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Structure 

I .  Introductlon 

A. General Aspects 

The chemist is currently confronted with compounds 
that are unstable for  either k inet ic or thermodynamic 
reasons. I f  these compounds are produced during the 
course of a reaction sequence, they are designated as 
reaction intermediates. As well as chemical procedures, 
a variety of physicochemical methods has been used 
(see next  chapter) to elucidate t h e  composition and 
three-dimensional structure of the intermediate. T h e  
most complete and exact results are obtained by dif- 
fraction methods, followed by three-dimensional 
structure determinations. With X-ray diffraction on 
single crystals, the sample has to be cooled because of 
its instability, and the crystal growth and transfer must 
be performed under low-temperature conditions. 

In this review the special techniques for the synthesis 
and handling of single crystals of unstable compounds 
are described. As far as we know, there is only one 
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monograph, by Rudman.' It appeared 10 years ago and 
referred to the different procedures of cooling. Solid- 
state and crystallographic problems also are widely 
discussed in this book. We in tend here to focus on 
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fruitfu1.l' A complete three-dimensional arrangement 
of the atoms within a molecule can, however, rarely be 
deduced from the spectra. 

Solid-state NMR,12 ESCA,13 and Mossbauer spec- 
troscopy14 are used in the solid state but X-ray dif- 
fraction on single crystals or crystal powders15J6 is the 
most widely used method to characterize metastable 
compounds or phases. In this last procedure the com- 
pound or phase under investigation has to be quenched 
to low temperatures in order to stabilize the phase for 
the diffraction experiment. 

It is astonishing that this quenching method coupled 
with diffraction techniques has not been used more 
extensively for the determination of transient species 
in solutions or in the gas phase. There are, nevertheless, 
some cases in which this procedure may be employed 
quite easily. The central and most difficult point in 
these methods is the crystallization of the unstable in- 
termediate. The difficulties may have several causes: 
(a) the crystallization of the intermediate may be hin- 
dered, (b) different solvents or temperatures may have 
to be tested, (c) products of side reactions may crys- 
tallize, (d) the substrates or products may crystallize 
more quickly than the intermediate, and (e) inclusion 
of solvents in the crystal may occur. Despite these 
problems the isolation can be attempted. 

If the transient molecule can be stabilized in the gas 
phase under reduced pressure, its transformation to the 
crystalline state can be performed via sublimation on 
to a cold surface as exemplified in chapter 1I.C. 

Crystallization of unstable compounds in solution, 
which is described in detail in chapter II.C, can be 
achieved if the energy of activation between the inter- 
mediate and the substrate (or substrates) is small 
enough to be attained at  low temperatures, either by 
the environment or by a destinative radiation of the 
starting material. The equilibrium of a bimolecular 
primary process can often be shifted to the one-to-one 
intermediate by decreasing temperature (see example 
in chapter 111). 

chemical problems on a molecular scale. To illustrate 
the capacity of the techniques described, a chapter has 
been included that is dedicated to the use of low-tem- 
perature crystallographic techniques in establishing 
reaction mechanisms (chapter 111). The examples 
chosen are arbitrary and far from complete, but serve 
to demonstrate the different principles. 

6. Brief Comparison of the Methods for the 
Characterization of Unstable Intermediates 

Unstable intermediates are an important part of 
general chemistry, from both a theoretical and a prac- 
tical point of view, and scientific journals exist devoted 
entirely to this special topic.2 To avoid confusion the 
term unstable intermediate or transient species as used 
in this review should be briefly characterized. This is 
not an unstable configuration of reacting atoms or 
molecules to which corresponds a maximum of potential 
energy in a reaction path. Such a "complex" cannot be 
frozen out and thus cannot be stabilized by altering a 
thermodynamic parameter such as the temperature. 
We define an intermediate in a given reaction as an 
atomic arrangement with a local minimum of potential 
energy but a higher energy than the reaction products. 

When the composition and structure of a transient 
species are known, the most promising reactants may 
be selected, e.g., by mere steric considerations. Instead 
of 10-20 reaction partners, a much lower number has 
to be tested as exemplified in the reaction scheme (2) 
compared to the reaction scheme (1). 

inter med late ,&~/o,, 

Structure 
substrate - of unknown - (1) 

D,r,"err jfewproductsl (2 )  . . ._.  

The advantage of the second scheme is that time is 
saved, leading to a better utilization of the synthetic 
procedure. There is, nevertheless, one difficulty: how 
can the structure of the intermediate be characterized 
correctly? 

The physicochemical methods used for the deter- 
mination of the structures of unstable molecules depend 
on the state of the matter. If the intermediate emerges 
from a substrate in the gas phase at  reduced pre~sure ,~  
electron diffra~tion,~ photoelectron spectroscopy,5 UV 
spectroscopy,6 microwave spectro~copy,~ or similar 
techniques can be used to characterize the compound. 
Easily the richest information can be derived from the 
diffraction experiment, as in this case the three-di- 
mensional structure of the molecule can be established 
from a radial distribution f u n ~ t i o n . ~  If very small 
molecules are produced, matrix techniques can be used. 
In this procedure, the intermediate is frozen out a t  low 
temperatures in a noble gas environment,8 whereby 
infrared spectroscopy and Raman spectroscopy are 
generally used to characterize it. High resolution is then 
needed to evaluate the s t r u ~ t u r e . ~  ESR, SIMS, and 
NMR spectroscopy are also applied in these matricedo 
as a means of characterizing the compound. 

In solution, where most chemical reactions take place, 
a large variety of spectroscopic methods may be em- 
ployed to determine the structure of the transient 
molecules. For more complicated intermediates, NMR 
techniques among others have proved to be very 

ZZ. Methods and Devices 

A. General Remarks 

Various procedures for cooling the specimen in X-ray 
diffraction studies have been proposed and were sum- 
marized by StewartI7 in a paper dealing with poly- 
crystalline material. Rudman18 later reviewed the ap- 
plication of low-temperature techniques in light mi- 
croscopy, IR, NMR, and ESR spectroscopy, and neu- 
tron diffraction to low-temperature X-ray diffraction. 
Robertsonlg groups the numerous methods into three 
categories (gas cooling, liquid cooling, and conduction) 
and points out that several special requirements of 
single-crystal X-ray diffraction make gas stream cooling 
the most suitable technique for maintaining low tem- 
peratures. Early examples were reported by Cioffi and 
Taylor20 and by Twenty-five years later the 
principles of this technique were rediscovered by Fan- 
kuchen and co-workersZ2 as well as by Lipscomb and 
his  associate^.^^ With only minor modifications of the 
method a great number of crystal structures have been 
determined in a period of about 15 years.24 

Commercial cooling equipment soon became availa- 
ble,25 and cooling attachments based on gas stream 
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Figure 1. Main elements of gas stream cooling apparatus: (a) 
storage container for liquid cryogen; (b) gas stream supply unit; 
(c) transfer line; (d) cooling nozzle. 

cooling techniques can be ordered as an accessory for 
Weissenberg cameras, Buerger precession cameras, 
four-circle diffractometers, and nearly all other types 
of diffraction devices. 

Parallel to these developments of the cooling appa- 
ratus, methods were devised for obtaining single crystals 
from liquid or gaseous materials sealed in capillaries. 
There are few examples dealing with crystal growth of 
thermolabile materials in one place, followed by transfer 
to a low-temperature X-ray device elsewhere. 

In section B, the main elements of the most widely 
used gas stream low-temperature X-ray diffraction 
devices are shown; in section C, techniques of single 
crystal growth at low temperatures and handling of such 
materials under protective conditions are outlined. 

B. Main Elements of Gas Stream X-ray 
Diffraction Cooling Devices . C 

1. Basic Princbles 

The main elements of a gas stream cooling device in 
its most widely used form are shown in Figure 1. A 
cold gas is generated in a cold gas supply unit (b) and 
is directed through a transfer line (c) to a delivery nozzle 
(d). In this “open” kind of system the cooling gas es- 
capes to the atmosphere and therefore it is necessary 
to refill the supply unit from a replenishing container 
(a). Elements for automatic temperature and refill 
control may be added but are not essential. 

Alternatively “closed crystal refrigeration systems 
have been proposed2Nb (Figure 2A), and two other types 
of cooling systems should be mentioned, which are often 
referred to as gas-stream-type devices, but which really 
are conduction-type devices using the categories men- 
tioned before:19 the continuous-flow cryostat sys- 
tems26csd and the Joule-Thompson expansion sys- 
tems.26evf In these types also gas streams are used, but 
there is no direct contact of the cold gas with the 
specimen. The first type is shown in Figure 2B. In 
principle, it is merely a heat-conducting sample holder 
connected to a heat exchanger that is cooled by a con- 
tinuous flow of cold gas or even liquid cryogen. In 
Figure 2C the principle of the Joule-Thompson re- 
frigerator is outlined. High-pressure gas expands at the 
orifice (i). The cold gas stream formed in this way is 
directed toward the base of a metal sample holder (1) 
and leaves the refrigerator through a heat exchanger 6) 
precooling the incoming high-pressure gas. A minia- 
turized version in the form of a modified goniometer 
head is available.26f In all these “closed”-type systems 
frost prevention has to be accomplished by using a 
sample chamber, and therefore windows for the path 
of X-rays are necessary. In the case of X-ray diffraction 
experiments beryllium and mylar have been used as 
materials. However, problems arise in correcting for 

I h I 
I (I) I I  I 

I ( - )  1 
Figure 2. (A) Closed-cycle cooling: (a) cryostat; (b) heat ex- 
changer; (c) cooling nozzle; (d) specimen; (e) goniometer head; 
(f) polyethene bag; (g) recirculation line; (h) circulating pump. 
(B) Continuous flow type cryostat: (a) connection to goniometer 
head; (b) evacuation port; (c) beryllium window; (d) heat exchanger 
incorporated in metal block; (e) insulation; (f) stream of cooling 
agent. (C) JouleThompson expansion cooliig system: (a-c) same 
as for (B); (g) high-pressure gas inlet; (h) Joule-Thompson re- 
frigeration unit; (i) orifice; 6)  heat exchanger; (k) exhaust port; 
(1) metal crystal mount. 

absorption of X-rays by these materials, and the closed 
geometry is a serious handicap if work with labile sub- 
stances is to be done. 

2. Gas Supply Unit 

Young27 distinguishes three principal arrangements 
for generation of cold nitrogen gas (Figure 3): (1) 
bubbling gaseous nitrogen through liquid nitrogen; (2) 
passing the gas through a copper coil immersed in the 
liquid nitrogen; and (3) boiling liquid nitrogen with an 
immersed electric heater. In the first and last case, heat 
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Figure 4. Cooling-gas nozzle: (a) cold gas stream from transfer 
line; (b) warm gas stream; (c) Dewar tube, (d) shielding gas supply 
tube, (e) cold gas stream with temperature gradient; (0 electrical 
heating element; (g) metal tube. 

structions are used to overcome the serious problem of 
frost formation at the crystal or capillary. A protective 
curtain of warm gas at the outside of the cold gas stream 
inhibits condensation of moisture from the surrounding 
air. In the first case, shielding gas may be dried air,2zbs38 
but often delivery is from a second boiling resistor im- 
mersed in the cold gas evaporation vessel, combined 
with an electric gas stream heater (see ref 48 and 49). 
In the second case, only one stream is needed, in which 
the border layers are warmed by passing through a 
heated metal tube placed at  the end of the nozz- 

Another idea for eliminating frost formation is to 
surround the whole diffraction device with a perspex 
enclosure containing dry air.23b~29~43*57*58 

4. Transfer Line 

1e.33,36,51,52 

Different types of transfer lines are in use, depending 
on the special requirements of the diffraction device. 
Rigid vacuum-jacketed tubes made of metal or silvered 
glass may be obtained if the nozzle is to be fixed in one 
position. Four-circle diffractometers are sometimes 
equipped with a nozzle attached to the X-circle in such 
a way that the cooling gas always flows in the cpaxial 
d i r e c t i ~ n . ~ ~ ? ~ ~ ~ ~ ~ ~  A flexible type of transfer line is 
necessary for this kind of arrangement. Hoses49 and 
rigid tubes connected by joints29*51bJ5 are used. 

5. Refill System 

An uninterruptedly operating cooling device requires 
a refill system that will automatically transfer liquid 
cryogen from an external supply Dewar to the gas 
supply unit to maintain a constant level of the cooling 
agent within.% During the refilling action, disturbance 
of the cold gas stream temperature should be avoided 
as far as possible. 

Two alternative refill systems are shown in Figure 5. 
These systems differ principally in the control of the 
liquid cryogen level within the gas supply unit. The 
transport from the storage container to the evaporation 
vessel is effected by the pressure of the nitrogen gas 
above the liquid. The mechanically controlled system 
(Figure 5A) works by means of a methane-filled vapor 
pressure thermometer (e) controlling an outlet valve (d), 
which is connected to the storage container (a) by 
rubber tubing. If (e) is immersed in the liquid gas, (d) 
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Figure 5. Automatic refill systems for evaporation vessel. (A) 
Mechanically controlled refill system: (a) replenishing vessel; (b) 
excess pressure relief valve; (c) refill line; (d) outlet valve; (e) vapor 
pressure thermometer; (f) evaporation vessel. (B) Electrically 
controlled refill system: (a) replenishing vessel; (b) relief valve; 
(c) electrical heater; (d) refill line; (e) evaporation vessel; (0 level 
sensor; (g) control unit. 

opens and gas generated within (a) by heat leakage is 
directed to the atmosphere. If (e) loses contact with 
the liquid gas level, (d) closes and the rising pressure 
in (a) forces liquid to flow through the refill line (c). 

The electrically controlled system (Figure 5B) con- 
tains an additional electric heater (c) and an NTC 
resistor, which serves as the level sensor. Alternatively, 
a controller consisting of a magnet riding on a level 
indicator float may be used. This activates magnetic 
reed switches attached to the exterior of this indica- 
tor.37*59 A variation of this idea is refilling control by 
means of a photoelectric eye activated by the opaque 
top of a f l~a t .~ l?~O 

6. Automatic Temperature Control 

The efficiency of gas stream temperature measure- 
ment with thermocouples was examined by Young.27 
On the basis of his experiments on temperature control, 
he stated that rapid and well-controlled dynamic re- 
sponse to programmed temperature changes is provided 
by the gas stream method. Additional information 
concerning temperature measurement is given in ref 39, 
60, and 61. 

As mentioned above, a cold gas stream may be sup- 
plied from a heat exchanger or from an evaporation 
vessel. For both techniques, a given crystal temperature 
can be obtained by variation of flow velocity of a gas 
maintained at a constant flow temperature, by a con- 
stant flow rate with variable supplementary heating, or 
by combining these two principles. 

An automatic temperature control29 is illustrated in 
Figure 6. A thermocouple (g), fixed a t  the exit of the 
cooling nozzle (0, senses the temperature. An electronic 
control unit (d) compares it with a preselected value and 
adjusts it by means of the control elements (b-e) atta- 
ched to the working pressurized Dewar vessel (a) or the 

Figure 6. Automatic temperature control system with different 
control elements: (a) evaporation vessel; (b) electrical heater; (c) 
relief valve; (d) control unit; (e) electropneumatique control valve; 
(4 cooling nozzle; (g) thermocouple; (h) specimen; (i) goniometer 
head. 

transfer line. Regulation of the heat input from the 
electric heater (b) can influence the gas flow rate as well 
as an electropneumatically operated cryogenic valve (e) 
or the outlet valve (c), working in the same way. Sup- 
plementary heating can be performed by a heating coil 
(b) inside the transfer line,27i62 or additionally mixing 
in a warm gas stream.22b,41163 Depending on the re- 
quirements, only one or some of the described control 
elements are used, and even with manually controlled 
systems high temperature stability can be achieved.25 

C. Growth and Handling of Thermolabile Single 
Crystals 

1. Crystal Growth in a Capillary 

This method was originally developed for substances 
that are liquids or gases a t  room temperature and in 
most cases performed directly on the X-ray instrument. 
The substance to be examined is sealed into a thin- 
walled glass capillary and frozen solid by the cold gas 
stream. A polycrystalline form is usually first obtained. 
For converting this into a single crystal, miniaturized 
versions of the well-known Bridgman, Stockenberger, 
or zone melting methods (for comparison of these 
methods see ref 16 and literature cited therein) are 
suitable. Application of these methods requires in- 
strumentation for local heating or establishing a tem- 
perature gradient along the cooled capillary. Figure 7 
shows the different experimental arrangements cur- 
rently used. 

Zone melting procedures are performed by moving 
a warm gas stream (e) from a fine nozzle (d)23av25vM+j5 or 
by driving an electrically heated filament (f)6649 along 
the capillary filled with the polycrystalline material (b) 
and cooled by the cold gas stream (a). In another 
techniq~e,~O>~I heat radiation from a halogen lamp (g) 
is focused by a parabolic mirror (h) onto the melting 
zone (c) of the capillary. The focus can be moved along 
the length of the capillary, while a simultaneous time- 
dependent reduction of the lamp intensity and speed 
control of the movement may be chosen as parameters 
for the experiment. Programmed crystal growth by 
microprocessor-controlled equipment on a four-circle 
diffractometer has been carried 

Simon et al. established thermal gradients by apply- 
ing a heated screen (i), which shielded parts of the ca- 
pillary from the cold gas ~ t r eam. '~  This method was 
later modified for the four-circle diffractometer by in- 
troduction of a movable type screen connected to a 
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F i g u r e  8. Crystal growth by low-temperature sublimation. 

goniometer head.I3 A similar technique had been em- 
ployed early by Post et a1.,22b incorporating a small coil 
heater into the base of the specimen holder. Moving 
the capillary slowly in the cold gas stream74 and fine 
controlled changes of the gas stream temperature62 are 
further variations that have been applied to the sin- 
gle-crystal growth process. 

In comparison to the growth from liquid or melt, 
single-crystal growth by vapor deposition in a capillary 
has not been used often, although B ~ r b a n k ~ ~  stated 
some advantages of this method. 

2. Crystal Growth in One Place and Transfer to the 
Diffraction Device under Protective Conditions 
Else where 

Special experimental requirements of the synthesis 
often make it impossible to grow single crystals of a 
thermolabile compound in a capillary directly a t  the 
place where the diffraction experiments are performed. 
In this case crystal growth may be performed by 
standard procedures, such as sublimation in vacuo or 
crystallization from solution after modification for the 
use at low temperature and under protective conditions. 

Figure 8 shows an arrangement for low-temperature 
sublimation. A temperature gradient is established by 

11 I ' , Ll I I I I I 1  ' i o I  
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Figure  9. Crystal growth from solution. 

means of two cooling baths maintained at different 
temperatures below the decomposition point of the 
sample.75 

Crystallization from solution may be simply achieved 
by slowly cooling or by concentrating a solution in vacuo 
(see Figure 9). 

A more complicated device involving a concentration 
gradient between two reservoirs held at different tem- 
peratures has been p ~ b l i s h e d , ~ ~  but seems susceptible 
to difficulties in use with air-sensitive materials. 

Single-crystal growth of thermolabile compounds in 
the described manner is not much more difficult to 
achieve than that of "normal" substances. Further 
handling of these crystals, such as collection, selection, 
sealing into capillaries, and transfer to and mounting 
at the diffraction device, requires extreme care and 
experimental skill, as the material has to be maintained 
continuously below its point of decomposition. Addi- 
tional complications arise if the sample is sensitive to 
air and moisture. These must be the reasons why few 
examples of crystal growth at one place and transfer to 
another place have come to our knowledge. In addition 
to examples referring to this technique mentioned in 
chapter 111, some work showing different approaches 
to master the problems stated above should be noted. 

If the decomposition point of the material is not far 
below ambient temperature, growth, selection, sealing, 
and mounting of the crystals may be done in a refrig- 
erated area.77t78 

Another method of approach was reported by Luz- 
~ a t i . ~ ~  He grew crystals of nitric acid trihydrate in a 
beaker suspended in an unsilvered Dewar by blowing 
cold gas between the walls of the beaker and the Dewar. 
The rate of crystallization was controlled by the cold 
gas flow rate. Excess liquid was removed with a pipet, 
and crystals were maintained by filling the Dewar with 
dry ice. A specimen was transferred to a cold metal 
plate with refrigerated tweezers, examined, connected 
to an aluminum wire filament, and mounted on the 
X-ray device in a cold gas stream. 

Crystals of valeric acid were grown at dry ice tem- 
perature, examined, and sealed on a metal plate cooled 
by a block of dry ice; a piece of dry ice was used also 
for the transfer to the cold gas stream of the X-ray 
device.80 

Selection and sealing of cyclopentadiene crystals were 
carried out under liquid 
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terial while being transferred to (c) with a cold metal 
spoon (e). The cold stream of dry gas in (e) protects 
the dried capillary and the crystals from air and 
moisture when (b) is removed from the container. 
Suitable single crystals are selected with the aid of a 
microscope, and a glass filament (j) may be used to 
insert one of them into the capillary. In most cases after 
some attempts a crystal of appropriate size can be de- 
posited in the capillary behind the goniometer head 
connection element (h). The open end of the capillary 
is then removed from the cold gas stream and sealed 
by melting it with the flame of a very small torch. 

When the selection and sealing process has been 
performed, connection of the electrical heater to a 
battery changes the crystal selection and capillary filling 
apparatus (b) to a portable transport and mounting 
support apparatus. This enables the sealed capillary 
to be transferred to the X-ray equipment, where it can 
be moved from the protective cooling gas stream di- 
rectly into the cooling gas stream of the X-ray device. 
In the course of a structural investigation some crystals 
often have to be examined. It may thus be convenient 
to seal a number of crystals and deposit them for some 
time onto dry ice or another suitable cooling agent.52 

Extremely air- and moisture-sensitive compounds 
with decomposition points as low as -80 "C have been 
successfully examined in the way described (see chapter 
I11 for examples), and we consider that the method 
would also work down to -120 or -130 "C, as it is pos- 
sible to maintain the samples all the time below this 
temperature. 

A selection and capillary filling technique similar to 
the one described by Veith and B a r n i g h a ~ s e n ~ ~  has 
been used more recently ih the structural investigation 
of squalene.76 

... 

---,------ 

Figure 10. Transfer of thermolabile specimen to capillaries: (a) 
cooling bath; (b) crystal selection and capillary filling apparatus; 
(c) selection and capillary filling tube; (d) cold gas streams; (e) 
"metal transfer spoon"; (f) cold gas stream; (g) capillary; (h) 
connection element to goniometer head; (i) specimens for choice; 
0') glass filament. 

( C )  

Crystals of the low-temperature form of hydronium 
perchlorate were grown from a water-anhydrous per- 
chloric acid mixture at dry ice temperature and were 
selected on a microscope cold stage, cooled from below 
and blanketed with dry nitrogen gas. During the in- 
sertion of a crystal, a glass capillary was held in a hole 
of a block of dry ice. After sealing, the capillary was 
transferred from the dry ice directly to the cold gas 
stream of the X-ray device.82 Formerly the same author 
prepared crystals of the low-temperature form of am- 
monia-triborane by evaporation of a diethyl ether so- 
lution of the compound while maintaining under a slow 
stream of dry nitrogen in a vial immersed in a chloro- 
benzene slush bath at  -45 "C. The crystals were se- 
lected and mounted in a similar way to that mentioned 
above.83 

All these early methods were adjusted to the special 
requirements of the related problems but no generally 
applicable procedure has been given. The method used 
in 1974 by Veith and Barnighausen in the study of 'the 
structure of bis(trimethylsilyl)diimineS4 has been de- 
veloped to a standard procedure today for the handling 
of thermolabile, air- and moisture-sensitive single 
crystals. It has proved successful in many investiga- 
tions, some of which are discussed in chapter I11 from 
a chemical viewpoint. A variant is described below that 
was used also recently during the structural investiga- 
tion of bis(ethene)(t~luene)iron.~~ The principles are 
illustrated in Figure 10. The central element of the 
arrangement is the crystal selection and capillary filling 
apparatus (b), consisting of a small electrical evapora- 
tion cold gas supply unit equipped with the crystal 
selection and capillary filling tube (c). This is simply 
the half-section of a thin-walled aluminum tube.M A 
glass capillary (g), cemented to a small metal cylinder 
(h) serving as a connection element to a goniometer 
head, is dried in a vacuum line and transferred into the 
cold gas stream flowing along (c). Then (c) is inserted 
into the crystal growth container as shown in Figure 10. 
A second cold gas stream protects the crystalline ma- 

III. Use of Three-Dimensional Structures of 
Unstable Inorganic Molecules and Solids in the 
Evaluation of Their Reactivity 

A. Correlation of Instability and Molecular 
Structure 

Bis(trimethylsilyl)diimine,86 a derivative of diazene 
(diimine), readily decomposes at  -20 to -35 "C ac- 
cording to eq 3. 

Me SI ,SiMe3 

1 Me& ' 'SiMe3 
'N-N (3) A T  2MeSSi-N=N-SiMe3 - N2 + 

It is surprising that the silyl compound decomposes 
at  about 80-100 "C lower than the corresponding or- 
ganic derivative bis(tert-butyl)diazene, although the 
Si-N bond is usually believed to be much stronger than 
the C-N single bond due to the multiple-bond character 
of Si-N resulting from pa-dir  interaction^.^^ 

Structure determinationM of 1 at -130 "C (the crys- 
tals were prepared following one of the routes described 
in chapter II.C.2) reveals a trans configuration of the 
azo group in the molecule and above all an extremely 
short N-N bond length (see Figure ll), which correlates 
well with the ease of nitrogen formation. It also exploits 
the understanding of the reactivity of the molecule. 
Migration of the trimethylsilyl group from one nitrogen 
atom to the other within 1 should be very plausible 
considering the geometry of the molecule and the long 
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Me,Si / Q m  

Figure 11. Molecular dimensions in Me3Si-N=N-SiMe3.s4 

msan H r 148 7 mean 0-C 1 5 4 6  
H B H 90 6121' 8 H B e6 6 ( 3 P  

Figure 12. Intramolecular distances (pm) in tert-butyl(tert- 
buty1imino)borane (4) and its cyclic dimer (5).90 

bond distance between Si and N. The dimerization of 
1 to the (trimethylsily1)tetrazene 2 (which occurs under 
reaction conditions different from those in (2)) or the 
complex formation of 1 with dicyclopentadienyl- 
vanadium, yielding a stabilized isodiazene 3 in this 
context, is therefore not surprising (eq 4). 

Me3Si-N=N-SiMe3 

J /SiMe3 \ 

\ +  
Me3Si 

Me3Si 

.. a .  
Me S'  

Me 3s I 

I\.. N-N ..//N-N\S,Me3 / N = N & V ( c p ) *  
/ 

2 3 

The structure of 2@ and 3ag also have been confirmed 
by X-ray structure analysis. It should be noted further 
that the low temperature, necessary for a diffraction 
experiment on 1 or other compounds, reduces the mo- 
lecular motion of the atoms within the crysta1.l Hence 
the data are less affected by dynamics and the structure 
is substantiated with great accuracy. In the case of the 
X-ray structure determination of 1, all hydrogen atoms 
have been unambiguously located within the crystal. 
The stereochemical activities of the lone pairs of the 
nitrogen atoms in 1 can be shown@ by simple analysis 
of interatomic nonbonding distances. Their location 
can be compared with results from theoretical calcula- 
t i o n ~ . ~ ~  

In Figure 12 the intramolecular distances of tert-bu- 
tyl(tert-buty1imino)borane (4) are shown together with 
those of its cyclic dimer (5).90 With respect to the 
isoelectronic acetylene derivative, the rather long B-N 
triple bond within 4 (A = 8 pm) and its obvious polarity 
(dipole moment of 4 = 0.020 f 0.003 D) induce a greater 
reactivity. 4 is metastable (tIl2(50 "C) = 3 daysg0) and 
cyclizes slowly to its dimer, the 1,3,2,4-diazadiboretidine 
5. Crystals of 4 were obtained by zone melting and 
recrystallization, whereby IR radiation was used for 
heating. 4 originates by thermoIysis of 6 as educt at 530 
"C and is quenched at  -196 "C (eq 5). 

In comparison to tetra-tert-butylcyclobutadiene,gl the 
BzNz cycle in 5 is, remarkably, more folded and thus 

8 

deviates significantly from planarity. Also, the four 
B-N bond lengths in 5 are equal within the limits of 
standard error, whereas in the cyclobutadiene they 
differ more (146.4 (2) vs 148.2 (2) pm). The mean B-N 
bond distance in the B2N2 cycle is 18.14% larger than 
the B-N bond length in the monomeric iminoborane. 
If the corresponding C-C distances in the tert-butyl- 
substituted cyclobutadiene and the acetylene are com- 
pared, the elongation amounts to 24.87% .91 All these 
values can be interpreted in a greater reactivity of 4 
compared to di-tert-butylacetylene. 

Another example of a dimerization, where the 
structures of the reactant and the product have been 
established, is the trifluoroethylidynesulfur trifluoride, 
F,C-C=SF, (7), and its transformation to the dimer 
8.92 

At low temperatures (-100 to -150 "C), crystal growth 
of the monomer can be achieved in a capillary from the 
melt. In the same capillary, dimerization takes place 
at  elevated temperatures, but is terminated early 
enough to yield a concentrated solution of the dimer 
of CF3C=SF3. Crystals can then be grown from this 
solution. The fascinating aspect of this procedure is 
that chemical reactions are performed in a capillary and 
the products are probed by single-crystal techniques. 

It can be shown by this experiment that the expected 
dimers 9, 10, and 11 are not formed; instead compound 
8 with a central C-C double bond and SF3 ligands is 
isolated. 

F F F F  

F3C \C=S-F / / F  F3C\ C=S-F I / F  F-S-S-F I / / F  

F/l>'(/  

\ 
/c-c 

I I  /C=S-F I /  
CF3 F3C I \ F  F3C CF3 

\ 
F 

11 
9 10 

8 

The reactivity of 7 can at  least be partly attributed 
to its molecular structure.92 The molecule exhibits a 
very short C=S bond (139.4 pm), but is not perfectly 
linear regarding the C-CrS arrangement. The angle 
a t  the central carbon atom of 171.5" does not seem to 
be negligible in describing the bonding situation. 

The following three mesomeric forms must be con- 
sidered, of which the carbenoid ylidic description best 
reflects the reactivity. 

.-e + + 
F,C-C=SF, - F3C-CESF3 - F F*C=C=SF3 

The formula with a negative charge on the fluorine 
takes into consideration hyperconjugation in order to 
explain the rather short C-C bond within 7 (131.9 (6) 
pm). 
A very instructive example for the use of the low- 

temperature X-ray structure techniques is the cyclo- 
dimerization of 1,3-di-tert-butyl-2,2-dimethyl- 
1,3,2,4X2-diazasilastannetidine ( 12).93 This amino com- 
pound of divalent tin may crystallize in one of two 
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gen-bridged bonds. These findings may be correlated 
with an intermolecular hydrogen transfer yielding in 
this way NH, and HN,, which then combine in a sep- 
arate step to give NH4N3. 

B. Reaction Intermediates 

The molecules, which have been discussed in the 
previous chapter, may all be considered as intermedi- 
ates in a sequence of reactions. In this context the 
structure determination of the unstable molecule serves 
as confirmation of the existence of the compound. This 
may be illustrated by another, organometallic exam- 
ple.@ Following eq 7, cocondensation of Fe and toluene 

Me,C \ 238 Pi71 ' / ' 8 0 5 ( 7 1  

Me, s i - N e Sn-- N 
I \  

N - S n - l  No- S i  Me, 
I I 224 4171 I 5(81 

&e, 210 1171 CMe, 

Figure 13. Comparison of the molecular dimensions (pm) in 
MezSi(N-t-Bu)2Sn and [MezSi(N-t-Bu)zSn]294 

different solid modifications. A pale yellow, triclinic 
phase is obtained when pure (at ordinary temperature) 
red liquid 12 is allowed to cool below 0 "C. Whereas 
the liquid almost exclusively contains monomeric 
molecules, the triclinic solid consists of This 
phenomenon can be explained by an intramolecular 
reaction as formulated in eq 6. 

t - B u  
I +  ..- 

Me2Si -N- t -Bu Me2Si-N-Sn-N-f - B u  
(6) 2 - I I -  I +  I 

t-BuN-$n-y-SiMe2 
2 I I  

t-BUN-Sn: 

12 I 
t - B u  

On the other hand, an orange monoclinic phase forms 
when 12 is first dissolved in hexane and crystallization 
is induced at -70 "C. The two solid phases of 12 cannot 
be mutually converted into one another: on heating, 
the orange monoclinic form melts and recooling yields 
the triclinic one. In contrast to the triclinic phase, the 
monoclinic phase contains monomeric and dimeric 
molecules in a 1:l ratio, as has been established by a 
low-temperature X-ray structure determination." The 
intermolecular reciprocal actions of the molecules, 
which are more frequent in a melt than in a solution, 
apparently seem to influence the balance of the equi- 
librium (6). As a matter of fact, the structure deter- 
mination of the monomer 12 has been possible only by 
the techniques described in chapter 1I.C. 

In Figure 13 the most important structural dimen- 
sions of the monomer and the dimer are depicted. As 
can be seen from this comparison the dimerization of 
12 occurs a t  the expense of the Sn-N and Si-N bond 
lengths of the monomer. This fact may be compared 
with the oligomerization of molecules with U,T double 
bonds (see above; for further discussion of this general 
aspect, see ref 95). 

Finally, we have recently found a case in which even 
intramolecular contacts must be considered to explain 
the instability of the molecule. 2-Tetrazene, which has 
been synthesized by Wiberg and co-workers,96 is not 
stable above -30 "C. Solid 2-tetrazene decomposes to, 
among other products, the isomeric compound NH,N,. 
This transformation was not fully u n d e r s t ~ o d . ~ ~  The 
NH4N3 could have been formed by an intramolecular 
or an i n t e r m o l e c ~ l a r ~ ~ ~ ~ ~  hydrogen migration. The 
crystal structure determination of H2N-N=N-NH, 
at low t e m ~ e r a t u r e ~ ~  also gave some insight into this 
problem. In addition to the interesting molecular fea- 
tures it was found that the molecules in the lattice 
interact via extraordinarily strong N-H--N hydro- 

Fe + 2 ( 0 ) -  - 

( 7 )  

1s 14 

yields the bis(to1uene)iron complex 13, from which one 
toluene can be replaced by two ethene molecules. 
Compound 14 has been isolated at  -78 "C as orange 
cryst&, which decompose above -50 "C to iron, ethene, 
and toluene. 

It is comparatively easy to find out by spectroscopic 
methods that 13 is a (a6-arene)(a4-arene)iron(0) type 
c o m p l e ~ , ~ ~ ~ ~ ~  but the lH NMR of 14 gives broad reso- 
nances (effected by partial decomposition) that cannot 
be interpreted with certainty in terms of a molecular 
structure. By low-temperature X-ray diffraction com- 
pound 14 is unambiguously characterized as bis(a2- 
ethene) (a6-to1uene)iron. The structure determination 
confirms that 14 is a molecular intermediate with a 
definite composition and also establishes the type of 
bonding of the ligands on the iron atom. 

An even more complicated situation in the charac- 
terization of a transient intermediate occurs in the re- 
action of 1,3-di-tert-butyl-2,2-dimethyl-1,3,2,4X2-diaza- 
silastannetidine with tert-butylamine. However, this 
also has been solved by using the techniques described 
in this review.99 If equimolar amounts of 12 and the 
amine are allowed to react, three different compounds 
(15, 16, and 17) are formed (eq 8). 
5Me2Si(N-t-Bu)2Sn + 5-t-BuNH, - 

12 
4Me2Si(N-t-BuH), + Me2Si(N-t-Bu)2Sn43nN-t-Bu 

15 16 
+ (SnN-t-Bu),-(Sn(N-t-BuH),) (8) 

By variation of the molar ratio of 12 and tert-bu- 
tylamine, either 16 or 17 can be obtained, together with 
15.l"" The formation of 16 and 17 seems to be expli- 
cable by assuming a transient iminostannylene (t-  
BuNSn:),lol a heavy congener of tert-butyl isocyanide 
(see also ref 102). In order to gain insight into the 
reaction mechanism, we steadily lowered the tempera- 
ture of the hexane solution containing the reactants 12 
and tert-butylamine in equimolar amount. A t  -80 "C 
single crystals of the 1:l complex of 12 and tert-bu- 

17 
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Figure 14. Molecular structure of Me2Si(N-t-Bu).#n.H,N-t-Bu.99 
Distances in picometers; angles in degrees. 

tylamine (18) were obtained.99 They were used for an 
X-ray structure determination revealing the unstable 
18 to be a Lewis acid-base adduct, in which the nitrogen 
atom of the amine coordinates to the nucleophilic tin 
atom (Figure 14). Moreover, we found that the hy- 
drogen atoms of the amine are in the near vicinity of 
the nitrogen atoms in the SiN2Sn ring, the latter even 
protruding by 22 pm from the SiN2Sn plane. In order 
to explain the formation of 15 and of the transient im- 
inostannylene, the hydrogen atoms only need to migrate 
along the Ne-H interactions by about 150 pm (eq 9). 

I - B u  t - B u  
18 

t - B U  
I 

'(-H 

I 

N--H + 

Me$ I '" + (:Sn-N--t-Bu) (9) 

t - B u  
15 

The N-H bonds within 18 thus can be considered as 
reaction coordinates. The resulting iminostannylene, 
which may exist free or coordinated, is subsequently 
trapped by 12 to form 16 or by tert-butylamine to form 
17 (for more details, see ref'l0l). 

C. Unstable Phases in Solid-state Chemistry 

As pointed out in the introduction, low-temperature 
X-ray diffraction techniques have been used in solid- 
state chemistry fcr a considerable time. Metastable 
phases have been characterized, temperature-dependent 
disorder-order transitions in plastic or liquid crystalline 
phases have been followed, structure-dependent 
changes in physical properties with decreasing tem- 
perature have been investigated, etc. References to 
these and other subjects may be found in the mono- 
graph of Rudman.l Difficulties that are frequently 
encountered are unfavorable phase diagrams for grow- 
ing crystals, twinning, and the occurrence of antiphase 
boundaries. 

Although it is not the subject of this review to focus 
on this special topic, it should, nevertheless, be pointed 
out that entire fields of inorganic solid-state chemistry 
are dependent on low-temperature X-ray techniques. 
We wish to demonstrate this in three examples. The 
alkali metal suboxides, which were claimed to exist at 
the beginning of this have only recently been 
chemically and structurally characterized.lo4J05 To set 
up phase diagrams for crystal growth, Simon had to 
develop a new X-ray camera for polycrystalline powders 
at low temperatures,lo6 which is now commercially 
available.'O' The structures of water-rich mineral acids 

also can be determined only at low temperatures be- 
cause of their low melting points. In a recent publica- 
tion, Mootz et al. showed that even the metastable 
H2S04-8H20 ( (H502)2S04.4H20) can be characterized." 
Finally, Simon et al. succeeded not long ago in crys- 
tallizing the P-form of white phosphorus and were able 
to obtain the three-dimensional structure.10g Whereas 
the ,&form is ordered, with six tetrahedral P4 molecules 
within the centrosymmetric triclinic lattice, the a-form 
is cubic and disordered (plastic crystalline phase)."O 
Since single crystals of p-P cannot be obtained by 
cooling a-P crystals below the transition temperature 
of -76.4 "C (see references in ref log), they grew p-P 
crystals directly from a CS2 solution between -80 and 
-110 "C, thus avoiding the formation of a-P. This ex- 
periment demonstrates that the techniques described 
in chapter 1I.C for unstable molecular compounds may 
be relevant even in solid-state chemistry. 

IV .  Conclusion and Ouflook 

Low-temperature techniques in combination with 
X-ray diffraction may serve as tools for the structural 
characterization of unstable molecules. Crystal growth 
and transfer of the metastable crystalline solids have 
been described. As these techniques are not restricted 
to a capillary, they should be of general application to 
any chemical problem concerned with an unstable or 
transient molecular compound. The impact on the 
detection of reaction mechanisms is obvious. 
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