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Reaction kinetics of alkylsilylenes (R = butyl, pentyl, and methylpentyl) and silacyclopropane inter-
mediates produced by silylene additions to 1-butene, 1- and 2-pentene, 2-methyl-1-pentene, and 4-
methyl-1-pentene are reported. Observations are consistent with a homogeneous, Barton?-type mechanism,
which describes alkylsilylene isomerization and decomposition in terms of silacyclopropane (SCP) in-
termediates. Modeling studies on this basis conclude that SCP-forming and -opening reactions are at least
an order of magnitude faster than SCP decompositions to olefins and SiH,. All reactions are pressure
dependent at 400 Torr. Decomposition versus trapping comparative rate data at 410 Torr, based on
butylsilylene- and pentylsilylene-trapping reactions with silane of 4.8 X 10° M 57! and 3.1 X 10° M 157,
respectively, give limiting high-pressure Arrhenius parameters for the butyl- and pentylsilylene decom-
positions of log A, = 15.5 £ 0.1, E, = 22.5 + 0.3 kcal. The activation energies are consistent with the
decomposition reaction thermochemistries (AHg,, = 26.6 % 3.4 keal, AEy,, = 25.3 % 3.4 kcal), and A factors
indicate surprisingly loose transition states for both alkysilylene decompositions as well as their reverse
silylene/olefin additions. A loose silylene/olefin addition complex is suggested for the transition state
as the thermochemistry of decomposition precludes the intermediacy of biradicals. Generic high-pressure
Arrhenius parameters (A, s: E, kcal) are deduced for silacyclopropane ring-opening (o), -closing (c), and
-decomposition (d) reactions: log A, = 12.3, E, = 10.4; log A, = 14.0, E, = 14.7 + AE; log Ay = 16.9, E4
= 26.1 + AE, where AE = (49.6 — SCP strain energy). The low SCP ring-closing activation energy indicates
zero ring strain development in the transition state and is consistent with a reanalysis of prior estimates
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of the activation energy of the SiH, + CH, strain free, C-H bond insertion reaction.

Introduction

In a prior paper! we proposed a “Barton-type” 2 mech-
anism (Scheme I) to describe the reactions occurring in
the pyrolysis of silane/1-butene mixtures. The focus of
that study was to determine the decomposition kinetics
of 2-butylsilylene, an intermediate produced in the SiH,
addition process (reactions 2, 4). Analysis of yield data
by the rate equation (I), produced a surprisingly low de-
composition activation energy: Egy, = 10.7 £ 1.6 keal,!
based on E,,, = 0. Since estimates' of the decomposition
enthalpy were much higher (i.e., AHzg = 23 kcal), the
mechanism, kinetics, and thermodynamics could only be
reconciled if kg > kg and reaction 5 were rate-limiting.
Analysis on this basis was possible, but it produced two
other questionable assignments: E; = 10.5 £ 2.6 kcal and
Ag = 10179205 g1 The former is low when compared to
a prior estimate of 17 kcal® (from the kinetics and ther-
mochemistry of the MeSiH; — CH, + SiH, reaction?), and
the latter is high for any reaction. The possibility that free
radicals, rather than silylenes, were responsible for the
observations was considered. This possibility, Scheme II,
was tentatively dismissed on the basis of two observations:
2-butene products of an SiD,/1-butene reaction were singly
and doubly deuterated (only single deuteration is predicted
by Scheme II), and methane and ethane were not found
in the products (silylbutyl radicals would be expected to
decompose to these products at reaction temperatures).
Thus free radical participation seemed unlikely, but the
possibility of some other mechanistic interpretation re-
mained. Pressure falloff effects in the 2-butylsilylene
decomposition presented a second potential problem with
the earlier study.! This was not initially considered be-
cause of the size of butylsilylene, but in view of how the
study was conducted (i.e., product yield versus silane data
were obtained by changing the total pressure of a fixed
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Scheme I. Mechanism of the Silane/1-Butene Reaction
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yield(2-BuSiHy)/yield(2-C4Hg) = KraplSiHalksec (I
where Krap = krkef(Ko7 + ko) and  kgee = Kskellks+ k)

Scheme II. Mechanism of Free Radical Induced Olefin
Isomerization
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reactant composition mixture) and on the basis of rough
RRKM falloff calculations, it became evident that falloff
in the butylsilylene decomposition could well have influ-
enced the data. Therefore, in order to resolve the exper-
imental and interpretive ambiguities surrounding this
system, additional investigations of silylene/olefin reac-
tions, some under conditions of high and constant total
pressure, were made. These are reported here.

Experimental Section

The reactants, silane and 1-butene (Matheson, 99.9% purity)
and l-pentene, 2-pentene, 2- and 4-methyl-1-pentene, and 2-
methyl-2 pentene (Aldrich, 99% purity), were used as received
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Table I. 1-Butene + Silane Reaction Product Yield versus
SiH, Data®™

temp, K 104[SiH,), M 10%[2-BSiH,/2-B] Eo;p° M! kyy,® 87
639.3 0.00 0.00 179+9 268 x 107
6.77 15.6
11.8 26.1
21.8 478
32.9 62.5
429 77.5
650.3 0.00 0.00 149+ 7 322 x107
6.66 12.3
11.8 21.7
22.4 39.6
33.3 53.1
44.4 66.5
670.3 0.00 0.00 103+ 3 4.66 x 107
6.46 7.27
11.2 14.1
22.0 25.0
32.3 34.7
42.8 44.3
690.8 0.00 0.00 704 £ 2 6.82 X 107
6.27 4.63
10.9 8.75
21.4 16.5
311 21.8
41.3 29.4

s All studies were at the same 408-Torr total pressure. °Line
slopes = kep = kyap/kaec 5e€ €q I and text. ‘E,, = -16.1 £ 1.0
keal; log Ay = —-3.25 £ 0.30; Py = 408 Torr. 4E,,, = 16.1 £ 1.0
keal; log Aqe. = 12.93 % 0.3 at 408 Torr. These values are based on
kysp = 4.8 X 10° M1 571,

after usual vacuum line degassing and distillation. Two cylindrical
quartz reaction cells, volumes of 185 and 250 cm?, and a third
quartz tubing packed reactor (factor of 10 S/V increase), were
used in the studies. All were housed in resistively heated ovens
with temperature control to £0.2 K. Analyses were made by GLC
using thermal conductivity detection (Carle Instruments Model
8500 GC) and/or flame ionization detection (Varian 1400 GC),
with digital peak integration (Hewlett-Packard 3390A). A variety
of columns were used under both isothermal and temperature-
programmed conditions: 24 ft X !/4 in. 20% squalene on Su-
pelcoport, 20 ft X !/4in. 15% squalene on chromosorb P, and 20
ft X !/gin, 15% SE-30 Supelcoport. Product identifications were
made by GLC retention time comparisons with authentic samples
and by GC-MS (Finnigan 3000) when authentic samples were
not available. Reactant mixtures of the olefin of interest, a silylene
source (SiH, or Si,Hg), and a GC analytical standard (Me,Si,
TMS) were prepared manometrically and stored in well-stirred
Pyrex mixing vessels. All reactant mixtures were stable in time,
as evidenced by repeated GC chromatographs. Silane/olefin
reactions were studied in the 640-690 K range and reaction
progress was followed in the batch mode, or by analyses on aliquots
withdrawn sequentially over time.

Results

Silane/1-Butene Reactions. Five reactant mixtures
with olefin/silane ratios of about 2 and silane concentra-
tions ranging from 6.27 X 10™ to 44.4 X 10™* M were used.
TMS was added as needed to bring total pressures to 408
£ 5 Torr. Reactions were limited to silane conversions
under 6%, which corresponded to olefin isomerizations
above 50%. Products were as before,! cis- and trans-2-
butene, 1- and 2-butylsilane, and disilane. Yield data
relative to eq I and rate constants derived from the ap-
propriate plots of yield ratios versus [SiH,] shown in Figure
1, are given in Table I.

Silane/1-Pentene Reactions. Silane/1l-pentene reac-
tions were studied under the same total pressure, tem-
perature, silane concentration, and conversion conditions
as employed in the silane/1-butene studies. The products
(cis- and trans-2-pentene and 1-, 2-, and 3-pentylsilanes)
were those expected by the Barton mechanism (Scheme
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Figure 1. 4-Methyl-1-pentene versus time in silane and di-
silane-initiated pyrolyses. Silane decomposition at T' = 639 K;
2% SiH, conversions occurs at about ¢ = 30 min. Disilane de-
composition at T = 583 K.

Scheme III. Mechanism of the SiH,/1-Pentene Reaction
(M) + SiH, U SiH, + Hy + (M)

) (15) 16
SiH, + 1-pentene — CHZ—/CHCHZCHZCHs £, 1-PSiH

17
\SiH2 o, 2-PSiH

(18
2-PSiH ~—» a9
CHSCI\-I—/CHCH2CH3 ——+ (2-CH;CH=CHCH,CH, + SiH,
(20,
SiH, <& 3psiH

21 22,
1-PSiH + SiH, <-(——)> H3SiSiHCsH 14 4(—)-> 1-PS + SiH;

23 24,
2-PSiH + SiH, <L—)> CH3CH(C3H7)H,SiSiH; L SiH, + 2-PS

25 26!
3-PSH + SiH, =te (CoHs)oCHSIHoSiH; e SiHy + 3-PS
1-PSH = n-CsHy(SiH; 2-PSIH = CHyCH(SIH)C3H;; 3-PSiH =
(CoHs)2CHSIH; 1-PS = n-CgHy¢SiHy; 2-PS = CHyCH(CaH7)SiHy; 3-PS =
(CoHs)sCHSIH,

yield(2PS + 3PS)ryield(2-pentene) = 0.93KyaolSiHYKsoc (I
Kioc = Kigkiolk 18 Kyap = KaaF1. F1 = Kaallkos + Koa)

Table II. 1-Pentene + SiH, Reaction Product Yield versus
SiH, Data®™

10%[(2PS +
temp, K 10[SiH4], M 3PS)/2-P] Roypr M1 koo 871
648.7 0.00 0.00 98.8 £ 3.3 2.93 x 107
7.68 9.89
124 12.5
18.8 20.7
3L5 329
43.4 43.0
669.7 0.00 0.00 69.1 + 3.2 4.19 x 107
7.44 4.19
12.0 8.01
18.0 13.2
30.2 18.9
42.0 29.5
691.1 0.00 0.00 433 £ 0.5 6.68 x 107
7.21 2.79
116 4.83
17.4 7.63
29.5 12.6
40.9 17.6

s All studies were at 410 Torr total pressure. ?2PS = 2-pentyl-
silane, 3PS = 3-pentylsilane, 2-P = 2-pentene. ‘Slope = k,,, =
L.4kyep/ 1.5Rgec, s€€ text; Egp = -17.3 @ 1.6 kceal, log A,,, (M) =
-3.83 £ 0.51. 9At 410 Torr, log Ag,c = 13.29 £ 0.5, Eg,. = 17.3 &
1.6 kcal; based on ky,, = 3.1 X 10° M g7,

IIT). Yield data pertinent to the competitive trapping and
decomposition of the 2- and 3-pentylsilylenes, according
to the comparative rate equation (II), are given in Table
II. Plots of the data are shown in Figure 2. Equation
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Table III. Migration of the Double Bond in the 2-Methyl-1-pentene Pyrolysis in 80.7% Silane at 669.8 K, Py = 130 Torre?

% % o %

time, 2-methyl-1-pentene 2-methyl-2-pentene 4-methyl-2-pentene 4-methyl-1-pentene % MePSiH; silane
min obsd calcd® obsd caled obsd caled obsd caled obsd caled

0.0 100.0 0.0 0.0 0.0 0.0

2.0 99.6 0.4 0.0 0.0 0.0

4.0 98.6 1.2 0.2 0.0 0.1

6.0 96.3 95.4 2.4 3.0 0.8 0.9 0.2 0.2 0.3 0.6

8.0 94.0 3.6 1.6 0.3 0.6
12.0 88.5 89.6 6.7 6.6 2.9 2.0 1.0 0.4 2.0 1.4
18.0 73.6 13.5 6.1 1.4 5.6
25.0 61.8 78.1 (68.3) 20.5 13.5 (19.0) 9.0 4.4 (6.6) 2.1 0.9 (1.4) 6.8 3.1 (4.6)
30.0 55.3 23.3 10.2 2.4 9.1
40.0 46.0 66.6 (51.3) 28.0 20.0 (27.4) 12.7 7.0 (11.2) 2.9 1.4 (2.4) 10.5 51(7.8)
55.0 37.8 54.8 (40.8) 34.0 24.8 (31.2) 17.0 9.5 (14.6) 3.7 2.0 (3.1) 8.5 7.0 (10.5)

@ Calculated values not in parentheses were obtained with k; = kpgw.5* This initiation should be valid up to the 3% silane conversion or
to about 12 min. Values in parentheses were obtained by setting k, = kpgw + kwa®® starting at 12 min. This is roughly when the silane
second stage begins. Values in parentheses past 12 min then should be and are closer to the observations. bk, = k, = 3.29 X 105, k4 = 3.29
X 107, kg = 5.7 X 108, k_gg = 1.7 X 108, kg = 8.3 X 10587}, k, = 6.0 X 10" and ky = 2.0 X 10° M s7L. k,, k,, ky, and k, are generic rate
constants of reactions to and from silacyclopropane intermediates (see text).
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Figure 2. Plots of isobutylsilane/2-butene yield ratios versus
silane (constant pressure, Pt = 408 Torr).
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Figure 3. Plots of 2- and 3-pentylsilane/2-pentene yield ratios
versus silane (constant pressure, Py = 410 Torr).
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II is based on several reasonable assumptions: that the
concentrations of the 2- and 3-pentylsilylenes are in the
same ratio as those of their corresponding pentylsilane
product yields (i.e., 2-PS/3-PS = 2.5), that k_y = 2k, that
kgo = k_13, and that the pentylsilylene-trapping rate con-
stants with silane are equal.

In both 1-olefin/SiH, studies there was a strong pref-
erence for 1-alkylsilane product. Thus in 1-butene/SiH,
reactions, 1-BuSiH;/2-BuSiH; ~ 3.7 at all conversions,
and, correspondingly, in l-pentene/SiH, reactions, 1-
PSiH;/(2-PSiH; + 3-PSiH;) ~ 2.2. In addition, olefin/
RSiH; yield ratios were about 2.4 times larger in the 1-
pentene system than in the 1-butene system at comparable
silane concentrations. A similar increase in olefin/RSiH,
ratios occurred in silane/2-methyl-1-pentene reactions,

Table IV. Silane + Pentene Pyrolysis Yields (675 K, Py =

50 Torr)
% pentene
isomerized 1PS/2PS 2PS /3PS
t,s obsd caled® caled® obsd caled®® obsd caled®®
SiH, + 1-Pentene
450 146 123 22.6 3.27 2.58 2.39 2.63
900 374 274 41.8 2.90 2.56 2.59 2.55
1260 523 373 52.8 3.08 2.52 2.63 2.49
SiH, + 2-Pentene
450 4.0 2.69 557 248 2.08 2.00 1.82
900 8.2 6.06 943 257 2.10 2.34 1.84
1260 10.7 8.29 11.0 2.26 2.11 2.47 1.86

¢ Calculated by using &, = kpgw® = 4.1 X 105 g1, *Calculated
by using k; = kpgw + Rear®™ = 15.3 X 1078 571 starting at time 0.
The second stage of reaction, at about 3% silane conversion, starts
at about 12 min. °k, = k, = 1.86 X 108, ks = 1.86 X 107, ks = 3.4
X 108, kg = 8.4 X 105, kg = 2.4 X 105 57%; kp = 3.1 X 10°, k, = 6.0
X 10'® M-! 571, k,, k,, kg, and k, are generic rate constants of re-
actions to and from silacyclopropane intermediates (see text).

and, by the mechanism, these observations suggest slower
RSiH trapping versus SCP formation-decomposition with
increasing R group size, i.e., a “steric factor” effect in RSiH
+ SiH, trapping reactions. Because of falloff, faster SCP
decomposition with SCP size is also possible.

Silane/2-Pentene Reactions. When silane/2-pentene
mixtures were pyrolyzed under silane/1-pentene reaction
conditions (Py, = 50 Torr, T = 675 K, see data in Table
III), olefin isomerization rates were four to five times slower
but the relative distribution of pentylsilane products was
nearly the same. Thus for SiH,/1-pentene 1PS/2PS/3PS
= 7.8/2.5/1 at all conversions, and for SiH,/2-pentene
1PS/2PS/3PS = 5.5/2.3/1. This preference for 1-alkyl-
silane products, regardless of the starting olefin, can only
mean that SCP decompositions are slow compared to their
opening and forming reactions. Just the opposite condition
had tolbe assumed to rationalize the results of the former
study.

Methyl-1-pentene/SiH, Studies. Silane/2-methyl-1-
pentene and silane/4-methyl-1-pentene reactions were
studied in the 640-670 K range at 30-130-Torr total
pressures. Results are given in Tables IV and V. Asin
the prior studies, products (i.e., disilane, four methyl-
pentene isomers, five methylpentylsilanes, and traces of
light hydrocarbons from olefin decompositions) are con-
sistent with the Barton mechanism (Scheme IV). Most
significant are the olefin yield developments in time.
These show a stepwise, down the chain increase from either
starting olefin position, which, by the mechanism, indicates
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Table V. 4-Methyl-1-pentene + Si,H; (T = 583 K, Py = 130 Torr)

% 4-Me-1-P % 4-Me-2-P % 2-Me-2-P % 2-Me-1-P % MePSiH,
t, s obsd calcd obsd caled obsd caled obsd caled obsd caled
600 98.9 97.9 0.7 0.9 0.4 0.7 0.0 0.5 0 0.1
1800 96.8 93.5 1.5 2.6 1.2 2.0 0.3 14 0.2 0.4
2400 95.2 91.2 1.9 3.5 1.8 2.6 0.5 1.8 0.8 0.9
3000 94.2 88.8 2.2 4.4 2.2 3.3 0.6 2.3 0.8 1.3

Sk, = 1.48 X 108, ky = 1.07 X 10%, ky = 4.25 X 108, kyg = 4.6 X 108, k_sg = 3.6 X 105, kyy = 4.2 X 104 s k, = 6 X 101, by = 2.0 X 10° M~
8L kg, k,, kg, and R, are generic rate constants of reactions to and from silacyclopropane intermediates (see text).
Scheme IV. Mechanism of Methylpentene/Silane Reactions

. m ) . (—44) . .
SiHy + (M) — SiH; + (M) or Si;Hg ——= SiH, + SiH,

SiH, SiH, SiH, SiH,
+ + + +
c c C c o C c [0
\/\c—c/ Ne )c:c/ Ne )c—c// N )c—-c/ \\c
c c c c
<27>T 1(-27) (32)J 1(-32) (SS)J ](-35) (sa>l 1(—38)
c. Si C c. Si C c si ¢ c C—Si
>c/—\c/ e >c/——\c/ N >c—c/—\c/ )c—c/ N/
c c c c
(y Y‘J) “’y &”’ (3/ (36) (-a7) (39)
-28)  (-29) (~30)  (33) 54 (-38) 37  (-39)

/.. 'H LAJ * ..?iH T
c c HSi C c *SiH c c c c. Sis
>c—c/ N c—-—)c—c/ N >c—c< /C )c——c/ N )c—c/ N/

e c c c o

(40)J (SiHy) (31)J(SiH,) (41)J (SiHa) (42)J(SiH.) (43) l(SiH‘)

Rt R LR T T methylpentylsilane products + SiHp ==-=s=mecmmmmcmmimi it -
sequential migration of the silylene position via successive no olefin or alkysilane products, while disilane/1-butene
SCP ring-closing and ring-opening reactions. mixtures reacted for the same time at 598 K (disilane®

Methylpentylsilane yields were too low to be separately decomposes 600 times faster than silane at this tempera-
quantified, but the data could be used in a semiquanti- ture) exhibited olefin isomerization and butylsilane for-
tative manner through reaction modeling (see later) to mation rates comparable to those of the disilane decom-
determine relative rate constants of the competing ring- position. In addition, 1-butene/silane and the 4-methyl-
opening, -closing, and -decomposition reactions. 1-pentene/silane reactions, studied over silane conversion

A most important general observation relative to all between 0 and 15%, showed rate accelerations at about
silane/olefin reactions was that no large-ring silacyclic 2% silane conversion. These accelerations correlate with
products (e.g., silacyclobutanes, silacyclopentanes, and the well-known® second-stage rate accelerations of the
silyacyclohexanes) were detected in any of the reaction silane decomposition. Such rate accelerations did not occur
systems. in reactions initiated by disilane (see Figure 1). Finally,

Mechanistic Investigations. The 1-butene/silane and 1,1,2,2-tetramethyldisilane (a Me,Si source’) reacted with
2-methyl-1-pentene/silane systems were investigated in 1-butene produced no olefin isomerization or butylsilane
packed reactors with order of magnitude S/V ratio in- formation. This is consistent with the Barton? mechanism,
creases. No olefin isomerization rate accelerations were as dimethylsilylene additions to olefins produce SCP’s with
observed, hence, in accord with initial study! conclusions, no Si-H bonds, hence H-migration ring opening reactions,
silane/olefin thermal reactions are homogeneous. which lead to olefin isomerization, are not possible. All

Two additional tests for free radical participation were these observations show a clear correlation of olefin/silane
made and both were negative: (1) silane/1-butene and reaction rates and pathways with silylene (SiH,) concen-
silane/2-methyl-1-pentene reactions in the presence of tration levels and provide additional support for the
toluene-dgy were not rate inhibited and did not produce Barton mechanism.
deuterated products and (2) neat reactant olefins were Alkylsilylene Decomposition Kinetics and Ther-
pyrolyzed under reaction conditions and no significant* mochemistries. The experimental rate constants of the
decomposition or isomerization was observed. 2-butylsilylene reactions, Reyp = Rirap/Raees Obtained from

Several studies were made to test the importance of the Table I data and Figure 1 plots, give 408-Torr pressure
gilylenes to the observed olefin isomerization; all confirmed Arrhenius parameters (E,,, = -16.1 = 0.91 kcal, log A,
their importance. Thus silane/1-butene mixtures “reacted”

: o % "5
at 598 K (a temperature where silane is “stable”)° produced (5). (a) Purnell, J. H.; Walsh, R. Proc. R. Soc. London 1966, A293, 543.

(b) White, R. T.; Eapino-Rios, R. L.; Rogers, D. S.; Ring, M. A.; O'Neal,
H. E. Int. J. Chem. Kinet. 1988, 17, 1029.

(4) Highest isomerization yields were found in the neat 2-methyl-1- (6) Martin, J. G;; Ring, M. A;; O'Neal, H. E, Int. J. Chem. Kinet. 1987,
pentene reaction, and these were less than 3% of those with silane 19, 715.
present. Isomerizations in neat pyrolses of the smaller olefins were less (7) Nares, K. E,; Harris, M. E.; Ring, M. A.; O'Neal, H. E. Organo-

than 1% of that with silane present. metallics 1989, 8, 1964,
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Table VI. 4-Methyl-1-pentene + SiH, (T = 639 K, Pp = 130 Torr)**

% 4-Me-1-P % 4-Me-2-P % 2-Me-2-P % 2-Me-1-P
t,s obsd caled obsd obsd caled obsd caled
1200 97.3 97.3 (92.8) 1.3 1.5 (3.2) 0.9 0.6 (1.7) 0.5 0.3 (1.5)
2400 92.0 93.0 (82.5) 3.6 3.1(7.5) 3.1 1.7 (4.1) 1.3 0.9 (2.4)
3600 82.1 88.2 (72.1) 7.3 5.3 (11.5) 7.3 2.9 (6.8) 3.2 1.7 (3.9)

¢Values not in parentheses are with k; = kpgw® = 6.55 X 107€ 51, Values in parentheses are with k; = kpgw + Regy®™ = 2.04 X 1075 57!
starting at time 0. Since the second stage does not begin until after 2000 s, unbracketed values should (and do) fit the observations up to
2400s. bk, = 2.54 X 108 k, = 2.08 X 108, ky = 1.5 X 107, kg = 5.3 X 108, k_jg = 1.1 X 108, kg = 1.7 X 105s°%; k, = 6.0 X 1019, by = 2.0 X 10°
Mgl k,, k,, kg, and k, are generic rate constants of reactions to and from silacyclopropane intermediates (see text).

(M) = -3.22 + 0.30) that are appreciably higher than
those obtained in the original study.! This illustrates the
importance of pressure falloff in the isobutylsilylene de-
composition and reflects the effect of the higher and
constant total pressure of this study.

A similar treatment of the 1-pentene/SiH, reaction data
and ke,,P rate constants (Table II, Figure 2) give 410-Torr
Arrhenius parameters for the isopentylsilylene reactions
of Egp, =-17.3 £ 1.6 kcal and log A,,, (M™) =-3.83 £ 0.51.

In order to extract silylene decomposition rate constant
values from the experimental constants, information on
alkylsilylene-trapping rate constants is needed. This is not
available. However, absolute rate constant versus tem-
perature measurements by Walsh® on the analogous Me-
SiH + SiH, reaction suggest a rate constant at 670 K of
Ryap = 9 X 109203 M-t 5”1, Adopting the upper limit and
dividing the factor of 2.4 decrease in RSiH,/olefin yields
with each C atom increase in R equally between a RSiH
decomposition falloff effect and a trapping steric factor
effect give trapping rate constants of ky, pugin = 4.8 X 10°
M- st and ke psig = 3.1 X 10° M1 571 at 670 K. With
these values and the assumption of zero activation energy
for silylene trapping, one calculates the alkysilene decom-
position rate constants shown in the last columns of Tables
I and II. Their corresponding Arrhenius parameters at 410
Torr are, for 2-BuSiH, log A4, = 12.9 £ 0.3, E,,. = 16.1
# 0.8 kcal and, for iso-PSiH, log 44, = 13.3 £ 0.5, Eg,. =
17.3 £ 1.6 kcal.

Analysis via Generic Rate Constants. Since alkyl-
silylene decomposition is a consecutive step process, the
above rate constants are composites of other elementary
rate constants. From the steady state, and in generic
notation, kaee = koka/ (ko + ko) = (keka/k)(1 + Ba/ko)™,
where the subscripts c, o, and d stand respectively for
closing of RSiH to SCP, opening of SCP to RSiH, and
decomposition of SCP. Similarly, the equilibrium constant
of an alkylsilylene decomposition can be represented as
kekqy/kek o, Where &, is the rate constant for silylene addition
to the olefin product. Modeling of the olefin/silane sys-
tems (see later) indicates that k,/k4 =~ 10; therefore, kky/k,
= kcdo = kdec(l + kd/ko) ~ l'lkdec'

RRKM Calculations. Alkysilylene decomposition
RRKM falloff calculations were made on the 2-butyl-
silylene and the 2- and 3-pentylsilylene &, values. If one
assumes zero activation energy and equal efficiencies for
all butene reactions with SiH, (i.e., k, = kg = k_y = Ay
= 10'11 M1 g71),! then with AS;¢ ~ 30.1 eu,? one estimates
for the butylsilylene decomposition a high-pressure A
factor of (AA4/A,). = 10188 571; i e, the decomposition and
its inverse silylene/olefin addition take place via a very
loose transition state. The same A factor should apply to
the pentylsilylene decompositions, barring steric factor
effects, RRKM calculations'® made with this A factor (see

(8) Walsh, R., private communication.

(9) O'Neal, H. E; Ring, M. A. J. Organomet. Chem. 1981, 213, 419.

(10) Robinson, P. J.; Holbrook, K. A. Unimolecular Reactions; Wi-
ley-Interscience: New York, 1972.

Table VII. RRKM Input for the BuSiH and PSiH
Decompositions

2-Butylsilylene Decomposition:®* A, = Ay, = 10547 g1
koo = 5.27 X 107 571, 670.3 K, Py = 408 Torr; 25% SiH,, 8, =
0.61, ¢ = 5.1 A; 75% 1-butene + TMS, 8. = 0.92, s = 6.0 A
reactant frequencies (cm™): 9~3100, 2130, 7-1450, 2-1200,
2-1110, 2-1100, 2-1050, 3-900, 1-800, 690, 650, 2-420, 2-300,
250, 2-235, 230, 180
transition-state frequencies (cm™): 8-3100, 2-2130, 3-1460,
3-1450, 2-1110, 1100, 4-1060, 2-920, 905, 425, 420, 2-385, 235,
230, 135, 2-130, 100

Isopentylsilylene Decomposition:® A, = 4y, = 101847 g1
koo = 4.84 X 107 571, 669.7 K, Py = 410 Torr; 26% SiH,, 8, =
0.61, ¢ = 5.1 A; 75% 1-pentene + TMS, 8, = 0.92, ¢ = 6.2 A,
reactant frequencies (cm™): 2-butylsilylene frequencies +
2-3100, 1450, 2-1100, 900, 800, 420, 230
transition-state frequencies (cm™): 2-butylsilylene transition-
state frequencies + 2-3100, 1450, 2-1100, 900, 800, 420, 230

RRKM Summary
2-butylsilylene: M — «, 25% SiH,, Py = 408 Torr
log A, = 15,47, E,, = 22.24 keal; log A = 13.32, E = 17.16 kecal,
kfk. = 0.33
isopentylsilylene: M — =, 42.8% SiH,, Py = 410 Torr
log A. = 15.47, E.. = 22.81 kecal; log A = 13.68, E = 18.37 kcal,
k/k. = 0.46

91t has been shown?® that falloff is not very dependent on the
exact frequencies chosen for reactant and transition state, as long
as they are consistent with the high-pressure A factor. The fre-
quencies given are just reasonable guesses.

Table VIII. RRKM Calculated Arrhenius Parameters
Generic Rate Constants

ky

Ra(soTom = 101258¢-16380cal/RT -1 Ee.. = 26080 cal

ka(130Tom = 101820"17670cal/RT g1 Ag. = 10168 g1
4(410Tory) = 1018:98"19070/RT g-1 N

-]

RogoTor = 101088¢=7210/RT g-1 E,. = 14650 cal
o(130Tom) = 1011 X 8438/RT g-1 Ay = 1019 g1
om410Torr) = 10""’e'°°°3/" s‘l

¢

Re(soTor = 101012g-8688/RT 41 E.. = 10370 cal
o(130Torp) = 101083-6848/RT g-1 Acn = 1083 g1
o10Tom) = 101141¢~S2E/RT o1

Silylsilylene and Disilene Reaction Rate Constants®
SiHaSiH w8, SigHﬁ SigH) 8 SiHsSiH; SizH‘ w9 SigHg + Hg
Rygsomom = 10584g=989/RT g-1 E. = 5570 cal
Ras130Torm = 10932¢"1780/AT g-1

k m 10988¢-2862/RT g-1
iTom) | 09 Mg-12100/RT g1

A, = 1087 g1

E. = 19390 cal

-48(80Torr) —

—48(130Torr) = 1010:40o~12708/RT gl A= 101842 g-1
~48(410Tom) = 1010885~13244/RT g-1

49(50Torr) ™ 1011.155-17800/RT g-1 E. = 20190 cal
@U30Torn ™ 1011825-18896/RT g-1 A. = 1012.96 g-1
50410Tors) = 1(Q11.845-10120/RT g~1

®The kinetics of these processes are not established. Arrhenius
parameters for reaction 48 are based on observations of Walsh,®
while the Arrhenius parameters of reactions —48 and 49 are based
on our recent modeling studies of the silane decomposition.”

input data of Table VII) yield the following Arrhenius
parameters: for isobutylsilylene, log kego 408 = 13.32-17,
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160 ca]/0 S-l, (k408/k°)670]( = 0.33, and lOg kedo,w = 15.47"22,
240 cal/6 s7%; for the isopentylsilylenes, log k.g,410 =
13.68-18, 370 cal/8 571, (kyo/R=)erok = 0.46, and log k.4,
= 15.47-22, 810 cal/f 57!, where § = 2.3RT. Falloff cal-
culations on the generic rate constants (k,, &y, k,, see Table
VIII) give an activation energy for the (1 + k4/%,) factor
of about 0.8 kcal at 410 Torr. Therefore the calculated and
observed activation energies for both systems at 408 Torr
are in excellent agreement: e.g., for the isobutylsilylene
decomposition, Ege. = E4o410 — 0.8 = 16.4 kcal, which
compares well with the experimental value of 16.1 kcal
(assuming Ey,, = 0).

Correlation of Decomposition Kinetics and Ther-
mochemistries. The RRKM high-pressure activation
energies of the butyl- and pentylsilylene decompositions
are in the range Egy p—. = 22.5 + 0.3 kcal, and these agree,
within the errors, with their decomposition energies of
AE 4060k = 25.3 £ 3.4 kcal (see the decomposition
thermochemistry below).

reaction: 2butylSIH  — +2-CiHg® + SHp (5. 6)
AH;, kealimol 346 £ 28 -27 64 ¢ 2
Cp 208, €U/Mol 266 20.1 8.2
Cp500, EU/MO! 403 30.4 8.9
Cp.00, €Umol 54.3 41.3 102

These agreements are consistent with the assigned values
of zero for the activation energies of silylene additions to
olefins and support our present data analysis.

Regarding the thermochemistry, the above heat of for-
mation for 2-butylsilylene is higher than our earlier esti-
mate.! This is a consequence of “new” methylsilylene and
isopropylsilane heats of formation datas; i.e., AH;(MeSiH)
= 48 = 2 kcal/mol'! and AH(iPrSiH,;) = -15.5 £ 0.3
kcal/mol, where the isopropylsilane heat of formation
(which yields a new group additivity value of AH{[C-
(H)(C,)(Si)] = 1.7 % 0.2 keal mol) is an average of values
calculated by Benson’s EECBA method!® and Allinger’s
MM2 method.}

It is important to emphasize again the significance of
the close to collision levels of the silylene/olefin addition
reactions and the high A factors of the alkylsilene decom-
positions. Both signify very “loose” transition states for
the decomposition and addition reactions. On this basis,
we suggested earlier! the possibility of biradical formation.
However, present thermochemistry places the biradical at
an energy level more than 12 kcal above that of the si-
lylene/olefin products, i.e., AH(MeCH(SiH,)CHMe) ~
73.6 kcal/mol. Therefore, the transition state of alkyl-
silylene decomposition (or silylene/olefin addition) must
be some kind of long-range complex in which the silylene
is relatively free to rotate (or rock) against the olefin.

Reaction Modeling. There are essentially five classes
of reactions participating in the silylene/olefin reactions,
the four already discussed and the alkylsilylene trapping
reactions (rate constants k1). Reactions of a given class
should have similar rate constants, although some varia-
tions are required by the product thermochemistries. Thus
the relative stabilities of the methylpentene/SiH, reaction
products are, by group additivity estimates,!? 2-methyl-
2-pentene/2-methyl-1-pentene/4-methyl-2-pentene/4-
methyl-1-pentene = 20/5.6/4.4/1. The rate constants of

(11) O'Neal, H. E.; Ring, M. A.; Richardson, W. H,; Licciardi, G. F.
Organometallics 1989, 8, 1968.

(12) Benson, S. W. Thermochemical Kinetics; Wiley: New York, 1976.

(13) Benson, S. W.; Luria, M. J. Am. Chem. Soc. 1975, 97, 704, 3337,

42,

(14) Burkert, U.; Allinger, N. L. Molecular Mechanics; ACS Mono-
graph 177, American Chemical Society: Washington, DC. With Si-C,
i~Si adjustments of ref 11.
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Scheme IV must reflect this. Yield data are clearly not
sufficient to set values for all the individual rate constants
of the reaction schemes; however, rough modeling fits of
the yield and rate data can provide important semiquan-
titative information on relative rate constants of the five
reaction classes. With this objective, we modeled the
following reactions: (1) SiH,/1- and 2-pentene (Table IV
for conditions and data), (2) SiH,/2-methyl-1-pentene
(Table III for conditions and data), (3) Si;H¢/4-methyl-
1-pentene (Table V for conditions and data), and (4)
SiH,/4-methyl-1-pentene (Table VI for conditions and
data).

Rate Constant Assignments. Rate constant assign-
ments were made in terms of their generic values. Silylene
additions to pentenes were assigned rate constants of &,
= 6 X 10° M 571, This reflects a small steric factor effect
relative to the Sng{ 1-butene rate constant previously
established® as 10!11 M 51, The pentylsilylene- and
methylpentylsilylene-trapping reactions were assigned
values of kTiPSiH) = 3.1 X 109 M1 S-1 and kT(MPSiH) = 2.0
X 10° M1 g7}, reflecting the 1.5/C steric factor reduction
cited earlier. The generic alkylsilene ring-closing rate
constant was assigned a value of &, = kg..(1 + k,/kg) = 4.9
x 10® 571 at 670 K and 410 Torr. This follows from the
pentylsilylene-decomposition rate constant (Table II) and
a ky/kq = 10. The latter was based on preliminary mod-
eling of the 1- and 2-pentene/silane reactions (see Table
IV) and follows from the fact that the strong preference
for 1-alkylsilane products could not be duplicated with
ko/kq values less than 10. Also, values of k,/ky much
greater than 10 produced unrealistically low activation
energies for the ring-closing reaction.

Modeling established that calculated product yields and
reaction rates were independent of the %./k, ratio. This
means that no information about the relative stabilities
of alkylsilylenes and their silacyclopropane isomers can be
obtained through modeling. Therefore, calculations were
made with k./k, = 1 at 410 Torr and 670 K. This as-
signment ascribes comparable stabilities to alkylsilylenes
and their silacyclopropane isomers and is consistent with
our unpublished SCP ring strain estimate of 49.6 kcal/
mol.}®  Gordon’s'® calculations at the SCF(HF/6-31G-
(d)//HF/631G(d) and MP2 (MP2/6-31)G(d)//HF/6-
31G(d) gave SCP ring strains of 45.1 and 42.9 kcal/mol,
respectively. These lower strain energies imply slightly
higher activation energies for the ring opening and ring
decomposition reactions (by 4-7 kcal) but do not sub-
stantially affect the treatment that follows. Values of k.,
ko, and k4 for all the relevant reaction conditions were
obtained from RRKM calculations (see Table VIII), using
the above 410-Torr rate constants and thermochemical
kinetic estimates'? of the high-pressure Arrhenius param-
eters: log A.. =~ 12.3,log A, . ~ 14.0,log A3 ~ 16.9, A in
g1, Individual rate constants within the five reaction
classes were then assigned. Ring-closing rate constants
were set by their reaction path degeneracies (i.e., &, X
rpd/2), and ring-opening and ring-decomposition rate
constants were set to be consistent with group additivity
estimates®” of the product RSiH and reactant olefin
stabilities. In general, silacyclopropane rings producing
the more stable olefin products were assumed to be more
reactive toward ring decomposition and ring opening.
These considerations produced the following assignments
in the methylpentene/SiH, reactions: ring-closing reac-

(15) Based on results from: Seyferth, E. E.; Annaselli, D. C,; Vick, S.
C.; Duncan, D. P. J. Organomet. Chem. 1980, 201, 179.

(16) Boatz, J. A.; Gordon, M. S. J. Am. Chem. Soc. 1989, 93, 3025.

(17) Ring, M. A,; O'Neal, H. E., unpublished results.



Kinetics and Thermochemistry of Silylenes

tions, kc = k_39 = k_34 = k_so = k_ae, 0.5kc = k_33 = k_m, 1.5kc
= k_g;,3k, = k_g; ring-opening reactions, k, = ky; = kgg =
Rag, 2k, = kay = kog = kgg, 0.5k, = kg3 = kyg; ring-decom-
position reactions, ky = kgg, kg = 3.3ky, kay = bkg, kyy =
2.8ky. Corresponding 1-pentene/SiH, reaction assignments
were k; = ki = R_jg, 2k, = k_y7 = R_gq; ko = ki = Ry, 2R,
= Ryq, 4k, = kg 3.8R4 = kg, and kg = k_;5. Assignments
of 4k, to kg (rather than 2k) and of 5k4 to kg, (rather than
15k4) were subsequent adjustments needed to improve the
modeling.

Since the generic ring-opening, -closing, and -decom-
position rate constants are both temperature and pressure
dependent, appropriate values for each system modeled
(given in each table addenda) were obtained by RRKM!°
calculations. The latter are summarized in Table VIII.
The other important reactions to the modeling are those
controlling silylene steady-state levels: initiation reactions
(silane and disilane decompositions, reactions 1 and —44,
respectively) and silylene sink reactions (reactions 44-49).
The latter were assumed to be the those of the silane
decomposition.!’

(44)
SiH2 + SiH4 had Sisz k44 =6.0 X 109 N.[_1 S_l 18
k_44 = 1015.75e—52200(:al/RT g-186

(45)
SigHs - SngSiH + H2 k45 = 1016'459—57800“1/RT 3_16

(46)
SiH2 + SigHG hid SiaHs k46 =24 X 1011 M_1 5—1
k-46 = 1015.7e—53200ca1/RT g1 19

(47)
Si3H3 had SiH4 + SiHssiH k47= 1015.416—511700al/RT S-l 19
k-47 = 6.0 X 1011 M_l S_l

(48)
SiH4SiH < Si,H, kg (Table VIII and footnote)
k_s

(49)
Si,H, < Si,H, + H, k&, (Table VIII and footnote)

One modeling complication concerns the silane-decom-
position rate acceleration, which occurs in the 3-6% con-
version range. Up to this point, the decomposition rate
constant for silane is the pseudo-first-order value deter-
mined by Purnell and Walsh:% &, = kpgw =
1016.18¢-66800cal/RTAf05 g-1. heyond this point the reaction
accelerates (presumably because of a wall-initiated cata-
lysis®® by either (SiH,), or (SiH), on the walls) and the rate
constant of this wall-enhanced process has been shown®®
t0 fit By gy = 10782¢43800/RT[SiH,1-08 571, Because of this
rate change, reactions initiated by the silane decomposition
were modeled two ways: with k; = kpgw and with k, =
kpgw + kya. Calculated yields with k; = kpgw should fit
the experimental observations up to about 3% silane loss
and be lower than observations at higher conversions.
Calculated yields with k; = kpgw + Kqay should be larger
than the experimental values at low silane conversions but
approach the observed yields at high silane conversions.
This is the case (see Tables ITII-VI). Comparisons of the
modeling yields and rates with the experimental obser-
vations (Tables II1I-VI) show agreements within a factor
of 2. Considering the guesses required in setting individual
rate constants and the large pressure and temperature

(18) (a) Inoue, G.; Suzuki, M. Chem. Phys. Lett. 1985, 122, 361. (b)
Chuy, J. O.; Beach, D. B.; Jasinski, J. M. J. Phys. Chem. 1987, 91, 5340.
l99(39)2;\‘Igr1'.in, J. G.; O’'Neal, H. E; Ring, M. A. Int. J, Chem. Kinet.

, 22, 613.
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ranges covered (50-410 Torr, 583-670 K), this agreement
must be considered quite good. The main conclusions of
the modeling are (1) that silacyclopropane ring-opening
and ring-closing reactions are about an order of magnitude
faster than their decompositions and (2) that the ring-
closing reactions forming silacyclopropanes are unusually
fast. RRKM calculations on the ring-closing reaction,
assuming a tight transition state (4. = 1023 s7), give an
E. 410 = 8.2 kcal and an E,., = 10.4 kcal in the 670 K range.
Surprisingly, this is essentially the same activation energy
deduced from the earlier study? for SCP formation via an
alkylsilylene, intramolecular C-H insertion reaction.

Observations on Silylene into C-H Bond Insertion
Reactions. The two studies that provide semiquantitative
information on silylene insertions into C-H bonds are the
present study (assuming the validity of the proposed
mechanism and analysis) and a former study on the
shock-induced decomposition of methylsilane.? The latter
provides C-H insertion reaction information through its
thermochemistry.

. (50) .
MeSiH; — CH, + SiH,

k50 ~ 227 g1 at 1200 K;3 AH1200 = 515 kcal;
AS1200 = 30.8 eulz

If the insertion reaction is assigned a transition state
consistent with the present treatment for ring closing (i.e.,
normal and tight), then A5 ~ 10'3% 5! and Ey, = 61.2 kcal
at 1200 K. With the reaction enthalpy, this gives E_g, =
12.1 at 1200 K and translates to an activation energy of
E_;, =~ 10.0 kcal at 670 K (M standard state), in good
agreement with the value deduced from this study. The
significantly higher silylene/C-H insertion activation en-
ergies of prior treatments™? (i.e., E, ~ 16-20 kcal) were due
to differences in the estimated reaction thermochemistry
and assumed A factor. Thus the silylene and methyl-
silylane heats of formation used previously® were 58 and
-8.3 kcal/mol (rather than 64 and -7.4 kcal/mol!!) and an
A factor of 10'45 571 (an order of magnitude higher value
than the one used here) was assumed.?® The near
equivalence in activation energies of the strain-free
SiH,+CHj, reaction and the RSiH intramolecular ring-
closing reaction indicates an absence of strain in the
transition state of the latter. This is contrary to our earlier
assumptions? and goes far toward explaining why silacyclic
rings larger than silacyclopropanes are not commonly ob-
served.?? Thus larger-ring-forming reactions have lower
activation entropies (by about 3.5 eu per additional in-
ternal rotation lost in the transition state), and, contrary
to conventional views on ring strain energy effects on
ring-closing activation energies, they may also have sizable
activation energies. Indeed observations of silacyclopen-
tane in yields as high as 30% from the decomposition of
n-butylsilylene at shock temperatures? (i.e., 1100-1200 K)
and the absence of this same product in the present study
(where yield observation limits were about 0.02) can only
be rationalized by an activation energy difference between
silacyclopentane and silacyclopropane ring formations of
10 kcal or more.

(20) It should be noted that the alkysilylene/C-H studies under dis-
cussion (i.e., this work and ref 3) are mutually consistent regardless of
the nature of the assumed transition states as long as they are either both
“tight” or both “loose”.

;21) Sawrey, B. A,; O'Neal, H. E; Ring, M. A. Organometallics 1987,
6, 720.

(22) Barton, T. J.; Burns, G. T. Organometallics 1983, 2, 1. Davidson,

I. M. T.,; Fenton, A.; Ijadi-Maghsoodi, S.; Scampton, R. J.; Auner, N.;

Grobe, J.; Tillman, N.; Barton, T. J. Organometallics 1984, 3, 1593.
(23) Becerra, R.; Walsh, R. J. Phys. Chem. 1987, 91, 5765.
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Summary

Observations on olefin/SiH, reactions (olefin isomeri-
zation, alkylsilane formation) are consistent with Barton
mechanisms involving silacyclopropane and alkylsilylene
intermediates. SCP ring-forming and -opening reactions
are at least an order of magnitude faster than their de-
compositions (to olefins and SiH,). All reactions are
pressure dependent at 400 Torr. On the basis of butyl-
silylene- and pentylsilylene-trapping reactions with silane
of 4.8 X 10° M1 57! and 3.1 X 10° M s7., respectively,
high-pressure Arrhenius parameters for the butyl- and
pentysilylene decompositions of log A, =155+ 1 and E,,
= 22.5 + 0.3 kcal are derived. Activation energies are
consistent with decomposition reaction thermochemistries
(AH,, = 26.6 £ 3.4 kcal, AE 4, = 25.3 = 3.4 kcal), and A
factors indicate surprisingly loose transition states for both
alkysilylene decompositions and their reverse silylene/

olefin additions. A loose silylene/olefin addition complex
is suggested for the transition state, as the thermochem-
istry of decomposition precludes the intermediacy of bi-
radicals. Generic high-pressure Arrhenius parameters
(with 4 in 57}, E in kcal) for the elementary reactions of
silacyclopropane ring opening (0), closing (c), and decom-
position (d) are log A, = 12.3, E, = 10.4; log A, = 14.0, E,
= 14.7 + AE; and log A4 = 16.9, E; = 26.1 + AE, where
AFE = (49.6 — SCP strain energy).

Acknowledgment. We are indebted to the National
Science Foundation (Grants CHE-8419089 and CHE-
8719843) for financial support of this work.

Registry No. Silane, 7803-62-5; 1-butene, 106-98-9; 1-pentene,
109-67-1; 4-methyl-1-pentene, 691-37-2; 2-pentene, 109-68-2; 2-
methyl-2-pentene, 625-27-4; disilane, 1590-87-0; 2-butylsilylene,
110550-55-5; isopentylsilylene, 135710-28-0; silylene, 13825-90-6;
2-methyl-1-pentene, 763-29-1.
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Reactions of Bis(n3-allyl)chromium(II) Complexes

P. Betz, P. W. Jolly,* C. Kriiger, and U. Zakrzewski
Max-Planck-Institut fir Kohlenforschung, D-4330 Milheim a.d. Ruhr, Germany
Received March 5, 1991

CT(PRa)gclz (PR3 = PMea, PMezph, PPthe), CT(M62PC2H4PM62)2CIQ, and [Ct(Pri2P02H4PPri2)Clz]2
react with 2-propenylmagnesium chloride or 2-methyl-2-propenylmagnesium chloride to give thermolabile
(n°-allyl)oCr(PR;), and (°-allyl),Cr(R,PC,H,PR,) compounds. In contrast, the final product of the reaction
between Cr(PMe,),Cl; and 2-butenylmagnesium chloride contains an #n*bonded dimethyldiallyl group
derived from the reductive couplinég of two n°-1-MeC;H, fragments. (5°-C3H;),Cr(PMe,), reacts with 2-butyne
with alkyne insertion into an n®-allyl group to give a compound containing both »%-allyl and 5!,3*-4-
methyl-1,4-hexadienyl groups. The structures of these paramagnetic organochromium(II) compounds have
been confirmed by X-ray structural determinations of three examples, viz. (53-CsH;),Cr(PMe,Ph), (2) (a
= 8.894 (4) A, b = 2756 (1) A, c = 9.355 (3) A, B = 107.64 (3)°, space group P2,/n, Z = 4), (n*
C;H;),Cr(Pri,PC,H,PPri,) (6) (a =9.171 (1) A, b =15.936 (2) A, ¢ = 15.368 (1) A, 8 = 102.22 (1)°, space

(8

Introduction

Although the organic compounds of chromium have not
attained industrial importance as homogeneous catalysts,
it has been known for over a quarter of a century that
species containing the n®-allyl group do have considerable
activity. For example, (7*-C;H;)sCr attracted attention in
the late 60’s as a non-Ziegler catalyst for the polymerization
of ethylene and butadiene while [(n®-C3H;),CrI}, cyclo-
trimerizes butadiene to cyclododecatriene.>® Subse-
quently, it was shown that n®-allyl-chromium species
catalyze the cyclotrimerization of alkynes® as well as the
polymerization of acrylonitrile, methyl methacrylate, and
substituted 1,3-dienes’ while dozens of publications have
been concerned with the catalytic activity of supported
n*-allyl-Cr catalysts.

Examples of mononuclear n3-allyl complexes of chro-
mium are, however, limited to those containing Cr(III) or
Cr(I), e.g. (na-CaH5)3Cr,3 Cp(na-C3H5)2Cr,1 and (173'
C3H;) (n*-1-EtC,H;)Cr(Me,PC,H,PMe,),? and as far as we
are aware, no compounds of this type containing Cr(II)

*To whom correspondence should be addressed.

grmg) P2,/n, Z = 4) and (7°-C3Hy)(n',n%-4-methyl-1,4-hexadienyl)Cr(PMey), (9) (@ = 9.299 (5) A, b = 14.474
, ¢ = 13.916 (5) A, space group P2,2,2,, Z = 4).

have been reported in the literature. Attempts to prepare
such compounds by reacting the dinuclear species (n°
C3Hy)o(u-n*-C3Hg)oCr, with donor ligands were not suc-
cessful.? On the other hand a few bis(aryl)- and bis(al-
kyl)-Cr(II) complexes, e.g. (2,4,6-Me§CsH2)2Cr(PR3)2,9'1°
(MegCCH,),Cr(Pri,PC,H,PPry),!° and Me,Cr-
(Me,PC,H,PMe,),,'"'? have been prepared by reacting
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