J. Am. Chem. S0d.997,119,5618-5627

lobutane Exchange Reactions
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Abstract: Diosmacyclobutanes Q€0O)(olefin) undergo facile exchange reactions with olefins and acetylenes. An
associative mechanism is excluded by the observation of saturation kinetics as the concentration of the entering
olefin (butyl acrylate) is increased. Multivariate analysis of the rate as a functionidf]@etermined from solubility
measurements in decane/butyl acrylate mixtures) and [butyl acrylate] suggests a stepwise mechanism in which the
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departing olefin migrates to a terminal position and the
The straightforward dissociative exchange of the olefin
concentrations of entering olefin.
Introduction

Metallacycles are involved in many important reactions in
solutiort and have been proposed as models for the chemisorp-
tion of organic species on the surface of heterogeneous
catalyst& Some time ago we reported that the exchange
reactions of g-1,2-ethanediyl)octacarbonyldiosmiurt) (pro-
ceed with retention of stereochemistrya finding inconsistent
with the intermediacy of a diradical like that involved in the
fragmentation of the isolobtyclobutane, eq 1.
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Greater than 99.1% retention of stereochemistry per half-life
was observed when the exchange of firems-ethylene-1,243,
with trans-1-3,4-d, was followed for 66 half-lives, eq 2.
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The simplest mechanism that can be proposed is et
24 cycloreversion shown as mechanism | in Scheme 1. After
fragmentation ofl to free ethylene and octacarbonyldiosmium,
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n undergoes associative exchange with the entering olefin.
ligands in Os(0Bfin) shows saturation at much lower

Scheme 1Possible Mechanisms for Diosmacyclobutane
Exchange Reactions
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2, a [2s + 24 cycloaddition of the incoming unsaturated
molecule (butyl acrylate (BA) in Scheme 1) fowould form
the substituted diosmacyclobuta®ie Such apparent,ps + 24
cycloadditions are ubiquitous in organometallic chemistry.
Compound2 has been observed in an argon matrix after
photolysis of Og(CO) or 1 (eq 3)7 and in solution (eq 4)and
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Scheme 2. Exchange of Titanocyclobutanes with Alkynes
via Carbene-Alkene Intermediates

R
Cp,Ti=CH, =<R
Cp,Ti R —_ +
Cp,Ti—CH,
= \ RC==CR'
CpyTi Cp,Ti—CH,
RC==CR'

in the gas phase (eq 5) after flash photolysislowever, it

should be stressed that formation2from 1 in eqs 3 and eq
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forming 4. In Il the ethylene ligand of4 is associatively
exchanged for incoming BA, formin§ and theng; in Il the
ethylene ligand ofl dissociates, and the resulti@geacts with
BA to give 5 and then3.

Anslyn and Grubbs examined the product ratios whep Cp
Ti(CH,) from different titanacyclobutanes was trapped by the
same alkene/alkyne mixtures, and argued for associative ex-
change with the carben@lkene intermediate2 Subsequently
Hawkins and Grubbs examined the geometry of asymmetrically
substituted o-methylenetitanacyclobutanes exocyclic double
bond during substitution reactions and concluded that the
carbene-ethylene intermediate either underwent dissociative
exchange or exchanged rapidly with free ethyléffe.The
present paper describes a series of experiments and a detailed
kinetic study that rule out three of the mechanisms in Scheme
1 and implicate mechanism Il, associative exchange with the

4 is a photochemical process, not the proposed thermal procesgoordinated olefin in the intermediate. These results, along with

of mechanism I. The therma)ds + 24 cycloaddition and

cycloreversion in mechanism | is analogous to those disalléved

in all-carbon systems.

o
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Three other mechanisms merit consideration. All are analo-
gous to those offered by Grubbs and co-workers for the reaction
of titanacyclobutanes with alkenes and alkyHeddechanisms

those of Grubbs and co-workers cited above, suggest a common
mechanism for all metallacyclobutane formation and fragmenta-
tion reactions.

Results

Reaction of O$(CO)g(C2H4) with Alkenes and Alkynes.
The parent diosmacyclobutank is available along with
Os(CO)(CzH,) in good yield via the photolysis of QEO);2
with ethylene!>13 Several diosmacyclobutanes and diosma-
cyclobutenes can be prepared by similar photochemical
reactionst2>-d¢ However, the thermal exchange reactions of
diosmacyclobutanes with alkenes, alkynes, and even carbon

monoxide have proven more generally useful (see Table 1 and
eq 6)_3,7,12!%9,14

. 40°C,CDq
+ u /BU —~——
(€C0),0s—— Os(CO), o

1

"Bu
OI
6)
+
(C0),0s—— Os(CO), CaHy

3

Alkenes with electron-withdrawing substituents, and alkynes,

Il and Il in Scheme 1, involving associative and dissociative are incorporated into these metallacycles in preference to alkenes
exchange with an intermediate, derive from the titanacyclobu- with electron-donating substituents. The most useful starting
tane mechanisms shown in Scheme 2. The associative mechmaterial is the diosmacyclobutafebecause it can be prepared
anism IV in Scheme 1 derives from an analogous titanacyclob- in relatively high yield and is reasonably stable, yet reactive

utane mechanism.

The carbenealkene intermediate in Scheme 2 is related by

the isolobal analogy (Gi¥i to CH, to Os(CO))* to the ring-

opened intermediaté in mechanisms Il and Il in Scheme 1.
The dinuclear4 is known as a matrix specieand has been

identified as a transient in solutidmeturning tol with a rate

constant of 8 s' at 25°C. Mechanisms Il and Il both begin
with slippage of the ethylene bridge onto a single osmium,

enough that moderate temperatured( °C) lead to convenient
exchange rates. The propene analog(@®)(propene), is less
useful, with its lower stability resulting in substantial losses
when it is purified.

The synthesis of QECO) (eq 7Y shows how these equilibria
can be exploited synthetically: the pressure bottle in which the
reaction is conducted is repeatedly vented, thus removing
propene from the system and pushing a thermodynamically
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Table 1. Exchange Reactions of gf€O)(alkene) The equilibrium constant for eq 10 (the reverse of eq 6,
incoming olefin solvent/temperature carried out in decane) was measured by heating a decane

alkene  or acetylene (°C) yield (%) ref solution of3 (6.55 mM) to 40°C and monitoring the approach

CoHa BA?2 decane/40 seeexptl thiswork (0 equilibrium. At equilibrium each species had the concentra-

CoH, BA2 CsDo/40 92 this work tion shown, implying an equilibrium constant of 4291073,

CoHa MPP CsDe/47.5 83 this work

CoHq DMMe CsDe/42.5 71 this work

CoHa DTBAD? CsDe/35 77 this work o’ U

CoHq DMAD® CsDo/40 < 44 this work decane

CoHy NMMI CsDg/42.5 - this work (€0O),0s Os(CO)* Caty 20°C (C0O),0s 0s(CO), BA

CoHa DMFum? CsDe/40 91 this work 3 1

CoH, NTBMI" CeDe/40 80 this work 381 mM 60 psig 274 mM 274 mM

CoH4 DIBFum CsDe/40 70 this work (396 mM)

CoHa MAJ benzene/35 80 14c 10

CoHq ACkK benzene/35 85 14c (Keg=49x10° Kk, pmun=2x10° s)

CoH, MPP benzene/35 77 l4c

MAJ DMAD® toluene/80 47 12b All the new alkene exchange reactions reported in Table 1

,\C/IZZ“ B'\PAQD {303326:13822535 53? llzch proceed cleanly and quantitatively, although difficulties in

CoHa DPA toluene/74 20 12be separating some products from excess alkene result in lower

MAI HEB™ toluene/68-75 20 12b isolated yields. Exchange reactions with alkynes are generally

CoHa HFB™ pentane/2535  5-20 12c more complex; small amounts of metallic coproducts are

MA! DMM¢® hexanes/64 65 12b observed, and in some cases (e.g., diphenylacetylene) large

CoHa 3-B,2-0' pentane/2535 86 12c,e amounts of trimerized alkyne.

CoH, MPP pentane/2535 70 12c.e e . .

MAI MAH® toluene/so 54 12b Kinetics of Reaction 6 as a Function of [BA]. The rate of

CoH, DEMP not reported “good”  12¢c reaction 6 should increase linearly with [BA] if mechanism IV

CHa DIPDA not reported 35 12¢ is operative, while it should exhibit saturation behavior if any

CoHa TBL not reported - 12c of mechanisms-l1ll is correct. In preliminary experiments
aButyl acrylate.> Methy! propiolate ¢ Dimethyl maleate? Di-tert- under N we measured the rate of reaction 6 in decane as a

butyl acetylenedicarboxylatéDimethyl acetylenedicarboxylatéN- function of [BA], with no ethylene present other than that

Methylmaleimide ¢ Dimethyl fumarate! N-tert-Butylmaleimide.’ Di- formed as a product of the reaction. The results are shown in

isobutyl fumaratel Methyl acrylate* Acrolein.' Diphenylacetylene. Table 2 and plotted in part a of Figure 1. The rate does
Hexafluoro-2-butyne? 3-Butyn-2-one? Maleic anhydrideP Diethyl increase linearly with [BA].

muconated Diisopropyldiazadien€.trans-benzal acetone. NS . .
Propy Kinetics of the Reaction of Os(CO)(propene) (6) with BA

unfavorable reaction to completion. More typical are thermo- &S & Function of [BA]. Curiosity about the high concentrations

dynamically favorable displacements like the one in eq 6. of BA_ required to achieve saturation in Figure la led us to
examine the analogous mononuclear reaction (eq 11). Huber

and Pdéhave established a dissociative mechanism for reaction

140 psig CO 8 . A o X
—— 1215 and Cardaci has established a dissociative mechanism for
(COOs——0s(CON g 101 Fe(CO)(alkene) with a variety of incoming ligand8.
pentane
2 9 65.0°C
/\ + \E @ (CO)0s + Jl "BU decane —
(C0),0s— Os(CO), ==’ o
6 >10 eq
Even very stable diosmacyclobutanes undergo exchange, 0
although under more severe conditions tharequires. When ,Bu

0Os(COX(BA) was heated with a large excess10 equiv) of of + =" ay

methyl acrylate (MA) in GDg solution, the coordinated BA was
replaced by MA over the coursd 8 h (eq 8). With a large
excess of BA it was possible to carry out the same reaction in R P(OEY),
the reverse direction (eq 9). (CO)4OS<I + or

(CO),0s

Alkane
PPhy

[e) R
oy O CeDs Os(CO)L + -/ 12
€00s——0sCO) M gzrc,on In preliminary experiments under,Nve measured the rate
o of reaction 11 as a function of [BA], with no ethylene present
OMe O other than that formed as a product of the reaction. Part b of
(CO,4OS_OS(CO§4§)‘0"Bu ® Figure 1 and Table 2 show thlajys for reaction 11 approaches
avalue of 3.85(11x 10“4s 1 as [BA] is increased. This result
o) is consistent with the presumption that reaction 11, like reaction
oMe O C¢Ds 12, occurs by a dissociative mechanism.
(C0),09——0s(CO); Sorpu m Combined Effect of [C;H4] and [BA] on Reaction 6. The
xs ' rate equations for mechanismslll in Scheme 1 are written
1 (15) Huber, B. J.; PgeA. J. Inorg. Chim. Actal994 227, 215-221.
O"Bu O (16) (a) Cardaci, GInt. J. Chem. Kinet1973 5, 805-817. (b) Cardaci,
(CO)08 Os(COXvOMe ) G. J. Organomet. Chenl974 76, 385-391. (c) Cardaci, Gnorg. Chem.

1974 13, 2974-2976.
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Table 2. Observed Rate Constants for the Reaction of Ethylene
Osmium Complexes with Butyl Acrylate in the Absence of Added
Ethylené

ethylene complex [BA] (M) 10x Kops(s™Y)

T=40°C

1 0.221 6.00 (9)

1 0.439 6.38 (7)

1 2.38 10.2 (2)

1 4.65 13.2 (3)

1 6.98 15.2 (5)
T=65°C

6 1.02 29.1 (10)

6 2.00 36.2 (16)

6 6.23 38.5(11)

a|n decane, with concentrations dbfor 6 about 8 mM.

20
15 *
=
@
E 10 *
»
2 .
5
0 T T L]
0 2 4 6 8
[BA] (M)
40 —
30
=
@
8 20
A4
L
v
=
104
0 & T T T
0 2 4 6 8
[BA] (M)

Figure 1. Dependence ok.ps On [BA] in the reactions of (a) Qs
(CO)%CzH4, 1 (40 °C, decane, J] = 8.25 mM) and (b) Os(CQ®)
(propene) 6 (35 °C, decane,f] = 15 mM).

Table 3. Pseudo-First-Order Rate Laws for Mechanismdlll
Written in Double Reciprocal Form

Mechanism |
1 [k 1 1
— = |—[CH,]|/=—=+—
ooe [klkz[ 2 “]][BA] Q
Mechanism Il
1 [ksky kgl 1,1
—= CH,)+—|—=—=+—
Kobs [k3k4k5[ Hd ksky][BA] kg
Mechanism llI
k_ K (k5 + k 5+
i: 36(7k5)[C2H4] 1+3k6
Kos kakekrKs [BA] kaks

in reciprocal form in Table 3. In all three cadgssis a function
of [C2oH4] and 1/[BA], because §H4 and BA compete for the
intermediates in each mechanism. At constapHa double
reciprocal plot kst vs [BA]™Y) will yield a straight line if

any of these mechanisms is correct. The intercept of such a

plot will be equal to 1; for mechanism I, 3¢ for mechanism
Il, and k-3 + ke)/(ksks) for mechanism l1lI. Its slope will be

J. Am. Chem. Soc., Vol. 119, No. 24 56297

equal to the factors within the brackets in Table 3. Comparing
them reveals a difference that can be exploited: only the slope
factor for mechanism Il is &wo-term expression.

We therefore examined the rate of reaction 6 as a function
of [BA] at various [GH4]. We carried out these experiments
in decane (eq 13) in order to ensure that the vapor over the
solution contained only £14. The results of those experiments
are given in Table 4.

CyHy
o ¥ .
10-60 psig

+ n Bu
=/ 40°C

(CO),0s Os(CO), .
ecane

leq >10eq

n
/Bu
o

GHy  (13)

+
(CO)4Os Os(CO)4

3

We then considered the possibility that, at constasiiC
gauge pressure, f4] varied significantly with the percentage
of butyl acrylate in the solution. Indeed, as shown in Figure 2,
the experimentally determin&€d[C,H,] did depend on %BA
for the relevant ethylene gauge pressures.

The ethylene concentrations during the experiments in Table
4 were therefore calculated as a function of solution composi-
tion. (A sample calculation is given in Supporting Information.)
The Henry’s Law constants and molar volumes were determined
experimentally for ethylene in pure decane and pure BA. The
solution mole fraction of gHs could then be calculated for
decane or BA under any relevant gauge pressure of ethylene,
and the concentration of,8, in decane or BA obtained from
a molar volume vs mole fraction plot (e.g., Figure A2 in
Supporting Information). The concentration of ethylene for each
gauge pressure in the mixed solvents in Table 4 was then
determined by linear interpolation (as in Figure 2) between the
concentration of gH, in decane and that in BA.

If the rate equations corresponding to mechanismid kre
written in the form in Table 5, multivariate analysis can be used
to solve for the coefficienta, b, andc. The coefficiento will
bezeroin the case of mechanisms | and I, andnzeroin the
case of mechanism II.

Multivariate analysis was performed on the global data set
using the progranMINITAB;!8 the data points were weighted
by the estimated standard deviations of thégsl/values.
Rejection of outliers eliminated five experiments from the data
set!® The multivariate analysis showed thais 1850 mol s/L
+ a 99% confidence interval of 860 mol s/L; it gazas 15540-
(1260) s anat as 8790(430) s, with the uncertainties again being
99% confidence intervals. Thus we can state thatnonzero
a result consistent with mechanism Il and inconsistent with
mechanisms | and lll. The largest residual, or deviation from
the fit, is slightly more than 12% of the corresponding rate,
and the average deviation of an experimental value from the
corresponding calculated value is 5.0% (see Figure C, Support-
ing Information).

The values of the three coefficients yield further insight into
the details of the exchange reaction. The reciprocal of the
coefficientc gives 11.4(6)x 1075 s71 for ks, the rate constant
for the opening of the ring df. As the equation for mechanism
Il in Table 5 showsks should also be available frokgpsin the

(17) Experiments conducted at The University of Notre Dame in
collaboration with Dr. James P. Kohn, Department of Chemical Engineering.

(18) MINITAB Statistical Software, 3081 Enterprise Dr., State College,
PA 16801-2756.

(19) Even if the rejected experiments are included in the regredsisn,
1020 mol s/L,+ a 99% confidence interval of 720 mol s/L.
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Table 4. Observed Rate Constants for Reaction 6 (@) at Various [Butyl Acrylate] and [¢H4]

103 X kobs 1@ X kobs
[BAI(M)  Pcy, (psig)  [GHql* (M) [CoH4]Y[BA] (s [BAI(M)  Pcy, (psig)  [GHql* (M) [CoH4]Y[BA] (G

0.518 10 0.117 0.227 6.37(24) 2.74 30 0.245 0.089 10.1(2)
0.347 10 0.117 0.336 5.41(*0) 0.441 40 0.287 0.652 4.47(8)
0.209 10 0.116 0.555 4.61(%4) 0.479 40 0.287 0.600 4.81(7)
0.254 10 0.116 0.458 4.82(FF) 2.19 40 0.301 0.138 9.16(20)
0.505 10 0.117 0.232 6.020) 2.08 40 0.300 0.144 8.12(18)
0.505 10 0.117 0.232 6.16€7) 0.715 40 0.289 0.405 5.23(12)
1.02 10 0.119 0.117 7.79(13) 0.355 40 0.286 0.806 3.79(8)
2.19 20 0.183 0.083 9.23(12) 2.40 50 0.363 0.151 8.91(16)
0.287 20 0.173 0.603 4.12(8) 2.01 50 0.359 0.179 8.46(12)
0.423 20 0.174 0.411 4.71(9) 0.510 50 0.345 0.676 4.11(4)
0.506 20 0.174 0.345 5.15(8) 1.20 50 0.352 0.293 6.47(9)
0.842 20 0.176 0.209 6.27(7) 6.98 50 0.408 0.058 1513(3)
6.98 20 0.206 0.030 15.2%) 1.80 60 0.417 0.232 8.35(18)
0.481 30 0.230 0.479 5.13(7) 2.51 60 0.425 0.169 9.21(22)
0.336 30 0.230 0.683 4.23(11) 0.515 60 0.402 0.781 3.94(6)
1.04 30 0.234 0.225 7.05(14) 121 60 0.410 0.340 6.44(9)
0.410 30 0.230 0.562 4.30(4) 4.58 60 0.449 0.098 1187(2)

a Calculated [GH4]. © kops calculated by six-peak method (see Experimental Section) except as fikggctalculated by four-peak method.
d Eliminated from global data set by outlier rejectiGrliminated from global data set because of a relatively high residual.

0.5

[CoHg] = 7.95 x 104 %BA) + 0.39%

Bl [CyHyl =678 x 104 ( %BA) + 0340

[CyHy] =546 x 104 ( %BA) + 0.284

[CoH ] =4.40 x 1074 ( %BA) + 0.227

[C2H4] M

[CoHyl =336 x 104 ( %BA) + 0.172

[CoHy) = 2.73 x 1074 %BA) + 0.115

0 25 50 75

100

% Butyl Acrylate
Figure 2. Plot of [C;H4] vs vol % BA for BA/decane mixtures at six
gauge pressures of,8..

Table 5. Coefficients for MechanismsHlll in General Equation

1 [CHJ 1
—=a——+b——+c
Koos  [BA] [BA]
mechanism a b c
| k- 1/ (k]_kg) 0 1/kl
I (k—gk—a)/(kskaks) koaf(kaka) 1/ks

1 [ k-sk-g(k—7 + ks)]/(kskekzks) O (k-3 + Ke)/(kske)

limit of infinite [BA]. The fastest exchange rate measured at
40.0°C, 15.2(5)x 107° s7! (neat BA, no added £E4; Table

C:H4 by BA in eq 16 is exactly equal to the rate of ethylene
slippage to re-forml. Similarly, from the ratio of the coef-
ficientsb anda, ks equalsk-_4[C,H,] at a [GH4] of 0.199 M,
i.e., the rate of associative replacement of BA bHEIn eq

17 is exactly equal to the rate of BA slippage to fobm

k_/k, = bic (14)

k/k_, = bla (15)
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Apparently the reaction o6 with C,Hs can compete ef-
fectively with ring closure (see eq 17) at relatively low ethylene
concentrations (0.199 M). At slightly higher temperatures (65
°C) both the BA ligand in OfCO)(BA) and the methyl acrylate
(MA) ligand in O3(CO)(MA) exchange with free MA and BA,
respectively (eqs 8 and 9). Ethylene, as a more electron rich
and sterically less demanding species than MA, must be a
relatively good nucleophile towarsl Somewhat higher con-
centrations (0.210 M) of BA are required for effective competi-

2), is reasonably close to the estimate from the reciprocal of tion with ring closure for4, presumably because BA is a

the regression coefficiewt (Solvent polarity effects may make
the value ofks in neat BA slightly different from that in BA/
decane mixtures.)

Algebraic manipulation of the equations for the coefficients

a, b, andc corresponding to mechanism Il (see Table 5) results

relatively electron poor and sterically demanding nucleophile.
The very fact that inhibition is observed at low ethylene
pressures is further evidence of the high nucleophilicity of
ethylene.

Activation Parameters for k3? As mentioned above, the

in the ratios in eqs 14 and 15. These ratios indicate the relativeequation for mechanism Il in Table 5 suggests that for

ease with which the intermediatésnd5 undergo substitution

reaction 6 in the limit of infinite [BA] should beks;. We

vs rearrangement (see eqgs 16 and 17). It is useful to discusgherefore determined the temperature dependendegyofor
these results in terms of the alkene concentrations at which thereaction 6 in neat BA. A fit (weighted by the standard deviation

rate of the forward reaction frodh or 5 is equal to the rate of

of the individualkspss) of the resulting data (see Table B in

the reverse reaction from the same intermediate. Thus, from Supporting Information) to the Eyring equation usikigNIT-

the ratio of the coefficientd and c, k-3 equalsksBA] at a
[BA] of 0.210 M, i.e., the rate of associative replacement of

AB!8 gaveAH* as 27.2 (4) kcal/mol) andSf as 10.9 (1.1) eu.
However, we cannot be sure thats = ks in neat BA at all
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temperatures, so there is no way of being sure that these apparent

activation parameters pertain kg itself. (Such results must
be interpreted with care whegysis a function of more than
one rate constarf.)

Reaction of Og(CO)g(C,H4) with Dialkyl Maleates and
Fumarates In light of our earlier observation that sterochem-

istry is retained in diosmacyclobutane exchange reactions

involving deuterium-substituted olefifisye were surprised by
the report by Johnson and Gladfelter of a metallacycle formation
reaction that proceeds with loss of stereochemistry, €4 @8ly

(CO){0s—— Os(CO), H,C= CH,
CeDs
—_— ot oo
40°C,3d o . 0)
'BuOC, ',CO‘Bu

+
o)
A"
o JI ©
7)’1:‘( ’7/ (C0),05 —— Os(CO),
o 70%
Thus, the reaction df with all three incoming alkenesDMM,
DMFum, and DIBF-proceeds with retention of configuration

a dimethylfumarate adduct was obtained when dimethyl maleateabout the double bond.

was treated with RYCO)(dmpm) (dmpm = bis(dimeth-
ylphosphino)methane), an analog of (0.

Me,P PMe.
Me,p” o PMe R R R ’| I
il .8, 2 (CO);Ru llzu<c0)z
(CO)RuE=" Ru(CO), + >=< — \g—<
E | 2 H H MezP\/ PMe,
Me,P_ PMe, R
R = CO,Me

Of course the retention of stereochemistry we observed in
the trans-C,H,D, experiments only argued against a diradical
mechanisn®; other mechanisms leading to loss of stereochem-
istry are conceivable with electron-withdrawing substituents. We

have therefore looked for loss of stereochemistry in the exchange

reactions ofl with dimethyl fumarate (DMFum) and dimethyl
maleate (DMM). Only a single product was obtained from
DMFum, while a single-differentt—product was obtained from
DMM. The only other compounds present in the reaction

solutions were free ethylene, excess fumarate or maleate, trace

of unreactedl, and traces of Q§CO).» from decomposition.
The product of the DMFum reaction was insoluble in benzene-
ds and in pentane, while the product of the DMM reaction was
soluble in both solvents.

Takats and co-workers have crystallographically characterized

0Os(CO)(DMM) and Os(CO)(DMFum), both prepared by the
photochemicateaction of dimethyl maleate with €02 (eq
19)12bc (|rradiation presumably isomerized some DMM to
DMFum.) Significantly, they report that both the dinuclear
DMFum complex and an analogous dinuclear diethyl fumarate
complex are insoluble in hydrocarbon solvents, while the
dinuclear DMM complex is soluble. Thus the single product
of our 1 + DMFum reaction can be identified as £f8O)s-
(DMFum), leaving the single product of olit- DMM reaction

to be Og(CO)(DMM).

R

Os3(COka (€O),0s
R hv (A > 370 nm)
—_— R
R R
) ( Cetle + + RCH=CHR (19)
- R R
H H R = CO,Me

large excess (C0O)40s = Os(CO),

An additional diosmacyclobutane, soluble in pentane and
benzene, has been prepared by treatingvith diisobutyl
fumarate (DIBF) (eq 20). The carbonyl region IR spectra of
O(CO)(DMFum) and OgCO)(DIBF) in CH,CI, solution
(see Figure D, Supporting Information) are nearly identical, but
that of Og(CO)(DMM) is noticeably different.

(20) Espenson, J. HChemical Kinetics and Reaction Mechanisms
McGraw Hill: New York, 1981; pp 12+123.

(21) Johnson, K. A.; Gladfelter, W. IOrganometallics1991, 10, 376—
378.

Discussion

Johnson and Gladfelter have proposed two explanations for
the formation of the dimethyl fumarate adduct from dimethyl
maleate and R{CO)(dmpm) (eq 18)?* One suggestion was
a zwitterionic intermediate, like that shown in eq 21; the other
suggestion involved initial electron transfer from the pentacar-
bonyl Ry complex to the olefin, forming a radical cationic metal
complex and a radical anionic olefin. In either case rotation
around the reduced -@C bond would lead to the more
thermodynamically stable trans adduct. (A referee of the present
manuscript has suggested an enolization mechanism.) Our
results with dialkyl maleates and fumarates, in which no
isomerization has been observed, show the absence of a similar
mechanism in our system. (It is hard to see how rotation about
the C2-C3 bond could be slower in the g§€0) system, as
the dmpm ligands should make the JRframework more
sterically demanding.) The transfer of charge that occurs in eq
21 (or the alternative electron-transfer mechanism) is probably

feasible only when an electron-donating ligand like dmpm is

present.
R R

> < P/\l"

PO P - *Ru— Ru R |
[o} 1 H H Ru Ru

RI ACa, R ——— _—~\4<|
llx Iu + or —~——— 0 / OMe| =~ p\/ P
r " R H MO © R

(21)
Ru = Ru(CO),; P = PMey; R = CO,Me

The evidence strongly suggests that the stereospecific ex-
changes in the QECO)s system arise from mechanisms like
mechanism Il. For reaction 6 the observed saturation behavior
excludes an associative mechanism like mechanism IV, and the
regression analysis of the BAJB, competition experiments
favors mechanism Il over mechanisms | and III.

An additional argument for rejecting mechanisms | and Il
is suggested by the behaviorlgfsfor the dinuclear reaction 6
as a function of [BA] (Figure 1a and Table 2). Figure 1b, for
the analogous mononuclear reaction 11, illustrates the type of
saturation behavior to be expected from a classic dissociative
mechanism like that in eq 22. BA is more reactive than propene
toward Os(CQy), and the only propene present is that which
has dissociated. Thukg[BA] becomes> k_g[propene] at
relatively modest concentrations (about 2M) of added BA; under
those condition&,,s approache&g and saturation is observed.

(co)405<(

6

ko[BAI
0s(CO); —>
(CO)0s

"Bu

k g[propene] 22

We should see the same behaviordag classicdissociatve
mechanism, including mechanism | for the dinuclear system.
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Intermolecularcompetition between the entering and leaving
olefing?2 guarantees that at relatively low concentrations of the
incoming trap (BA)[BA] > k_1[C,H4] andkgpswill approach

ki as a limit. Even in a more complex dissociative mechanism
like mechanism lIl, BA and ethylene still compete for30)s

(2); again, at relatively low concentrations of the incoming trap
(BA), k7[BA] will become > k_g[C2H4], kobs Should approach
the limiting rate of the rate of formation &, and saturation
should occur. Of course the preliminary experiments in Figures
la (dinuclear) and 1b (mononuclear) were done at different
temperatures, so some variatiorkgs could be due to differing
rates of ethylene loss from the solution. However, it is difficult
to imagine how saturation could require such high BA concen-
trations in Figure la if reaction 6 occurred by mechanism | or
1.

In contrast, in mechanism Il attack by BA on the ring-opened
intermediate4 (rate constantks) competes with anintra-
molecular reaction, the reclosure of the diosmacyclobutane
ring (rate constank-gz). It is not clear that the reaction of
BA with 4, rate constanky[BA], can ever overwhelnintramo-
lecular ring closure, rate constakts. Indeed, as mentioned
above, even in neat BAps for reaction 6 may not be equal
to ks.

Associative substitution ofis plausible. Poéas suggested
that “Associative reactions of clusters may generally be allowed

Ramage et al.

Scheme 3
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dissociation fromd, but the double-bonded speci2éas been
identified by transient experiments in solutfoand by matrix
experiments.

In reaction 7 a trace of Of{CO)¢2° was observed along with
the expected QECO). In the absence of any trap, with propene
swept out by N gas, a solution of Q§CO)(propene) in decane
gives the tetranuclear cluster £f80)6.3° It is possible that
two Og(CO) fragments combine directly in a variation on the
k-¢ step of mechanism IIl, but it is more likely the2

because of their ability to adjust to the approach of a nucleophile associatively displaces ethylene from the ring-opened intermedi-

by breaking one of their metaimetal bonds, so avoiding an
excessive electron court®. Associative paths have been
established for phosphorus donor substitution on trinuclear
clusters such as B{CO)1», Os(CO)1p, and Os(CO)y1(PBus),2*
and on tetranuclear clusters such ag@®D)Ls; (M = Rh, Ir;
Lz = (CO), HC(PPh)3).25 The bridging carbonyl id may
contribute to its lability2>26

Although mechanism 1, eq 16, and Scheme 3 show BA
attacking the osmium of from which the ethylene is depart-
ing, it is possible that the BA attacks tlremote osmium
instead. Henderson has notéthat “the addition of a nucleo-
phile to a metal site...in a... cluster need not...labilise that
particular site to substitution, but...may labilise another metal
site”.

It is possible that mechanism Il competes with mechanism
Il when the concentration of entering olefin or acetylene is low.
At low [BA], kqtrap] in mechanism Il may become slower than
ks, the rate constant in mechanism 11l for dissociation of ethylene
from the ring-opened intermediafe-leading to Oy CO) (2)
instead ob. (Both possibilities are shown in Scheme 3.) There
is no way of knowing whether a carbonyl-bridged inter-
mediate?7 (which would be isostructural with the CO-bridged
isomer of Fg(CO)?® ) is the initial product of ethylene

ate4, as in mechanism II.

Direct evidence that mechanism Ill can occur in the reverse
direction can be seen whehis generated as a transient in
solution and its reaction with ethylene is observed. Grevels
and co-workers reported thatwas re-formed in cyclohexane
at room temperature by both of the two paths in ed 28ath
A gavel directly; path B gavet, which slowly rearranged to
1. Because the rate of path B was independent offi}{; the

?O ?O H,C=CH,
OC,, WwCO ath B
“os==0s2™" + C,H, P (CO)qos—/ S(CO);
oc” | [ ~>co \C

co co 4 5

path A
/ slow (23)
(CO),0s Os(CO),

rate-determining isomerization @to the carbonyl-bridged
was suggested as its initial step.

However,only path B has been obse&d in recent experi-
ments with methyl acrylate as the incoming oléfinThe
formation of an Me@C-substituted diosmacyclobutane proceeds
entirely through a ring-opened intermediate l#e-and thus

(22) It seems safe to presume that the relative rate constants in amodels thek; andk—g steps in mechanism lIl.

hypotheticadissociative dinuclear mechanism would be the same as in the
mononuclear system, i.e., thé#/k_¢ in mechanism Il andky/k—_; in
mechanism | would be similar tke/k—g in the mononuclear dissociative
mechanism, eq 22.

(23) Chen, L.; PoeA. J. Coord. Chem. Re 1995 143 265-295.

(24) Poeg A.; Sekhar, V. C.lnorg. Chem.1985 24, 4376-4380 and
references therein.

(25) Kennedy, J. R.; Selz, P.; Rheingold, A. L.; Trogler, W. C.; Basolo,
F.J. Am. Chem. S0d.989 111, 3615-3627.

(26) In some cases the introduction of bridging carbonyls is associated
with an increase in lability: (a) Norton, J. R.; Collman, JIfdrg. Chem.
1973 12, 476. (b) Karel, K. J.; Norton, J. R.. Am. Chem. Sod.974 96,

6812. However, in other cases their introduction produces only a small rate

enhancement (Pod. J. Pure Appl. Chem1988 60, 1209), or increases
the dissociationrate rather than thassociatie lability (e.g., ref 3).
(27) Henderson, R. AJ. Chem. Soc., Chem. Commua895 1905.
(28) (a) Fletcher, S. C.; Poliakoff, M.; Turner, J.Idorg. Chem.1986
25, 3597-3604. (b) Poliakoff, M.; Turner, J. J. Chem. Soc. A971, 2403~
2410.

A similar result has just been reported by Casey and
co-workers* Incoming ligands, including ethylene and 2-bu-
tyne, attack a single rhenium in eq 24 to produce a bridged
structure liked—implying that the formation of the dirhenacy-
clobutene from DMAD in eq 25 proceeds through a similar
intermediate.

Additional discussion of our conclusions and their implica-
tions appears in the following manuscript.

(29) Johnson, V. J.; Einstein, F. W. B.; Pomeroy, R.JKAm. Chem.
Soc.1987 109 8111.

(30) Spetseris, N. Ph.D. Thesis, Colorado State University, Fall 1994.

(31) Grevels, F.-W.; Klotzbeher, W. E. Personal communication.

(32) (a) Casey, C. P.; Caon R. S.; Sakaba, H.; Hayashi, R. K.
Organometallicsl996 15, 2640. (b) Casey, C. P.; CadnR. S.; Hayashi,
R. K.; Schladetzky, K. DJ. Am. Chem. Sod.996 118 1617.
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Experimental Section

General. Os(CO)(C;H4) (1) was prepared from QE&CO).* by
the method already reporté#:3* Decane was purified by agitation
over concentrated $$O,, passage through a 20 3 cm column of

activated basic alumina, and vacuum distillation from Na/benzophenone/
tetraglyme. Dimethyl acetylene dicarboxylate was distilled before use.
Deuterated solvents were dried and stored over Na/benzophenon

(CeDg) or P4O10 (CD,Cl) and vacuum transferred.

As purchased-butyl acrylate contained 565 ppm hydroquinone
monomethyl ester as a polymerization inhibitor. Removal of this
inhibitor had no effect on the rates of reactions involvindput led to
significant polymerization whether or ntitwas present; therefore, all
reactions were performed witltbutyl acrylate that still contained the
inhibitor.

Infrared spectra were recorded with a Perkin Elmer PE-983

e

J. Am. Chem. Soc., Vol. 119, No. 24 56297

Reaction of Os(CO)g(C.H4) with Diisobutyl Fumarate (DIBF).
A colorless solution ofl (19.4 mg, 0.0306 mmol) and DIBF (35.&.,
0.153 mmol, 5.00 equiv) in 0.5 mL¢Ds was prepared. The NMR
tube was sealed and kept for 3 days at 4@CQits *H spectrum then
showed free gH,4, excess DIBF, and a new compound. Four bands
were observed by TLC; the first two, near the solvent front, were traces
of unreacted and Og(CO);,, the band aR; ~ 0.33 was excess DIBF,
and a band aR: ~ 0.10 was OgCO)(DIBF). Extraction (with
difficulty) by CH,CI, yielded pure O£COQO)(DIBF) upon recrystalli-
zation (17.9 mg, 0.0215 mmol, 70.2%). IR (pentane): 2134 (w), 2094
(m), 2051 (vs), 2034 (m), 2023 (m), 2017 (w, sh), 2005 (w), 1980
(vw), 1707 (w), 1699 (w, sh) cnt. IR (CH.Cly): 2135 (w), 2094
(m), 2047 (vs), 2038 (m, sh), 2023 (m), 2007 (w), 1685 (w, brytm
IH NMR (CgDg): 6 3.97 (dd, 2H, one of diastereotopic pairwiCHy),
3.72 (dd, 2H, one of diastereotopic pair@fCH,), 3.53 (s, 2H, H),
1.79 (m,3Jun = 6.6 Hz, 2H,5-CH), 0.795 (d3Jun = 6.6 Hz, one of
diastereotopic pair ofy-CHg), 0.770 (d, 3Jun 6.6 Hz, one of
diastereotopic pair of-CHs). Its mass spectrum (El) showed-P
CO atm/e806 with the appropriate isotopic distribution. Anal. Calcd
for CooH200120s: C, 28.85; H, 2.42. Found: C, 29.20; H, 2.50.

The reaction of O$(CO)s(CzH4) with other alkenes and alkynes
(except butyl acrylate) was carried out by the same procedure as the
maleate and fumarate reactions above. Conditions and yields are

reported in Table 1. Complete spectroscopic data are given below for
new compounds; for compounds reported previously only unreported
spectroscopic data are given.

0s,(CO)g(MP).12¢14¢ Small resonances attributable to a byproduct
(~5% by 'H NMR) were observed in théH NMR of the reaction
mixture, but that byproduct was not isolable by the usual chromato-
graphic techniques. IR (pentane): 2132 (vw), 2089 (m), 2044 (vs),
2035 (m), 2021 (m), 2005 (w), 1690 (vw) cm H NMR (CeDe): o

spectrometer controlled by On-Line Instrument Systems (Jefferson, GA) 8-36 (s, 1H, H), 3.44 (s, 3H,0-CHs) ppm. Its mass spectrum (EI)
software on a Compaq Deskpro 386S. NMR spectra were obtained Showed a peak for the molecular ionrate 690 with the appropriate
with a Bruker 270 NMR spectrometer interfaced to a Macintosh Quadra isotopic distribution. Anal. Caled for £H40,00%: C, 20.93; H, 0.59.

650 runningMacNMR 4.5.8(TecMag). Mass spectra were recorded

Found: C, 21.19; H<0.5.

on a Fisons VG Quattro-SQ mass spectrometer. Elemental analyses 0Os,(CO)sg(DTBAD). IR (pentane): 2135 (vw), 2093 (s), 2050 (vs),

were performed by Galbraith Laboratories.
A list of abbreviations is given in Table 1. In the lists'sf NMR

2036 (m), 2023 (M), 2006 (w), 1705 (vw) cf H NMR (CeDe): 0
1.47 (s, p-CHs). Its mass spectrum (El) showed a peak for the

peaks below, side chain protons are identified by Greek letters as shownmolecular ion aim/e 832 with the appropriate isotopic distribution.

H HE H R

o S

0
v
HY, RS o}\/\ 5 R H

B

(CO)0s Os(CO),4

(CO),0s 0Os(CO),

Reaction of Os(CO)g(C.H4) with Dimethyl Maleate (DMM). A
colorless solution ofl (18.7 mg, 0.0296 mmol) and DMM (114L,
0.0887 mmol, 3.01 equiv) in 0.5 mLe¢Ds was prepared. The NMR
tube was sealed and placed in a constant temperature bath &C42.5
for 139 min. The tube was then removed and allowed to cool to room
temperature, and 8 NMR spectrum was recorded. A small amount
of starting material was present, along with freHC(6 5.24 ppm),
excess DMM, and two new peaks in a 3:1 ratib3.41 and 2.93,
respectively) assigned to €§€0)%(DMM).12® The solution was applied
to a silica gel prep TLC plate, and chromatographed with 30%CTH
in pentane; the isolated yield of §€0)(DMM) was 71%. Previously
unreported spectroscopic data: IR ({LH) 2134 (w), 2092 (s), 2052
(m, sh), 2043 (vs), 2035 (s, sh), 2022 (m), 2006 (m), 1690 (w)'cm
Reaction of Og(CO)s(C2H4) with Dimethyl Fumarate (DMFum).
A colorless solution ofl (14.4 mg, 0.0227 mmol) and DMFum (13.9
mg, 0.0964 mmol, 4.20 equiv) in 0.5 mL¢0Os was prepared. The

0s,(C0O)g(DMAD). 1204 |n our hands the thermal exchange reaction
gave not only the reported g§f€0)(DMAD) (insoluble in hydrocarbon
solvents), but also a trace of fEO)%(DMAD) ,,*2*4previously reported
as a product of the photolytic reaction of {80), and DMAD. IR
and!H NMR spectoscopies also showed hexamethylmellitate.
Osy(CO)g(NMMI). IR (CH.Cly): 2135 (w), 2094 (s), 2056 (m, sh),
2044 (vs), 2027 (m), 2013 (w, sh), 1728 (vw), 1662 (w)émH
NMR (CHClp): ¢ 3.11 (s, 2H, H), 2.97 (s, 3H, N-Ei3).
0Os(CO)g(NTBMI). IR (pentane): 2133 (vw), 2092 (m), 2041 (vs),
2028 (m), 1709 (vw), 1677 (vw), cm. IR (CH,Cly): 2134 (w). 2093
(s), 2053 (m, sh), 2043 (vs), 2026 (m), 2009 (w, sh), 1720 (vw), 1658
(W) cm™%. *H NMR (CH,CL,): 6 2.95 (s, 2H, H), 1.56 (s, 9H, N-C-
(CHa)3). Its mass spectrum (EIl) showed a peak for the molecular ion
atm/e759 with the appropriate isotopic distribution. Anal. Calcd for
CieH1iNO1oOs: C, 25.37; H, 1.46. Found: C, 25.07; H, 1.20.
Kinetics. Sufficient metal complex to yield an absorbance in the
0.6 to 1.0 range (in the metal carbonyl region of the IR spectrum) was
dissolved in decane in a volumetric flask, the desired amount of BA
was measured by weight, and the solution was diluted with decane.
The solution was transferred to a Fischer & Porter pressure vessel,
chilled to 0°C to inhibit reaction, and subjected to at least 10 charge/
purge cycles with ethylene (40 psig) os.NThe vessel was then charged

NMR tube was sealed and placed in a constant temperature bath alither with the desired pressure oftG (measured with a calibrated

40.0 °C for 150 min. When the tube was removed and allowed to
cool to room temperature, a white precipitate formed. PupGi)s-
(DMFum)2was obtained by washing the precipitate with pentane (15.4
mg, 0.0207 mmol, 91%).

(33) Johnson, B. F. G.; Lewis, J.; Kilty, P. A. Chem. Soc. A968
2859-2864.

(34) See also: (a) Ppé\. J.; Sekhar, C. VJ. Am. Chem. Sod.986
108 3673-3679. (b) Burke, M. R.; Takats, J.; Grevels, F.-W.; Reuvers, J.
G. A. J. Am. Chem. S0d.983 105 4092-4093. (c) Reference 12e.

C:H, regulator) or with a slight positive pressure of, Nmmersed in

a constant temperature bath, and magnetically stirred. Samples were
withdrawn at appropriate intervals by a syringe (precooled with)LN
through a septum, at leaskJusually 5«<) per half-life. The reaction

was monitored for greater than three half-lives. Three IR scans from

(35) (a) Diercks, R. T.; Dieck, HZ. Naturforsch 1984 39B, 180-184.
(b) Lindner, E.; Jansen, R.-M.; Mayer, H. A.; Hiller, W.; Fawzi, R.
Organometallics1989 8, 2355-2360.
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2100 to 1980 cm' were collected and averaged (the 4 min required Vent
for scanning proved to be insignificant for progress of the reaction at

room temperature). Infinity points were taken after at least 10

half-lives; background spectra of decane/BA mixtures were sub-
tracted.

Calculation of kops. A Macintosh program|R Kinetics took the
spectra collected as a function of time, extracted absorbance data for ®
user-determined wavelengths, and calculdggdat each wavelength Bourdon,
of interest, along with an estimated standard deviasohe individual Cauge
kopss were then averaged to give a global rate constant (eq 26) along [ Calibrated Hg Pump |
with its estimated standard deviation. L

Digital Gauge l
Lx

Constant T Bath

i=n

KobsW(Kobs)
— 1=
kobs = ,:n— (26) Ethylene
Zw(kobs)
B Figure 3. Apparatus for GH4 solubility measurement.
h
where equipped with a calibrated NBS platinum thermocouple and equilibrated
1 at 40.0°C with continous stirring. It was connected to a line of known
W(kobg) =—=— n=no. of data points volume (Figure 3) equipped with a digital gauge to read the pressure
SzkobSf in the cell. A known quantity of @4, was added using a mercury

pump connected to a Bourdon gauge, also of known volume. After
equilibration the pressure reading and the temperatures of the cell, line,
and mercury pump were recorded. The volume of liquid in the cell
was read using a calibrated cathetometer. This process was repeated
for 4-5 different volumes of @H,, including a volume high enough

to saturate the solution.

In the six-peak method, three starting material peaks (2076, 2008,
and 1993 cm?) and three product peaks (2085, 2046, and 1999'tm
were followed; in the four-peak method the two peaks at 1999 and
1993 cm! were not included. Nine wavelengths centered on the
maxima of each peak#2.0 cnt! at 0.5 cnt® resolution) were ) : ) B )
monitored, giving 36 (four-peak method) or 54 (six-peak method) The ideal gas law with a first-order virial corre_ctlon was usec_i to
separate estimates ¢y, Standard deviations of the global rate calculate the total_moles_ of 8, added to the solution at each point
constants ranged from 0.87% to 3.83% in thg¢igBA competition and at the saturation point, eq 27.
study, with an average of 1.88%.

Saturation Kinetics. In a typical experiment 10 mL solution df — (ﬂ _ (ﬂ @7)
(53.3 mg, 8.25 mM) and BA (3054.1 mg, 2.383 M) in decane was CHa \zRTpump  \ZRTcell+line
prepared in a Fischer & Porter pressure vessel and charged with a slight
positive pressure of N At 40.0°C 18 time points were collected over _ BRFP;

441 min. Infinity points were collected the following morning. The z=1 RTT

data was analyzed by the six-peak method, and the global rate constant o
was 1.015(17x 104 s ) ) )
Ethylene/Butyl Acrylate Competition Reactions. In a typical The mole fraction and molar volume ofld, in the sol_utlon were
experiment a 10 mL solution df(44.0 mg, 6.96 mM) and butyl acrylate calculated, qnd a plot of_ molar volumeHL; vs mole fraction (Figure
(616.7 mg, 0.4812 M) in decane was prepared in a Fischer & Porter A2, Supporting Information) was constructed. Henry’s Lavy constants
test tube and charged with 30 psighG ([CoHilcass = 0.23 M). for pure decane and pure BA were calcula_ted by (:_onstructlng a plot of
At 40.0 °C 16 time points were collected over 786.4 min, and two Pressure vs mole fraction. The slope of this plot gives the value of the
infinity points were taken the following day; the reaction was Henry’s Law constant. That constant varies slightly with pressure (see

guantitative by IR. The six-peak method gave a gldalof 5.13(7) Figure Al in Supporting Information); to cover the pressure range

« 105 5L, employed in the kinetics, the Henry's Law constants for pure decane
When solutions from several kinetic experiments were combined, (65-9) and pure BA (74.8) at 5 bar,d, were used.

concentrated, and placed in-&27 °C freezer for several days, large Calculation of Ethylene Concentrations as Functions of Decane/

white needles formed. Washing with cold pentare-60 °C) and Butyl Acrylate Ratio and C;H, Gauge Pressure.The Henry's Law

dryingin vacuoyielded pure3 (92%). IR (pentane): 2129 (w), 2085  constant for the pure solvent was used along with the gauge pressure
(s), 2048 (s), 2038 (vs), 2029 (s), 2015 (s), 1999 (m), 1971 (vw), 1703 to calculate the mole fraction of8, in solution at that pressure. The

(w) cm™L. IR (CHxCly): 2129 (w), 2085 (s), 2038 (vs), 2029 (sh, m), [CoH,] at that pressure was obtained from the molar volume vs mole
2014 (m), 1997 (w), 1680 (vw) cm. H NMR (CeDe): 4.07 (m, 2H, fraction plot (see previous section).

unresolved diastereotopicCHy), 2.67 (dd, 1H, 1), 2.05 (dd, 1H, H), Plots of [GHJ] vs the %BA were then constructed for the six
1.57 (dd, partially obscured h§-CH, resonances, 3H together?)H different gauge pressures obH;, each containing two points corre-
1.58 (m, partially obscured by®*esonances, together 3H, unresolved  sponding to the pure solvents. The lines between each pair of points
diastereotopi@-CHy), 1.24 (m, 2H, unresolved diastereotopiCH,), were used to complete the solubility calculations. For a given gauge

0.79 (t, 3H3ww = 7.3 Hz,0-CHa). Its mass spectrum (EI) showed a  pressure and a known %BA the #d.] was interpolated. A sample
peak for the molecular ion at/e 734 with the appropriate isotopic  calculation can be found in the Supporting Information.

distribution. Anal. Caled for @H10:0s: C, 24.62; H, 1.52. Multivariate Regression Analysis. The data from Table 4 were
Found: C, 24.20; H, 1.27. e imported into MINITAB® and a weighted regression analysis was
‘Measurement of Ethylene Solubility in Decane/Butyl Acrylate carried out. The outlier rejection procedureMitNITAB removed from
Mixtures.*’ Approximately 12-14 mL of solvent mixture was weighed 6 gata set the experiments indicated. An additional experiment, at a
and placed in a specially constructed high-pressure cell containing Arelatively high [BA] (4.575 M), was rejected since it had a relatively
built-in stir bar3® The cell was placed in a constant temperature bath large residual £1.34 standard deviations); the remaining 29 experi-
(36) Cell constructed by James P. Kohn, Department of Chemical Ments range from 0.287 to 2.736 M BA. At no point during this

Engineering, University of Notre Dame (modified version of that described Procedure did regression ever give a value for the coeffidiemhich
in Lee, K. H.; Kohn, J. PJ. Chem. Eng. Datd969 14, 292). included zero in its 99% confidence interval.
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Temperature Depende_nce ofkows for Reaction 6. Ina typica_l loan of OsQ. D.C.W. thanks the National Science Foundation
experiment a 10 mL solution df (49.4 mg, 7.79 mM) in neat BAin  for a Facilitation Award for Scientists and Engineers with

a Fischer & Porter pressure vessel was charged with a slight positive pisgpilities and the Graduate School of Colorado State Uni-
pressure of Bl At 45.0 °C 15 samples were collected in 148.6 min versity for providing matching funds.

and infinity points the following day. The four-peak method gave a

global kops of 31.7(6) x 107 s Supporting Information Available: Sample ethylene solu-

bility calculation (7 pages), kinetic and spectroscopic data (3
pages), and derivation of rate laws (5 pages) (15 pages total).
See any current masthead page for ordering and Internet access
instructions.
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