adminis-
tration modality.
Within the total in vivo experimental time, no metabolic activity

was observed in the tumours, ie, the concentrations of the
catabolites and anabolites of 5-FU were below the detection
threshold of the in vivo 19F MRS. Using the much more sensitive in
vitro MRS on tumour extracts, we observed a small catabolite
signal around !17 p.p.m. (i.tu. 0.170.1mM (n¼ 4), i.p.
0.02570.025mM (n¼ 5)) and in some cases also a very small
anabolite signal between 3.5 and 5.5 p.p.m. (B0.015mM) (an
example is shown in Figure 4).
Those tumours, which were not further investigated with in vitro

MRS, were analysed for bacterial colonization. Levels of
5# 10872# 108 cfu per gram tissue were found.

In vitro 19F MRS of liver PCA extracts of mice treated with
TAPET-CD/5-FC

It is obviously important to evaluate normal tissue in parallel with
tumour tissue, as both ultimately determine the therapeutic
window of treatment. Besides the perchloric acid extracts of

tumours, also extracts of snap-frozen livers were thus analysed
with in vitro 19F MRS. In all cases where conversion to 5-FU was
detected in the tumour (both after 5-FC i.p. or i.tu.), small
catabolite signals of a-fluoroureido-b-propionic acid (FUPA) at
!17.3 p.p.m. and a-fluoro-b-alanine (FBAL) at !18.6 p.p.m. were
observed in the liver extracts (Figure 5). Although the conversion
to 5-FU that was observed in the tumour after the i.tu. TAPET-CD/
5-FC application was stronger than after the systemic route, the
catabolite levels in the liver were similar for the i.tu. method
(0.0570.04mM (n¼ 3)) and the systemic administration
(0.0970.02mM (n¼ 6)).

DISCUSSION

In the present 19F MRS study we demonstrate the non-invasive
detection of the dynamic production of 5-FU from 5-FC in the
human HCT116 colon tumour xenograft following the use of
cytosine deaminase- (CDase-) recombinant S. Typhimurium
(TAPET-CD). The results show intratumoural conversion of 5-FC
to 5-FU within 30min which proceeded throughout the MRS
measurement time extending up to 1.5–2 h after the 5-FC
injection. This suggests that continued intratumoural production
of 5-FU is greater than the diffusion of 5-FU from the tumour into
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Figure 3 (A) In vivo 19F MRS spectrum obtained after 2 weeks (20min/
spectrum; TR¼ 0.75 s; NS¼ 1536) of a mouse treated with an i.v. injection
of the TAPET-CD system (day 0) followed with an i.p. 5-FC injection
(300mg/kg). Spectrum obtained 2.5 h after 5-FC inoculation. (B) In vitro 19F
MRS spectra of the perchloric acid extract of the whole tumour from the
mouse in Figure 3A, snap-frozen immediately after the in vivo evaluation
(TR¼ 2.5 s; NA¼ 12228; 1H decoupling).
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Figure 4 In vitro 19F MRS spectrum (TR¼ 2.5 s; NA¼ 12228; 1H
WALTZ-16 decoupling) of the perchloric acid extract of the whole tumour
shown in Figure 2, snap-frozen 2 h 47min after the in vivo evaluation. A
large conversion of 5-FC to 5-FU is visible in agreement with the large delay
between in vivo 19F MRS and span freezing. Only small anabolite
(B4 p.p.m.) and catabolite signals (B!17 p.p.m.) are observed.
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Figure 5 In vitro 19F MRS spectra (TR¼ 2.5 s; NA¼ 12228; 1H WALTZ-
16 decoupling) of the perchloric acid extract of the whole liver: (A) The
liver of a mouse (Figure 2) treated i.tu. with TAPET-CD on day 0 and
injected i.tu. with 5-FC on day 1 and 7, snap-frozen 2 h 50min after the in
vivo evaluation (ie, about 4 h after the 5-FC administration). (B) The liver of
a mouse treated i.v. with TAPET-CD (day 0) and i.p. with 5-FC (day 14),
snap-frozen immediately after the in vivo evaluation (ie, about 2 h after the
5-FC administration).
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A Stable Compound Containing a
Silicon-Silicon Triple Bond

Akira Sekiguchi,* Rei Kinjo, Masaaki Ichinohe

The reaction of 2,2,3,3-tetrabromo-1,1,4,4-tetrakis[bis(trimethylsilyl)methyl]-
1,4-diisopropyltetrasilane with four equivalents of potassium graphite (KC8) in
tetrahydrofuran produces 1,1,4,4-tetrakis[bis(trimethylsilyl)methyl]-1,4-diiso-
propyl-2-tetrasilyne, a stable compoundwith a silicon-silicon triple bond, which
can be isolated as emerald green crystals stable up to 100°C in the absence of
air. The Si!Si triple-bond length (and its estimated standard deviation) is
2.0622(9) angstroms, which shows half the magnitude of the bond shortening
of alkynes compared with that of alkenes. Unlike alkynes, the substituents at
the Si!Si group are not arranged in a linear fashion, but are trans-bent with
a bond angle of 137.44(4)°.

Hydrocarbons containing C"C double
bonds (alkenes) and C!C triple bonds
(alkynes) form an abundant and structurally
diverse class of organic compounds. How-
ever, the ability of heavier congeners of
carbon (where element E is Si, Ge, Sn, and
Pb) to form double bond of the type
#E"E$ and triple bond of the type -E!E-
was for a long time doubted (1– 4). The first
attempts to generate such species were un-
successful, resulting in the formation of
polymeric substances. This led to the often-
cited “double-bond rule”: Those elements
with a principal quantum number equal to
or greater than three are not capable of
forming multiple bonds because of the con-
siderable Pauli repulsion between the elec-
trons of the inner shells (5– 7). Such a
viewpoint prevailed despite the accumula-
tion of a vast amount of experimental data
supporting the existence of multiply bond-
ed species as reactive intermediates (1– 4).
This conflict was resolved nearly 30 years
ago, when Lappert and Davidson report-

ed the synthesis of the stable distannene
[(Me3Si)2CH] 2Sn"Sn[CH(SiMe3) 2] 2,
where Me is methyl, which has a Sn"Sn

double bond in the solid state (8). The next
important discoveries came from two re-
search groups in 1981: West and colleagues
reported the synthesis of a stable compound
with a Si"Si double bond, tetramesityldi-
silene (9), and Brook et al. synthesized a
compound with a Si"C double bond (10).
As for triple bonds, Power and co-workers
recently prepared alkyne analogs of the
heavier group 14 elements: germanium, tin,
and lead (11– 13). However, despite bearing
nominal triple bonds, these compounds ac-
tually exhibited a highly pronounced non-
bonding electron density character at the
central atoms, resulting in a decrease in the
bond order on descending group 14 (14,
15). In light of these results, isolation of the
silicon analog of alkynes has been a com-
pelling goal. Although the theoretical anal-
ysis predicted the experimental accessibil-
ity of disilynes with a silicon-silicon triple
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Reaction 1.

Fig. 1.Molecular struc-
ture of 1,1,4,4-tet-
rakis[bis(trimethyl-
silyl)methyl]-1, 4-di-
isopropyl-2-tetrasilyne
(2) (30% probability
ellipsoids for Si and
C). Selected bond
lengths (Å): Si1–Si1’"
2.0622(9), Si1–Si2 "
2.3698(6), Si2–C1 "
1.9119(15), Si2–C8 "
1.9120(15), and Si2–
C15 " 1.9180(16).
Selected bond angles
(°): Si1’–Si1–Si2 "
137.44(4), Si1–Si2–C1
" 108.97(5), Si1–Si2–
C8 " 108.38(5), Si1–Si2–C15 " 106.47(5), C1–Si2–C8 " 106.83(6), C8–Si2–C15 " 114.77(7), and
C1–Si2–C15 " 111.30(7). Estimated standard deviations are in parentheses.
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puckered D2d structure and its valence isomer,
tetrasilatetrahedrane, were calculated to be local
energy minima; a planar rectangular D2h struc-
ture with two Si=Si double bonds and a planar
rhombic C2h structure (29) emerged as saddle
point structures (Fig. 2). Experimentally, among
the valence isomers the tetrasilatetrahedranes
have been isolated by the introduction of the
isotropically bulky tBu3Si (where

tBu is tertiary
butyl) or dendritically bulky [(Me3Si)2CH]2MeSi
(whereMe is methyl) groups on the silicon atoms
(30, 31). A square planar tetrasilacyclobuta-
diene has also been reported to be stabilized as a
transition metal complex (32, 33). We anticipated
that bulky 1,1,3,3,5,5,7,7-octa-R-substituted
s-hydrindacen-4-yl (Rind)–protecting groups
might have the ability to stabilize a free and pla-
nar tetrasilacyclobutadiene, in view of our previous
observations of highly coplanar p-conjugated core
frameworks comprising Si=Si and Si=P double
bonds (34, 35).

We now report the isolation and characteri-
zation of the silicon CBD analog Si4(EMind)4
(1), stabilized by the appropriately designed bulky
1,1,7,7-tetraethyl-3,3,5,5-tetramethyl-s-hydrindacen-
4-yl (EMind) group. The Si4 ring in compound
1 has a planar rhombic structure, with alternating
pyramidal and planar configurations at the four
silicon atoms. Clearly, the fused-ring bulky EMind
groups on the silicon atoms can stabilize the planar
rhombic four-membered ring as the ground state,
which is in contrast to the less stable saddle point
C2h structure theoretically predicted for the parent
(SiH)4.

The reduction of the EMind-substituted
tribromosilane, (EMind)SiBr3, with three equiva-
lents of lithium naphthalenide (LiNaph) in dry
tetrahydrofuran (THF), led to the formation of a
dark brown solution from which the tetrasilacy-
clobutadiene, Si4(EMind)4, 1 was isolated as air-
andmoisture-sensitive orange crystals in 9% yield
[maximumwavelength absorption (lmax) = 448 nm,
molar extinction coefficient (dm3 mol–1 cm–1) (e) =
29000 in hexane] (Fig. 3, top) (36). Compound
1 is not thermally very stable; decomposition
occurred in solution and even in the solid state
at room temperature. The half-life was estimated

Fig. 1. Schematic representations of molecular orbital diagrams of CBD. (A) Square-shaped triplet. (B)
Rectangular-shaped singlet from covalent second-order Jahn-Teller (J-T) distortion. (C) Rhombic-shaped
singlet from polar second-order J-T distortion.

Fig. 2. Theoretically predicted isomers of (SiH)4.

Fig. 3. (Top) Synthesis of 1 and representation of its charge-separated canonical form 1’. (A) The molecular
structure of 1 (50% probability ellipsoids). Hydrogen atoms are not shown. Selected bond lengths (angstroms)
and angles (degrees): Si1-Si2 = 2.2877(8), Si1-Si4 = 2.2924(8), Si2-Si3 = 2.2671(8), Si3-Si4 =
2.2846(8), Si2-Si1-Si4 = 103.00(3), Si1-Si2-Si3 = 76.76(3), Si2-Si3-Si4 = 103.90(3), and Si1-Si4-Si3 =
76.32(3). (B) Electrostatic potential maps of (SiH)4 (C2h symmetry). Blue and red regions represent positive
and negative potentials, respectively.
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silica-magnetite nanoparticles aminosilanised via TPRE and water
were conjugated with oligonucleotide (59NH2dC6dT25) and the con-
jugates tested for their abilities to capture complementary target DNA
(59FdA25) in hybrid capture experiments (see Figure S6 in the
supplementary information and Methods). Nanoparticles amino-
silanised via TPRE were observed to exhibit a 92% capture efficiency
(1.2 nmol/mg) of 59FdA25 oligonucleotide compared to 26%
(0.13 nmol/mg) for those aminosilanised in water (see Figure 2b). In
absolute terms of amount of oligonucleotide captured, this represented a
difference of almost a nanomole of oligonucleotide per milligram of
nanoparticles which is most likely to have resulted from an increased
order in surface patterning of the oligonucleotide in the case of those
particles activated via TPRE. This high level of hybridisation efficiency is
a possible indication of improved accessibility to the grafted
oligonucleotide (59NH2dC6dT25) by the 59FdA25 as a consequence of
its surface ordering as presented in Figure 1.

A similar approach was then applied to generate oligonucleotide
surface conjugated nanoparticles which were capable of recognising
target sequences (see Methods) possessed by spoilage and pathogenic
bacteria which can be found in the food. The hybrid captured target

sequence was then subjected to PCR and visualised by agarose gel
electrophoresis. Results indicated that both TPRE and water amino-
silanised nanoparticles allowed the detection of a 566 bp fragment of
the target bacteria 16S rRNA gene. However, it was clear that in the
case of the TPRE aminosilanised nanoparticles a much more intense
band was obtained (see Figure 2c1). This 16S rRNA gene sequence is
generic to all bacteria, conserved amongst them and mostly present
in multi-copy form. In a second hybrid capture experiment following
a similar protocol (see Methods), a 310 bp section of the pfkB-thrS
intergenic region of Salmonella enterica was specifically targeted. In
this case an oligonucleotide capture sequence was conjugated to the
aminosilanised silica-magnetite nanoparticles surfaces which was
complementary to a region within that fragment and results are
shown in Figure 2c2. It was clear that the nanoparticles which had
been aminosilanised via TPRE method permitted the detection of
this fragment whereas nanoparticles aminosilanised in water did not.
In the latter case a band approximately 400bp in size was observed on
gels, indicating a probable lack of specificity in the process (see
Figure 2c2). These results clearly imply that the materials produced
via TPRE possessed a significantly greater ability to detect the target

Figure 3 | 29Si single pulse (SP) and 29Si-1H cross polarization (CP) magic angle sample spinning (MAS) spectra of non-aminosilanised diamagnetic
silica nanoparticles. (a); condensed/polymerised APTS (b); silica nanoparticles aminosilanised in water (c) and silica nanoparticles aminosilanised via
TPRE (d).
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group, formation of theDP diastereomery of theH-phosphonate
diester was favoured (Fig. 1). The diastereoselectivity of
this reaction under non-optimized conditions, expressed as a
diastereomeric excess (de) of the DP product, was estimated to
be ca. 70% for all nucleoside 30-H-phosphonates, with an
exception for a cytidine derivative (B = CytBz, de ca.
40%).39,41 The fraction of each diastereomer could be conve-
niently assigned by integration of their 31P NMR signals. This
technique was also applied to analysis of the reaction mixtures,
since the signals of the substrates, the intermediates and the
products could be identified according to their chemical shifts
and coupling constants. Additionally, for most ribonucleoside
30-H-phosphonates, the signal located at the lower field
corresponded to the DP diastereomer, while the signal at
higher field corresponded to the LP diastereomer. This rule
of thumb held for the vast majority of compounds in this class;
however, it should be noted that the relative positions (higher
vs. lower field) of the signals could be inverted in some solvents
(e.g. in toluene) and for some sequences of nucleobases (e.g.
for GPHU linkage). Therefore, such correlation must be
treated with care and as a provisional guide only.42

In a typical condensation, a triethylammonium salt of the
nucleoside 30-H-phosphonate of type 1 and a nucleoside
(both appropriately protected) are dissolved in pyridine and
ca. 3 equiv. of pivaloyl chloride (PvCl) as a condensing
agent is added. This causes a rapid (less than 1 min, the time

required to record the first 31P NMR spectrum) formation of
H-phosphonate diester, accompanied by the products of
decomposition of the condensing agent, i.e. hydrochlorides
of amines, pivalic acid and/or pivalic anhydride. Despite the
apparent simplicity, the reaction is a multi-step process
involving reactive species whose structure was only deduced
indirectly. The reaction sequence starts with an attack of
nucleoside 30-H-phosphonate anion at the carbonyl carbon
of PvCl, followed by an attack of the 50-OH group of
nucleoside at the chiral phosphorus atom of an activated
H-phosphonic moiety. Apart from H-phosphonic pivalic
mixed anhydride, formation of several other intermediates is
possible. For instance, it is generally believed that in this
reaction pyridine acts not only as base but also as a nucleo-
philic catalyst,43 giving rise to extremely reactive pyridinium
derivatives of H-phosphonates. These intermediates may
rapidly equilibrate before reacting with an alcohol or nucleo-
side to form an H-phosphonate diester. Substitution at the
phosphorus centre in these reactions is usually considered
to be an SN2(P) process, although addition–elimination
(implying a possibility of pseudorotation) or SN1(P)
(via metaphosphites)44 mechanisms cannot be excluded in
the sterically demanding environment of protected ribonucleoside
derivatives. In pyridine none of these species could be
detected; however, it was possible to generate uridine 30-H-
phosphonic–pivalic mixed anhydride 2 quantitatively using
1.2 equiv. of PvCl in neutral solvents containing small
amounts of amines.z The mixed anhydride 2 could not be
isolated in pure form but it remained stable under nearly

Fig. 1 Stereoselective condensation of ribonucleoside H-phosphonates (1) with nucleosides.

y Recently, we introduced a DP/LP stereochemical notation for
describing stereochemistry of reactions involving nucleotides.40

Since these descriptors refer to the sense of chirality rather than to
priority of substituents of a chiral centre (as in the Cahn–Ingold–
Prelog convention), we will use this notation through this paper to
facilitate the stereochemical correlation analysis. Briefly, for nucleoside
H-phosphonates, the DP descriptor refers to a structure in which the
P–H bond is directed to the right in the Fischer projection,
while the LP descriptor refers to a structure in which it is directed to
the left:

z Formation of carboxylic–H-phosphonic mixed anhydride 2 (eqn (1))
does not require basic conditions, and theoretically no acidification of
the reaction mixture should occur during the reaction. However,
formation of small amounts of HCl and carboxylic acid is unavoidable
due to hydrolysis of the acyl chloride by spurious water. These acids
were neutralized with amines (0.2–0.5 equiv.) to suppress protonation
of H-phosphonate monoester that halted its reaction with acyl
chlorides (eqn (2)) after ca. 50% conversion.

ROP(H)O2
! HNR3

+ + R0COCl

- ROP(H)O2OR0 + HNR3
+ Cl! (1)

ROP(H)O2H + R0COCl - (no reaction) (2)
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p-nitrophenyl and p-chlorophenyl esters (hereinafter referred
to as dmtUPHPhNO2 (4a) and dmtUPHPhCl (4b), respectively)
with MeOH and EtOH, were chosen as the most suitable to
study the kinetics of transesterification.

Fig. 5 shows changes in diastereomeric ratio of alkyluridine
30-H-phosphonate of type 5 formed during transesterification
of dmtUPHPhNO2 (4a) with alcohols of different steric
hindrance. For promptly-reacting primary alcohols, a stepwise
decrease of DP-5 fraction due to progressive accumulation of
the LP isomer of the product is clearly seen. Those changes
coincided with a rapid disappearance of the 31P NMR signal
of the minor diastereomer of dmtUPHPhNO2, e.g. in the first
minute of its the reaction with EtOH (Fig. 4). This suggested
that the DP isomer of dmtUPHEt (5b) was formed in the early

Fig. 3 The dynamic kinetic asymmetric transformation (DYKAT) mechanism as a source of asymmetric induction during formation of

ribonucleoside H-phosphonate diesters of type 5. (A) Reaction in the presence of a nucleophilic catalyst (pyridine); (B) direct esterification of the

mixed anhydride 2; (C) transesterification of aryl nucleoside H-phosphonate 4.

Fig. 4 31P NMR traces for the time course of transesterification of

p-nitrophenyl uridine H-phosphonate 4a with EtOH (5 equiv.). Note

the immediate consumption of LP-4a in the first minute of the reaction.
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Figure S1. The 31P NMR spectra of admixtures of Rh(acac)(CO)2, xantphos, and 1. 
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