In the first approximation, these compounds have an appreciable uncompensated charge,
in contrast, for example, to 1,5-difluoro-1,1,1,3,3,5,5-hexanitropentane, which was calculated
in the same approximation and which has the symmetry of an open carbon chain (approximately
local symmetry C,) [L].

CONCLUSTIONS

1. The compound 1,1,1,3,5,5,5-heptanitropentane has been prepared, and from this, 3~
fluoro-1,1,1,3,5,5,5~heptanitropentane hasbeen synthesized.

2. By means of x-ray structure analysis, a closed-chain conformation of the carbon
atoms has been established for 1,1,1,3,5,5,5-heptanitropentane, 3~fluoro-1,1,1,3,5,5,5~hepta-
nitropentane, and 3-chloro-1,1,1,3,5,5,5-heptanitropentane.

3, Calculations of the electronic structure of all three compounds showed that the 3~
chloro-1,1,1,3,5,5,5-heptanitropentane is more strongly polarized, and this should lead to
an increase in the electrostatic intermolecular interaction in the crystal. The distribu-
tion of averaged contacts of different types in the crystals of these compounds corresponds
to their electronic structure.
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IR SPECTROSCOPIC STUDY OF MATRIX-ISOLATED FREE ALLYL RADICALS
AND ANALYSIS OF VIBRATIONAL SPECTRA AND STRUCTURE OF m-ALLYL
ORGANOMETALLIC COMPOUNDS

A. K. Mal'tsev, V. A. Korolev, UDC 543.422.4:541,515:547.1'13
and 0. M. Nefedov

The matrix isolation method [1] offers the unique possibility of stabilization and direct
IR spectroscopic study of highly reactive free radicals, carbenes, and other species with the
aim of determining their structures [2, 3] and the mechanisms of reactions in which they take
part {2]. The IR spectrum of the free allyl radical (AR), which is the simplest delocalized
T-system with equalized carbon—carbon bonds {4, 5], is of particular importance because of
the existence of a broad class ot organometallic compounds (substances of practical impor-
tance) with compositions including the m-—-allyl ligand CsHs.

The character of the chemical bond and the changes in structure of the allyl system when
a m-complex is formed can be evaluated by comparing the physicochemical characteristics of the
free AR and the m-allyl ligand. A good experimental base for such an analysis might be found
in vibrational spectroscopy, since the known ESR [6-8], photoelectron [9], and mass spectra
(see [10) and literature cited therein) of the free AR are difficult to compare with the
properties of the stable complexes. It is specifically the change in vibrational frequencies
of the ligand, including a decrease of 100-200 em ' in v(C=C), that are characteristic for the
formation of m-complexes of unsaturated compounds [11]. However, spectral data for a variety
of m-allyl complexes have not been subjected to such an analysis, since the IR spectrum of the
free AR had not been obtained up until quite recently.

3. D. Zelinskii Institute of Organic Chemistry, Academy of Sciences of the USSR, Moscow.
Translated from Izvestiya Akademii Nauk SSSR, Seriya Khimicheskaya, No. 3, pp. 555-568, March,
1984, Original article submitted September 28, 1983,
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TABLE 1. Products from Pyrolysis (900°C, 10~° to 107°
torr) of 1,5-Hexadiene Ce¢H,o, in an Argon Matrix at

12°K

Frequency,cm™)| Assignment Frequency, cm™§  Assignment
3107 .CsH 13885 .
3084 Cello 85 ) CsHs
3051 -C,H;s 1317 -C;H;s
3040 -CsHs 1284 -CsHs
3019 -C3Hs 1247 CeHjo
2987 CsH1o 1242 -CsHs
2933 CsHjyo 1182,5 -CsHy
2913 CeHyo 11(1);; CH,=C=CH,
2860 CsHyo 3
2849 Celyo e ) Tmpurity
1954,5 CH3=C=CH2 995‘0 Cngo
180" ) CH 9832 -CaHs
1827 10 9728 -CsHs
1649 CsH1o 913,8 CsHjo
1623 H,0 837,0 CH:=C=CH,
1608 H,0 808,5 -CsH;
1602 -CsHs 801,2 -CsH,
1477 -CsHs ’égg'g C.H,
1463 5
e Gl ol €0,
1454 CeHyo 640—-655 CeHjo
1439 | ’ 629,0 CH;C=CH
1435 | CeH1o 6160 .CHg?
1420 510, -CsHs
=) Celio

In 1982, we succeceded for the first time in registering an intense IR spectrum of AR
stabilized from the gas phase in an argon matrix at 12°K. We reported 16 vibrational fre-
quencies of the AR, which was obtained by vacuum pyrolysis of various allyl-containing
compounds [12]. In 1983, researchers in West Germany [13, 14] published an IR spectrum of
AR stabilized by the same mehtod, coinciding to a great degree with our data [12]. However,
the interpretation of this spectrum given in [l4] was not backed up by the isotope frequency
shifts and vibrational calculations that are required for assignment. It is significant
that a later ab iniiio calculation of the structure and approximate vibrational spectrum
of AR [15] gave substantially lower frequencies vag(CCC) 1204 cm™*' and vg(CCC) 1097 cm™*,
in comparison with 1477 and 1242 cm~' in [14]. Thus, the available experimentally deter-
mined IR spectra of AR [12, 14] require additional isotopic data and a comparison with
vibrational calculations in order to determine the complete spectrum of normal vibrations of
this species.

In the work reported here, we have established the frequencies of normal vibrations of
the AR on the basis of the IR spectra of C3;Hs and its deuterated analog CsDs and & theoretical
calculation of the complete vibrational spectrum; also, we have determined the force field of
the AR, On this basis, we have carried out a comparative analysis of the spectra of the free
AR and the allyl ligand in m-complexes with the aim of revealing the features of chemical
bonding in the formation of these complexes.

EXPERIMENTAL

The free allyl ligand (AR) was generated in the gas phase by high-vacuum pyrolysis of
compounds AllX (X = Cl, Br, I, SiMes, All) at 600-1000°C and a pressure of 10~' to 10 * torr
in a single-pass quartz reactor, 120 x 5 mm, connected to an optical helium cryostat

—{000°

00— 1000
ANX ————— All - X
X = Cl, Br, I, SiMe,, All

The pyrolyzed products were frozen, together with excess argon, on a Csl substrate, chilled
to 12°K by means of a cryogenic system with a closed cycle. The IR spectra were recorded by
means of a Hitachi—Perkin-Elmer Model 225 spectrophotometer,

In the matrix IR spectra of the products from the pyrolysis of the compounds AllX, we
observed and assigned to AR the bands indicated in Tables 1 and 2, which we have reported
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Fig. 1. IR spectrum of products from pyrolysis of 1,5-hexadiene

(900°C, 107 torr), in Ar matrix at 12K (+ — CH,—CH—CH,).

previously [12]., The positions and relative intensities of the bands coincided when the C3Hs
was obtained from different starting compounds. In Figs. 1 and 2 we show the spectra of the
products from pyrolysis of 1,5-hexadiene and AllI; and in Tables 1 and 2 we have listed the
frequencies of all the compounds formed in the pyrolysis. In the process of controlled warm-
up of the matrix from 12° to 40°K, there was a synchronous decrease in the intensities of
these bands with a simultaneous increase in intensity of the bands pertaining to diallyl, the
known product of AR recombination.

Of the starting compounds that we have examined, the 1,5-hexadiene dissociates the most
selectively with the highest yields of AR. Therefore, in preparing the deuterated AR, we
synthesized a sample of perdeutero-l,5-hexadiene through the reaction

ether , 34°
CICD,CD=CD, + Mg —————~ CD,=CDCD,CD,CD=CD,
The mass spectrum of the Ce¢D,o showed a good correspondence with the known pattern of frag-
mentation of 1,5-hexadiene under electron impact (50 eV), with the following values of m/z
(relative intensities in parentheses): 92(7) [CeD,o]t, 90(6) [CeDolt, 74(100) [CsD,}+, 60(65)
[CuDe ], 58(7) [CuDs]t, 46(88) [CsDs]t, 44(8) [CsD4]+, 43(65) [CaDs]t, 32(14) [C,D.]*, 30(26)
(C2D51h).

The matrix IR spectrum of C¢D,0, which is shown in Fig. 3 along with the spectrum of
C¢H10, contains bands in the region typical for C-D stretching vibrations, including bands
at 2250, 2210, and 2202 cwm™', corresponding to the v(C—D) vibrations in the CD=CD, group.
The band at 1589 cm~' confirms the presence of C=C bonds in the molecule. On the whole, the
bands of the C¢D, o are shifted regularly in relation to the spectrum of Ce¢H,o, towards lower
frequencies.

In the matrix IR spectrum of products from vacuum pyrolysis of CeD,o (900°C, 10™° torr),
there are eight rather intense bands at 2285, 2214, 2209, 1263, 1062, 1018, 1007, and 646.5
em™ ', which we have assigned to deuterated AR (Fig. 4).

900°, 10+ TOTT ovmeremmarcestremmeeeneen ]
CD,=CDCD,CD.,CD=CDy ———— CDz'—,CD—CDz

Upon warming the Ar matrix from 12° to 40°K, these bands become weaker and then disappear.
The weak bands at 768, 762, and 650 cm~', which disappear when the matrix is warmed, may also
pertain to the radical C,;Ds (Table 3). 1In addition to C3;Ds, the pyrolysis of Ce¢Dio forms
propylene-d¢, allene-d,, and methylacetylene-d,, analogous to the pyrolysis of nondeuterated
1,5~-hexadiene (see Table 3).

The experimentally determined IR spectra of CsHs and C3Ds (Table 4) have enabled us to
carry out a soundly based theoretical calculation in order to refine the assignment of the
observed bands to the normal vibrations of the AR and to determine the force field of this

species.

The calculation of the vibrational spectra by means of the set of programs given in [16]
was performed for a planar model of the AR with rge = 1.40 A and rgy = 1.09 A; all angles were
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Fig. 2. IR spectrum of products from pyrolysis of CsHsI (800°C,

10~ torr), in Ar matrix at 12°K ( —CH,—CH—CH,).

taken as 120°, The initial values of the force constants were carried over from molecules of
olefins, benzene [17]}, and w-allyl complexes [18]. The AR, having symmetry C,v [4, 7], must
have 18 normal vibrations of the types 7A, + 2A, + 3B, + 6B., of which 16 (all except those
belonging to type Az, one torsional and one wagging vibration of the CH, group) are active in
the IR spectrum., The results from calculations for the C;Hs and C3Ds radicals are presented
in Table 4. In solving the reverse vibrational problem, the force constants were refined by
an iteration procedure by the least-squares method {16].

DISCUSSION OF RESULTS

Assignment of IR Bands to Normal Vibrations of AR

In analyzing the spectra that were obtained, beginning with the low-frequency vibrations,
we note that in the region of C-H stretching vibrations, where the AR has five normal vibra-
tions (3A, + 2B.), we registered four bands in the spectrum of CsHs and three bands of (—D
vibrations in the spectrum of C3Ds. A comparison of the positions of these bands with the
results obtained by calculation (Table 4) enabled us to assign the 3051 cm™' band to v (CH)
(in [14], 3048 cm™%).

On a background of weak bands at 1622, 1608, and 1590 cm™' from impurity molecules of
H,0 in the matrix, we found in the spectrum of the C;Hs a medium~intensity band at 1602 cm™*',
which is regarded as an overtone of the most intense band of the AR at 801.2 cm . Also
assigned to combination vibrations are the weak bands of the AR at 1317, 1182, and 3040 cm™’.

In assigning the IR bands that we registered below 1500 cm™', it was taken into account
that for the m-allyl ligand in the 1350-1500 cm~' region, synphase and antiphase deformation
(scissoring) vibrations of CH, groups and a stretching vibration vags(CCC) have been observed
[11]. As shown by the calculations, as a result of replacement of the H atoms by D, the
frequencies of these deformation vibrations of the AR should be shifted by 400-450 cm™', to
frequencies of 1000-1100 cm™', whereas v,5(CCC) decreases only very slightly. The literature
data confirm that for molecules of completely deuterated hydrocarbons, all of the deformation
vibrations lie below 1150 c¢m~' [17]. Therefore, the IR band at 1263 cm~', the only band in
the 1150-1500 cm~' region in the spectrum of the CsDs, must pertain to vas(CCC). TFor the
CsHs, the calculated frequency corresponding to this vibration is somewhat higher. 1In the
observed spectrum of CsHs in this region, there is a band at 1284 cm™', which has been as-
signed to vg4(CCC). A calculation of the contributions of the vibrational coordinates to
the potential energy (see Table 4) shows that this vibration is highly characteristic, both
for the CsHs and the C3Ds.

Thus, all three of the observed bands of CsHs in the 1350-1500 cm™' region must pertain
to deformation vibrations, of which the two scissoring vibrations &§(CH:) usually have the
highest frequency. According to the calculations, they differ by only 20-30 cm~'. Therefore,
we will assign to the antiphase vibration §(CH.) the band at 1477 cm~', and to the synphase
vibration the band at 1463 cm~', In the IR spectrum of the CsDs, according to the calcula-
tions, these correspond to the bands at 1062 and 1018 cm~'. The third band, at 1388.5 cm~?,
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Fig. 3. IR spectra (Ar matrix, 12°K): a) 1,5-hexadiene; b)

1,5-hexadiene-d,o (% — impurity).

can be assigned to the in-plane vibration §(CH) of the B, type, which according to the data

of our calculation and ab ini#io calculations [15], is 70+100 cm™' lower in frequency than

the §(CH,) vibration. Upon deuteration, the shift of this band may be almost as great as

400 cm~'; therefore, to 8§(CD) for the Cs3Ds we have assigned the band at 1007 cm™'. The po-
tential energy distribution (PED, see Table 4), shows that a significant contribution is made
to this vibration by the coordinates a(CH.) and B(CH:). This may be the reason for the higher
value of the frequency §(CH) for the Cs;Hs in comparison with certain unsaturated compounds,
such as propylene with §(CH) 1297 cm~?', diallylwith 1301 cm™’, and methylallene with 1330 cm=*
[17]. On the other hand, for cis-disubstituted ethylenes, the frequency of the in-plane
deformation vibration &§(CH) amounts to 1400-1405 cm™', and for trisubstituted ethylenes 1375-
1390 cm~® |19, pp. 80-8l]; in particular, for cis-2-butene, the frequency §(CH) of the B, type

is 1420 em* [17, p. 231], i.e., still higher than the proposed value of 1389 cm™' for the AR.

Additional evidence in favor of the assignment of the 1389 em~' band to S(CH) can be ob-
tained by analyzing the vibrations of the m-allyl ligand in complexes, in the spectra of which
there is always an intense band near 1380 em™', depolarized in the Raman spectra and corre-
sponding to symmetry A" [11]. However, when the H atom on the central carbon atom of the 7-
allyl ligand is replaced by Cl [20] or Br [21], this band does not appear in the spectra; and
for the ligand w-2-MeC,;H., the 1386 cm~' band pertains to a different vibration, since it is
polarized in the Raman spectrum {22]. Hence it is possible that the band close to 1380 cm
for the m-CsHs ligand corresponds to the §(CH) vibration and that it is shifted to 1389 cm'

for the AR.

The symmetrical stretching skeletal vibration vg (CCC), as shown by our calculations, is
strongly mixed with the deformation rocking vibration §y(CHz), the difference in their fre-
quencies amounting to about 200 cm—'. In the spectrum of the CsHs we observe a band at 1242
em~? and two bands close to 1000 cm™', one of which, at 972.8 cm™', we will arbitrarily assign
to vg(CCC) and the other, at 983.2 cm™', to the antiphase vibration 8y (CH.). Since the data
for the m-allyl complexes [23, 24] indicate that the synphase vibration §r(CHz) may be in
the 1200 cm~' region, we are regarding the 1242 cm™* band as 6,(CH;). However, in view of
the mixing of the vibrations vg(CCC) and 6 (CHz), the reverse assignment may be possible,
i.e., the 1242 ecm™* band to vg(CCC) and the 972.8 cm~! band to 8§¢(CH.). An analysis of the
spectra of l-alkenes [17] confirms (in contrast to [14]) that the vibrations 8§y (CHz) usually

have a lower frequency than §(CH).

In the region below 1000 cm~? we usually find the bands of out-of-plane deformation vibra-
tions; for the IR spectra of molecules with terminal =CH. groups, an extremely intense wagging
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TABLE 2. Products from Pyrolysis (800°C*, 107° torr)
of CsHs1, in Argon Matrix at 12°K

Frequency, cm™ !l Assignment Frequency.cm'4 Assignment
¥

3107 -CsHj 1373 ) CsHs
3089 CsHs, CsHyo 1318 -CsH;
3050 -CaHs ' 1284 -CsHs
3017 -CsHs I 1242 -CsHs
2980 CsH, 1190 CsHsl
2938 C:{Hs, CsHto 1182 'CSH.';
2920 CsHg 1152 Cs;HsI
2886 CsHs 995,0 CsHe
1954 CH,=C=CH, 983.2 -CsHs, CsH:sl
1650 C;Hs, CsHyo 972,7 -C;H,
1623 } H0 9197 CsHsl
1608 2 9136 CsHyo
1602 -CsHs 9085 CsHs
1477 -CeHs ! 837,0 CH,=C=CH,
1463 -CsHs H 808,0 -CsHj
1453 C;He, CsHlo |' 801,2 'CBHS
1439 Cs;Hs, CeHyo | 675.0 CsHsI
;ggg CsH;1 III 663,0 } CO,
e ~CsHs Y CsHs

*In the 2800-3200 cm™' region, we have listed the fre-
quencies of the products from pyrolysis of C3HsI at
1000°C.

vibration py(CH2) 1is characteristic., The assignment of the most intense band in the spectrum
of CsHs at 801.2 em™' (in the spectrum of Ci;Ds at 646.5 em™') to one of the two vibrations
ow(CHz) of type B, is quite reliable, since precisely such an isotopic shift is predicted by
calculation., The vibration p(CH:) of type A, is inactive in the IR spectrum.

Moreover, it is known that the band py,(CHz) for allenes and vinyl derivatives is accom-
panied by a band in the overtone region, distinguished by a remarkably high intensity, with
a frequency that coincides almost exactly with the doubled frequency of the fundamental vibra-
tion (25, p. 74; 19, pp. 76-78]. Just such a band at 1602 (2 x 801) cm™' is observed in the
spectrum of C,;Hs, which confirms the assignment of the 801.2 cm™ ' band to pw(CH2). The much
lowered value of the frequency of py(CH:) for the AR in comparison with vinyl and vinylidene
hydrocarbons, for which py(CHz) has a frequency of 880-920 cm™', is the first cxample that
has been found of the influence of conjugation and delocalization in AR on the frequency of
this vibration [25, p. 55].

The calculated value of the frequency of the out-of-plane vibration p(CH) proved to be
almost 600 cm~' below the frequency of the in-plane vibration §(CH), to which we have assigned
the band at 1389 em™'. Such a difference in frequencies has been predicted by an @b initic
calculation [15], and also by calculation of the spectrum of the w-allyl ligand [26]. There-~
fore, we have assigned to p(CH) the weak band at 808.5 cm~', which was not included in the
initial list [12] of frequencies of C,;Hs, but was reported in [13, 14]. Let us note that a
large difference between the frequencies of &(CH) and p(CH) has been noted for many l-alkenes,
the values of p(CH) being 578 c¢cm™' for propvlene, 623 for l-butene, 673 and 880 for trans-2-
butene, and 808 for trimethylethylene [17]; i.e., this vibration is not characterized by a
constant frequency of 950-1000 cm™' as was supposed by Maier et al. [14], who assigned to
this vibration the band of AR at 985 cm™'., Nonetheless, the assignment of the 808.5 cm~*!
band to the vibration p(CH) of the AR is not completely reliable, because of its low intensity

and the large deviation from the calculated value.

The deformation skeletal vibration §(CCC) for w-allyl complexes is usually located in the
505-360 cm~* region [11]. Therefore, we have assigned to this vibration the IR band at 510.0
cm™' in the spectrum of C3Hs, the only band located in the region below 800 ecm™'. Upon
deuteration, this frequency should be lowered by 80-100 cm™'; however, in the spectrum of
C3Ds, we did not observe any bands in the 400-500 cm~' region. This may indicate a possible
assignment of the 510 cm™' band to a different deformation vibration, for example the tor-
sional vibration p¢(CHz); or it may indicate a sharp decrease in band intensity upon deutera-
tion; or, finally, it may indicate a large decrease in frequency of this vibration for CsDs
as a result of mixing with other vibrations.
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The frequencies of the two torsional vibrations pg(CH,) of types A, and B, should corre-
spond in general to the magnitude of the rotation barrier in the AR, 15.7 kcal/mole [8], and
they should be intermediate in comparison with the frequencies of the torsional vibrations
around C—C bonds (278 cm™* for ethane, rotation barrier 2.93 kcal/mole {27]) and around C=C
bonds (1024 ecm™' for ethylene [17], rotation barrier 65 kcal/mole [28, 29]). In accordance
with an ab imitio calculation [15], we will assume that for the AR, the high-frequency tor-
sional vibration is the antiphase type A,, and the low-frequency is the synphase type B;.
The frequencies of these vibrations, according to our calculations, will be located in the
region below 400 cm™', i.e., outside the range of the measurements,

Thus, the spectrum of the radical Cs;Ds (obtained for the first time) in comparison with
the spectrum of CsHs [l2], along with the vibrational calculation performed in the present
work, has provided us with grounds for a new assignment of the IR bands to the normal vibra-
tions of the AR (see Table 4), which provides support for the conclusions of [14] only in the
case of 3 of the 12 bands in the region below 1500 cm ' (1463, 801, and 510 cm ').

Vibrational Frequencies of Allyl Radical and w-Allyl Ligand

The spectrum of normal vibrations of the AR that we have determined can be compared with
the spectrum of the n-allyl ligand entering into the composition of numerous organometallic
r-complexes [11, 18, 20-24, 26, 30-41]. We will examine separately the out-of-plane and in-
plane vibrations of the AR.

Thus, the increase in frequency of the wagging vibration p,,(CH.) that is known for un-
saturated compounds when a n—complex is formed, for example from 947 to 1023 cm~' when the
change is made from the ethylene molecule toZeise's salt [42], proves to be analogous to the
change in frequency of py(CH,) from 801,2 cm™' in the AR to 900-950 cm™' in the n~allyl com~
plexes. Also consistent is the sharp increase in relative intensity of this vibration for
the free ligand in comparison with the complex, such that the extremely strong IR bands at
801.2 cm™ ' for the CzHs and 646.5 cm~' for the C,;Ds are convenient analytical characteristics
of these radicals.

Even though the IR bands of torsional vibrations pg(CH:) (A, and B,) cannot be detected
for the AR, the values of the frequencies of pg(CHz) that were obtained by calculation in the
present work, and also by means of ab initio calculations [15], indicate that for these out-
of-plane vibrations as well, the frequencies increase when the change is made from the free
ligand (AR) to w-allyl complexes (910-1020 em * [22-24, 31-33, 35]). The same picture may be
followed for the out-of-plane vibrations 0(CH), the frequency of which we have determined as
808.5 cm ', whereas for 7-allyl complexes, it is usually obtained in the interval 900-1230
em * [23, 24, 30-33, 40, 41].

On the other hand, when we compare the AR with the 7t-allyl complexes, attention is drawn
to the relatively small change in frequencies of the in-plane vibrations. Thus, the m-allyl
ligand has four planar deformation vibrations of CH, — scissoring &§(CH.) and rocking 6,(CHz2) —
the band close to 1460 cm ' being assigned in practically all studies to the synphase vibra-
tion 8(CH,). At the same time, we have determined in the present work that the frequency of
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TABLE 3. Products from Pyrolysis (920°C, 10™* torr)
of 1,5-Hexadiene-d,o, in Argon Matrix at 12°K*
Frequency,cm-! Assignment }Frequency,cm"1 Assignment
2339 CO;, CD;=C=CD; 1045 CD;C=CD
2285 -C3Ds 1028 CD;=C=CD;
2278 1025 CsDyo
2274 3 1018 -CsDs
2255 CeDso 1007 -C3Ds
2236 CD;C=CD, C¢Dso 993,0 3
2214 -CsDs 976.9 $
2209 -C3Ds 946,5 C.H,
2115 CesDio 8417,0 $
1916.5 CD;=C=CD, 821,5 CD,=C=CD,?
1623 794.2 $
1608 H,0 767.4 T
1592 762,2 t+
1589 CsD1o 748.6 +?
1372 $ 7383 CsDs
1328 3 7131 CsDio
1271 1 4 687.9 CsDyo
1266 t 663.3 CO;, CD,=C=CD,
1263 | -CsDs 650.5 T
1261 J t 646.5 -CsDs
1238 oD, 40,6 +
1062 %” 627,0 B
1058 C:D 5417 CzD2
1052 36 493.4 CD;C=CD

*Not included in the table are frequencies pertaining
to the impurity Et,0.
TFrequencies pertaining to unidentified unstable species.
iFrequencies pertaining to unidentified stable mole-

cules.,

this
tion
[22,

data, the frequency is 1477 cm™'.

vibration for the AR is very similar, 1463 cm~*
6(CHz) for w-allyl complexes, according to the data obtained by a number of investigators
24, 31, 32, 41], is in the 1480-1500 cm™' range, whereas for the AR, according to our

For the synphase and antiphase vibrations 8§r(CH2) of the

1

The frequency of the anitphase vibra-

n1-complexes, corresponding values have heen reported close to 1230 cm—* [23, 24, 35, 11] and
in the 750-940 cm~* range [11]; for the AR in the present work, the frequencies are 1242 and

983 cm™*.

Also regularly present in the spectra of the n-allyl complexes is the above-discussed
band close to 1380 cm™*, which could be compared with the frequency of the in-plane vibration

of the AR §(CH) 1389 cm~*'.

Finally, we should examine the vibrations of the atoms of the carbon skeleton in the
allyl system, i.e., the stretching vibrations vwgzg(CCC) and vg(CCC) and the deformation vibra-

tions §(CCC), which also take place in the plane of the molecule.

The symmetric stretching

vibration vg(CCC) of the w-allyl ligand for various complexes is located in the interval 1005-

1025 cm™* [11], not greatly different in frequency from the value vg(CCC) 973 cm™*
in the present work for the AR.

proposed

An analogous situation exists for the vibration § (CCC): 505-

560 cm~! for the w-allyl ligand [11] and 510 cm~*' for the AR,

We may add that of the five Gl stretching vibrations [antiphase and synphase vag(CH,)
and vg(CH2), and also v(CH)], which also take place in the plane of the allyl system, the dif-
ference in frequencies between the AR and the 2-allyl ligand [11] for the vzg(CH.) antiphase
vibrations is no greater than 17, and for the other four vibrations no greater than 0.5%.

Thus, if we proceed from our assignment of the AR spectrum, we find that for practically
all of the out-of-plane vibrations of this species py(CH:), p(CH), and p¢(CHz), the fre-
quencies are substantially lower than for the corresponding vibrations of the w-allyl ligand

in complexes, but there islittle change in the in-plane vibrations 3(CHz), 3¢(CHz), $(CH), §(CCC),
vg (CCC), vas(CH2), vg(CHz), and v(CH). The question of changes in values of vz4(CCC) upon
formation of w-complexes should be examined separately.
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for AR

It is known that for unsaturated compounds, the vibration frequency of the C=C bond,
1600-1650 cm™', is lowered substantially upon the formation of w-complexes [42, 11], this
being related to weakening of the multiple bond as a result of dative feed of electron
density from the metal atom to the antibonding orbital of the ligand [43]. TFor w-allyl
complexes of transition metals, most investigators have assigned to vgg(CCC) the band in
the 1480-1520 cm™' region, depolarized in the Raman spectrum [11, 18, 23, 26, 33-40].

At the same time, it has been shown in the present work that the frequency vaq(CCC) for
the AR is 1284 em™'. Thus, if we proceed from the above-mentioned assignment for the w-allyl
complexes, va5(CCC) 1480-1520 cm~?!, then we should examine the question of an increasec in the
frequency of the multiple bond of the AR upon formation of a complex. This same question is
valid with the assignment to vgg(CCC) of the «-allyl ligand of the band in the 1380 cm™*
region, as is asserted in a number of studies [22, 24, 31, 32, 41].

The increase in the frequency vy5(CCC) upon formation of n-allyl complexes is opposite
to the indicated relationship for unsaturated compounds. Such an increase may be explained
by transfer of electron density from the metal atom upon formation of a dative bond, not to
an antibonding orbital, but to a nonbonding orbital of the =w-allyl system; it may also be
explained by the considerably smaller role of dative transfer for the AR in comparison with
o-transfer from the ligand to vacant d-orbitals of the metal atom [44]. In this case, there
cannot he a weakening of the multiple bond for the AR or a decrease in its vibrational fre-
quency. Quite recently, an example has been reported of an increase in vibrational fre-
quency of a ligand when the change is made from the dianion of cyclooctatetracne in K,{cot)
to the m~complex Th(cot)., which is explained by the absence of dative transfer to anti-
bonding orbitals of the ligand in this case [45].

1f the above-proposed assignment of the 1380 cm~' band to the vibration 8(CH) is correcct

[and not to vgg(CCC)], the value used alternatively in the literature for vag(CCC), L480-
1520 em™' [15, 18, 23, 26, 33-40], will differ by almost 200 cm~' from the frequency found

in the present work for AR, 1284 cm~'. Such a difference is very large, since, according to
the data of quantum-chemical calculations [4, 46], the orders of the G—=C bonds for the AR
gnd the ions CsHst and CsHs™ are quite similar, and their lengths differ by no more than 0.02
A, which should not have any great effect in changing the frequency vgag(CCC). Therefore, the
value of vag(CCC) for the w-allyl ligand should probably be closer to 1284 cm™'; thus, the
assignment of the 1480-1520 cm™' frequency to this vibration does require verification.

The value found by refinement of the force field of the AR for the valence-force con-
stant FC=——=C 5.8 mdyne/x (Table 5) indicates that the rigidity of the C===C bonds in the AR
is intermediate between that of an ordinary bond (Fg—C = 4.5 mdyne/&) and a double bond
Fe=C = 9.0 mdyne/& [17]). Maier et al. [14], in the IR spectrum of AR, assigned to vgg(CCC)
the band at 1477 cm ', and to vg(CCC) the band at 1242 cm~'. Our calculation shows that in
this case, the value of the force constant Fg===c for the AR (%7 mdyne/&) would be close to
Fc—¢, whercas the energy of the w-bond for the AR (15-17 kcal/mole (8, 47]) is four times
smaller than for C.H.. The lower values of Fg===C that we obtained for the AR, and also the
frequencies vag(CCC) 1284 cm™' and vg(CCC) 972.8 cm~', are in qualitative agreement with the
results from an ab initio calculation [15], which approximately predicts the values vyg(CCC)
1204 cm~' and vg(CCC) 1093 cm—*.

The frequency of the deformation vibration §(CCC) is related to another structural char-
acteristic of the w-allyl system, the CCC bond angle; an increase in this angle should give
an increase in the frequency $(CCC). Values of £(CCC) differ markedly for the 7-allyl com-
plexes of the transition metals (505-560 cm™') and for jonic compounds with a n-delocalized
allyl fragment, for example CsHsLi (606 cm~' [48]). In accordance with the theory, the CCC
angle for the first, which according to data of x-ray structure analysis is 111-117° [49],
is substantially smaller than for compounds of the ionic type (134° for the 7-allyl system
of fluorenyllithium [50]). 1In accordance with this relationship the frequency §(CCG) 510
em™' that has been found for the AR indicates closeness of magnitudes of the CCC angle for
this species and for m-allyl complexes of transition metals. Therefore, the structure of
the w-allyl ligand in such complexes must be more similar to the AR than to the Cs;Hs  anionj
and upon formation of a chemical bond between the AR and the transition-metal atom no nega-
tive charge will arise in the m-allyl ligand. This is consistent with the acceptor chemical
properties of the carbon atoms of the ligand in the m-complex that has been formed [51].
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TABLE 5. Force Field of Free Allyl Radical

Force constants

diagonal gg)_rne “A- interaction mdyne »rad"1
F (vC = C) 5,797 * i(vC= G, vC = C) 0,540 *
F(vCH,) 5,060 * Fv€ =€, vCl) 0.010*
F(vCH) 5,080 * i(vC = C, vCil) 0,348 *
F(6CHy) 0.411 F(vC = C, &, CIL) 0,421
F(5,CH,) 0,621 F(vC = , &Cn) —0,500
F(6CH) 0,631 F(vC — C 9CCL) -0016
F(8CCC) 1,201 f(vCH,, 8CH,) —0,004
F{puCH>) 0,220 f(vCHa, 8,CH,) 0,510
F(p,CH,) 0,050 f(6CH,, 8,CH,) -0.008
F(pCH) 0,218 f(puCH., pCH.) 0,005

L. =1
*mdyne<A .

Thus, we obtain still another confirmation of our conclusion as to the absence of back-
transfer of electron density from the metal atom to the antibonding orbital of the w-allyl
system.

The authors wish to express their gratitude to V. N. Khabashesk for assistance in the
synthesis of the CszCDCD2Cl to N. D. Kagramanov for taking the mass spectrum of the sample
of Ce¢Dy1o, and to E. G. Baskir for assistance in performing the vibrational calculations.

CONCLUSIONS

1. By the technique of matrix isolation of products from the vacuum pyrolysis of 1,5-
hexadiene-d,,, the IR spectrum of the free allyl radical C3Ds has been obtained for the first
time.

2. On the basis of the IR spectra of the C3Hs and C3Ds radicals, vibrational frequencies
of the allyl radical have been calculated, and the bands have been assigned to the normal
vibrations.

3. A systematic comparison has been made of the vibrational frequencies of the allyl
radical and the 7m-allyl ligand in the composition of organometallic compounds. It has been
established that the frequencies of out-of-plane vibrations poy(CH2), ¢t(CH2), and p(CH) are
substantially higher for the w-allyl ligand; the frequencies of vibrations taking place in the
plane of the allyl fragment are little different for the two cases. A new assignment has been
proposed for a number of frequencies in the spectra of r-allyl complexes,

4., The system of bonds C===C===C for the allyl radical is characterized by relatively
low frequencies of stretching vibrations and the force constant FC===C 5.8 mdyne/A The
values of vg(CCC) and vgg(CCC) show that upon formation of a w-allyl complex, there is no
loosening of the carbon—carbon bonds of the ligand, in contrast to m-complexes of unsaturated
compounds,
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