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Abstract: Photoacoustic calorimetry (PAC) and actinometry studies were used to determine the enthalpies
and volumes of reaction for the production of a transient intermediate, Mg{@ligne, and for its subsequent
reaction with tetrahydrofuran (THF). Both the enthalpy and the volume of reaction contribute to the photoacoustic
signal and have been resolved by changing the solvent thermal expansion properties with a series of linear
alkanes. The enthalpies for substitution of CO on Mo(£®) an alkane and of coordinated alkane on Mo-
(CO)(alkane) by THF are 30 ane14 kcal/mol, respectively. Likewise, the volumes of reaction are 18 and
—1 mL/mol. From available data for the Md&CO bond energy, these results allow the calculation of the
Mo-alkane and Mo-THF bond energies (11 and 25 kcal/mol, respectively). The Mo-alkane result is 7 kcal/mol
less than that from our previous PAC study, which ignored the volume of reaction, and is in better agreement
with the results of kinetic studies. The large absolute difference in the reaction volumes for each step is partially
attributed to a void volume created during the formation of the-NIbIF bond. In general, the volume of
reaction cannot be neglected in the calculation of enthalpies of ligand substitution from PAC studies. The
guantum yields for photosubstitution of Mo(Gfn contrast to Cr(CQ) were found to be insensitive to the
chain length of the alkane solvent.

Introduction We previously reported the energetics of CO substitution by
heptane (eq 1, M= Mo, alkane = heptane) and heptane
substitution by piperidine (eq 2, M Mo, L = piperidine) using
photoacoustic calorimetry (PAG)The enthalpy for substitution
(AH; + AHy) agreed with a published res8lbut a surprisingly
large value for the enthalpy of interaction between Mo(§0)
and heptane was reported (17 kcal/mol). We suggested that the
volume of reaction might contribute to the observed PAC signals
and result in the calculation of incorrect bond enthalfiés.
fact, we recently found that reaction volumes for each step of
the photosubstitution of Cr(C@with acetonitrile in heptane
were quite largé.By using various pressures, the volume of

It has been reported that transition metals can foroom-
plexes with alkanes in complexes such as M(§&kane) (eq
1, M= Cr, Mo, and W) and more recently in an iron porphytin
alkane and #>-CsHs)Re(CO)(alkane)! In addition, flash
photolysis studies have also shown that metdkaneo-com-
plexes are important intermediates on the path to alkane CH
activation? Metal-alkane o-complexes do form without CH
activation (e.g., during ligand substitution), but the significance
of these metatalkane interactions is not always clear since the
o-complex may be in equilibrium with a reaction intermediate
(such as a truly coordinatively unsaturated complex) but not
on the pathway to the product. These metgkane interactions (1) (a) Hall, C.; Perutz, R. NChem. Re. 199§ 96, 3125-3146. (b)
would be better understood if the bor)d strengths relative to t.hoseKCellg,r g\;vlr\:l.;CLoEg, |§h:i|?e:\)$e$u’| thzgilgﬁcgeg@gi 8n7ér33|§4_w:13?fr%
B e oy o oS5 13 55 s (/s . ., Bty B

R.; Reed, C. A.; Boyd, P. D. WJ. Am. Chem. Sod 997,119, 3633~

philes AH,, eq 2). For example, the difference in the- 3634: although density functional calculations support the formation of an
iron—alkaneo-complex in this case, the X-ray structure is not definitive
h due to disorder. (e) Geftakis, S.; Ball, G. H.Am. Chem. S0d998 120,
M(CO), + alkane— M(CO)s(alkane)+ CO 9953-9954.
(2) For leading references see: McNamara, B. K.; Yeston, J. S.; Bergman,
. R. G.; Moore, C. BJ. Am. Chem. Sod 999 121, 6437-6443.
M(CO)S(aIkane)~|— L M(CO)SL + alkane (3) (a) Zhang, S.; Zang, V.; Bajaj, H. C.; Dobson, G. R.; van Eldik, R.
J. Organomet. Chenl99Q 397,279-289. (b) Breheny, C. J.; Kelly, J.
bond energy and\H, provides the M-alkane bond strength. M. Long, C.; O'Keeffe, S.; Pryce, M. T.; Russell, G.; Walsh, M. M.

P : - : Organometallics1998 17, 3690-3695. (c) Schultz, R. H.; Krav-Ami, S.
The kinetics of solvent displacement by various nucleophiles ;7= Soc.. Dalton Tran999 115-117.

can also provide information about the transition state and  (4) Leu, G.-L.; Burkey, T. JJ. Coord. Chem1995 34, 87—97.
whether metatsolvent coordination occurs in the transition (5) Nakashima, M.; Adamson, A. W. Phys. Chem1982 86, 2905~

; it it ; 909.
state. Both dissociative and associative mechanisms have beeﬁ (6) The volume of reaction should not be confused with activation

proposed recently for solvent displacement by nucleophiles youme, which suffers from the uncertainty of the structure of the transition
depending on the solvent, nucleophile, and metal cénter. state and the incumbent ambiguity of interpretation.
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reaction was determined from the dependence of the PAC actinometer used for studies with heptane, benzene, and perfluoro-
signals on solvent expansivity. The results showed that the hexane, while azobenzene was used for the comparison of the alkane
volume of reaction significantly affects the calculation of Solvents. Volumes of solutions transferred to cuvettes were determined

reaction enthalpies for heptane displacement of CO and Py weight. _
subsequent heptane displacement by acetonitrile. Photoacoustic Calorimetry. The apparatus and methods have been

High PAC . ¢ licated d described in detail previously and are discussed briefly to define
Igh-pressure experiments are complicated, and We o mg1011 flagh photolysis of a sample solution generates acoustic

are examining complementary methods of changing solvent gignals that depend on the heats, volumes, and rates of reactions. The

expans_ivity. One method uses a series Qf linear alkanes toamplitude of a signal from a sample solution is expressed as a fraction
determine the volume and enthalpy of reaction as demonstratedy) of the amplitude of a signal from a reference solution. For a 1

for the photolysis of diphenylcyclopropenof®Ve have used MHz transducer, fast reactionk ¢ 10’ s™1) produce signals without

this method to examine the photosubstitution of Mo(€@ith phase shifts relative to the reference solution signal. Signals from such
tetrahydrofuran (THF) with the caution that the linear alkanes, reactions cannot be resolved from each other. Only a single amplitude
although very similar, are not chemically identical. THF was (¢+) @nd an upper limit for the lifetimes{ < ca. 107s) of all the fast
chosen because it is expected to form a weaker bond with processes can be assigned. On the other hand, reactions whose lifetimes

> S 5
molybdenum than acetonitrile and have a smaller absolute 2r€ SIMiar to that of the transducer response time {$0< 7 = 10

. ; . s) produce phase-shifted signals. The sample signal is deconvoluted
volume of reaction during bond formation.

. . . with the signal from a reference solution (which provides an instrument
The quantum yields for eq 1 and 2 in each solvent are required response function) yielding the amplitudes) of the fast signal in
for the calculation of enthalpies from PAC data. We found that addition to the amplitudegg) and lifetime (107 s < 7, < 1075 s) of

the substitution quantum yields for Mo(CQunlike those for the slower signal, if one is presetSignals with lifetimes much longer
Cr(CO),° were solvent independent (vide infra); therefore we than the transducer response tinig ¥ 1075 s) are not detected.

chose to study Mo(CQ@)to minimize the uncertainties in the The theory for solvent-dependent PAC also has been described
calculations. The results allow the calculation of enthalpy of Previously?**Theg; is dependent on the energy of absorbed ligin,(
ligand substitution as well as bond energies. In addition, the Lg%:é‘ifyagsr:‘é'té’eﬂfsittgerZ:LV:C’I?\C/Sy)ﬁ/tﬁZPd32‘;’;’;‘”"{‘]'y?;%igf'gﬂbgﬁﬁaon
e T e 0 e sy of st an sk f sciort)

| d li d dinati d th hani f thei and leads to the expression in ed*3-or processes occurring on the
solvent and ligand coordination and the mechanism of their yansqucer time scale, a similar relationship (eq 4) holdgjaxcept

interchange. for no direct contribution from the laser pulse. The second-order rate
) ] constants corresponding¢e (and thereforé\H, andAV,) are obtained

Experimental Section from eq 5 where X4 is the observed rate constant.

Materials. All reagents and solvents were obtained from Aldrich (1 — d))x
unless otherwise noted. Toluene was distilled over sodium. Ma{CO) ——————=AHy — AV, 3)
(Strem) was sublimed under vacuum and stored under argon until used. @
Pentane and heptane were HPLC grade, hexane, decane, and dodecane
were 99%-% grade. Heptane and dodecane were distilled from sodium —hvdy = AHy — AV. 4)
under argon after refluxg6 h orlonger. Tetrahydrofuran (THF, Fisher D x 2
certified), piperidine (pip, Eastman), pentane and hexane were likewise
treated with potassium. Decane (2.4 L previously used in PAC Lty = Ky + ky[THF] (5)

experiments with ferrocene and Cr(GP)vas stirred 3 days with 50
mL of concentrated pSQs. The decane was separated and stirred an  In a typical experiment, Mo(C@)8.5 mg) was transferred to a 500
additiond 6 h with 50 mL of concentrated 1$Os. After separation, -mL volumetric flask fitted with a septum. The flask was evacuated
the decane was washed with saturated aqueou€®adried with and filled with argon, followed by 350 mL of heptane, covered with
MgSQ, passed through a 25 mm 300 mm column of alumina, and  aluminum foil, and agitated until the Mo(C@¥as dissolved. Ferrocene
distilled from NaK alloy under argon after refluxing for 3 h. The 337 (57 mg) was dissolved in 100 mL of heptane. The absorbances of
nm absorbances of distilled alkane solvents were the same as heptan®10(CO)s and ferrocene solutions were about 0.1. Solutions of ferrocene
or hexane obtained directly from AldricM©D = 0.001). Ferrocene (100 mL), Mo(COj} (50 mL), and heptane (100 mL) were transferred
(Ethyl Corporation) was sublimed under vacuum. The preparation of to their respective reservoirs that were connected to the PAC flow
Mo(CO)pip was described previoustyThe purity of Mo(COj3pip and cuvette via a glass manifold with Teflon stopcocks. The Mo((CO)
THF was 99% or better as determined by IR and NMR, respectively. solution was cannulated to its septum-sealed reservoir that was
Fulgide  (E)-2[1-(2,5-dimethyl-3-furanyl)ethylidene]-3-(1-methyl-  previously purged with helium. THF was added with a microliter
ethylidene)succinic anhydride, Aberchromics, Ltd., Cardiff) was stored syringe to the reservoirs containing Mo(G@nd ferrocene. Helium
at—20°C until used. Azobenzene was recrystallized from hot methanol. purging provided mixing.
Gases (Air Products) were Zero Grade or better. All PAC experiments were performed with ferrocene as the reference
In general, airless procedures were used for actinometry and PAC at 24(1)°C in a dark room with a Thomas safety lighitSamples were
experiments. Syringes and cannulas were used for transfers betweerradiated in a flow cuvette (1 cnx 1 cm x 3 cm) at 337.1 nm (800
septum-sealed argon-purged flasks or cuvettes. Septa (Aldrich, white)ps, 20-30 uJ/pulse at 1 Hz, 2 1 mm beam at the sample). The flow
were washed with heptane and dried before use. All errors in the rate for Mo(COj solutions ¢6 mL/min) was maintained so that only
significant digit(s) are reported in parentheses asane fresh sample was irradiated. A measurement included signals

. Ac_tlr_lometry. The quantum yield fc_)r substitution of Mo(C&yith (11) Jiao, T.; Pang, Z.; Burkey, T. J.; Johnston, R. F.; Heimer, T. A,;
piperidine was determined by measuring the appearance of MggipO) Kleinman, V. D.; Heilweil, E. JJ. Am. Chem. Sod999 121, 4618~
The procedures have been described previgti§lpll quantum yields 4624,

(®) were determined for photolysis at 337 nm. Fulgide was the (12) Rudzki Small, J.; Libertini, L. J.; Small, E. VBiophys. Chenl992

42,2948
(7) Farrell, G. J.; Burkey, T. J. Photochem. Photobiol., 2000 137, (13) (a) Marr, K.; Peters, K. Biochemistryl991, 30, 1254-1258. (b)
135-139. Arnaut, L. G.; Caldwell, Elbert, J. E.; Melton, L. Rev. Sci. Instrum.
(8) (@) Hung, R. R.; Grabowski, J.J. Am. Chem. So2992 114, 351— 1992 63, 5381-5389.
353. (b) Schmidt R.; Schm, M. Chem. Phys. Lettl996 263 795-802. (14) This expression is derived in the Supporting Information and is
(9) Wieland, S.; van Eldik, RJ. Phys. Chem199Q 94, 5865-5870. similar to that previously reported: see ref 8.
(10) Nayak, S. K.; Burkey, T. J. Am. Chem. S0d.993 115, 6391~ (15) Maciejewski, A.; Jaworska-Augustyniak, A.; Szeluga, Z.; Wojtczak,

6397. J.; Karolczak, JChem. Phys. Lettl988 153 227—232.
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Table 1. Quantum Yields for Ligand Substitution of Mo(C&at 10 -
337 nm in Various Solvents
solvent ) 8 -
pentane 0.93 (3) =
heptane 0.89(2), 0.91 2) ¢ 6
dodecane 0.89 (2) =
perfluorohexane 0.77 (1) £ 4
benzene 0.90 (1) -
2
1 4
reference 0
08 i ’/\"..* T T 1
e /" 0 0.02 0.04 0.06
g 08 7 THF (M)
E' 04 -""‘.sample ‘ ;
© 57 \ Figure 2. Plot of observed rate constantgy = 1/t5) for the slow
4 0.2 4 ."i component of the photoacoustic signal for Mo(€®ith THF in
g 04 by n-decane. Intercept 4.9(7) x 10° s72, slope= 1.53(2) x 18 M~*
e %, s, r=0.999.
-0.2 %
0.8 1
-04 T T T T T T T T T T T T T T 1 .. o ® ° ° PY o Y
0 0.5 1 15 ]
time (10%s) 06 1
Figure 1. Photoacoustic signals following 337.1 nm laser photolysis
of Mo(CO) and ferrocene with tetrahydrofuran in decane: the reference < 0.4 -
is 2.7 mM ferrocene with 30 mM THF, and the sample is 0.08 mM ]
Mo(CO)s also with 30 mM THF (simulation waveform best fit may be 02
inspected in Supporting Information). : 0 0 O o o o o
E &0
averaged from 16 to 32 acceptable laser pulses. Prior to each 0 . . . — . .
measurement, pulses were recorded untiB4pulses were obtained 0 0.02 0.04 0.06
that did not deviate more than 10% from their average energy. For the ’ ' '
subsequent measurement, this average energy was used to reject signals THF (M)

with pulse energies deviating more than 5% from the average. For eaChFigure 3. Plots of fractional amplitudes for the fasp:] and slow

THF concentration, three to six measurements were obtained. Signals(¢,) components of the photoacoustic signal versus THF concentration
for ferrocene solutions were measured before and after the measuremenfor Mo(CO) in n-decane: ¢, = solid circles,¢, = open circles.

of signals for each Mo(C@)solution, and signals for solvent were

measured before the first and after the last measurements of signalsTable 2. Rate Constants and Normalized Photoacoustic Signal

for ferrocene solutions. Signal amplitudes were corrected for differences Amplitudes for Mo(COj with Tetrahydrofuran in Linear Alkanes

in pulse energies and solution absorbances. MQ or Sound Analysis solvent ko (108 ko

programs (Quantum Northwest, Spokane, WA) were used to decon- ([THF] mM) " M1lsl) (16Fs) i 2

volute the signals for Mo(CQ@)solutions with that for ferrocene

solutions!? The deconvolution programs provige, ¢», 7, andX? (sum Eentane (7.878) 8 1.4(1) _ 1.0(5)  0.728(23) 0.148(23)
: ! ; exane (3-39) 10 2.04(5) —0.5(15) 0.728(9) 0.141(21)

of the squares of residuals). Goodness of fit was determined Xém heptane (8-98) 9 1.68(8) 9(4) 0.751(11) 0.134(15)

decane (359) 10 1.53(2) 4.8(7) 0.747(7) 0.143(8)
Results dodecane (7:878) 8 1.33(10) 12(5) 0.768(5) 0.152(10)

Photolysis of Mo(COy with piperidine produced Mo- an = number of experiments with different concentrations of THF.
(CO)pip. At low conversions of Mo(CQ)(2—10% where
secondary photolysis is avoided) new IR bands are observedheptané, although different nucleophile concentrations were
only for Mo(CO)pip.4 The quantum vyields for formation of ~ used. For decane, an averggevas calculated from the results
Mo(CO)pip are reported in Table 1, and the extinction for all concentrations, but foip, only the results from
coefficients are available in the Supporting Informatién. concentrations above 14 mM THF were used. The results for

For Mo(CO); in the presence of THF, a phase shift can be Other solvents were similarly treated and are summarized in
detected in the photoacoustic signal as shown in Figure 1.Table 2. A plot oftw(1 — ¢1)x/® versusy (Figure 4) is linear,
Deconvolution of the Mo(CQ)signal with a ferrocene signal  Yielding aAH; of 29.7(17) kcal/mol from the slope and,
gives a good fit by using two lifetimes{fixed at 1 ns). Asan  of 18(6) mL/mol from the intercept. Likewise, a plot of
example,r, decreases from 1.0 to 0.1 as THF increased ~ —hvegzy/® versusy (Figure 5) yields a\H; of —13.8(14) kcal/
from 3 to 60 mM in decane, thus the observed rate constant for mol and aAV; of —0.6(49) mL/mol.
¢2 (kobs = 1/t2) increases with the THF concentration (Figure
2). Second-order rate constants were obtained from the slope
of plots of 1k, versus THF concentration. Tlgg was found to Quantum Yield Dependence on SolventThe quantum
be independent of THF concentration whilewas independent  vyields for substitution are independent of the piperidine con-
only above 14 mM THF (Figure 3). These PAC results are centration when it is in large excess over Mo(GOJhis
consistent with those previously reported for piperidine in indicates that Mo(CQjalkane) reacts completely with piperi-

(16) The® reported previously has been corrected for an error in the dine and that the quantum yield for Mo(G{jlkane) formation

determination of the for Mo(CO)(pip) at 337 nm. We found it to be 937 IS the same as that for Mo(C&)p. The quantum yields were
cm~1 M~1instead of 2060 cm M~1, determined for substitution with piperidine instead of THF

g:)iscussion
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Figure 4. Dependence of the fast component of photoacoustic signal

(¢1) on solvent expansivityy) following photolysis of Mo(COg with
THF in linear alkanes.
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Figure 5. Dependence of the slow component of photoacoustic signal

(¢2) on solvent expansivityy following photolysis of Mo(COg with
THF in linear alkanes.

because Mo(CQJHF is not as stable and not as easily

measured. Nevertheless, the initial yield should be the same
for each ligand substitution since each ligand was present in

large excess.

The solvent dependence of the quantum yields for photo-

substitution of Mo(CQy differs from that observed for Cr(C@)

For some time it has been known that the ligand substitution

quantum yields for Cr(CQ)in alkane solvents change with the
alkane chain length. For example, the yields are 0.72 and 0.58
for pentane and dodecane, respective®ur results show,
within experimental error, that the quantum yield for Mo(GO)

does not change in these alkane solvents and is greater tha

that observed in any solvent for Cr(CGO)The only solvent
dependence observed for Mo(G@ a lower quantum yield in
perfluorohexane.

A theory of M(CO} photosubstitution has been described
previously and, with minor modification, accounts for the
different solvent dependence of quantum yiéléfs°The theory

predicts that the quantum yield depends on the competition

J. Am. Chem. Soc., Vol. 123, No. 21, 2883
Scheme 1

k.
M(CO)s —2¥_» E\/I(CO)S, alkane co:IJ> M(CO)s
alkane
ks
M(CO)s(alk: L
—_—
(CO)s(alkane) -alkane M(CO)sL

)

leads only to M(COL when L is in excess of the CO generated
from photolyzed M(CQ). Clearly the quantum vyield for
formation of M(CO}L will be equal to that for the formation
of Mo(CO)s(alkane). In contrast, perfluorocarbons interact with
M(CO)s more weakly than alkanes and do not compete for
Mo(CO} as effectively as alkané8Therefore it was previously
proposed that the quantum vyield in a perfluorocarbon may be
expected to be less than that in an alk&iws.

The larger quantum yield for Mo(C@pnd its insensitivity
to alkane chain length compared to that for Cr(e@)ght be
attributed to a steric effect. The larger molybdenum may bind
methyl and methylenes similarly while the smaller chromium
binds methylenes more poorly than mett#fiSince the effective
concentration of methyl groups decreases with longer alkane
solvents, the trapping of chromium by alkane would decrease
leading to more CO recombination and a lower quantum yield.
Therefore alkanes of different chain length react equally well
with Mo(CO)s but not with Cr(COj (i.e., ks decreases signifi-
cantly with alkane chain length for Cr(C®)ut not for
Mo(CO)).18

Assignment of PAC Data.The results of this and previous
studies allow the assignment®f and¢, to specific processes.
The Mo(COj(alkane), generated following photolysis of
Mo(CO) in alkane solvents (eq 1), is thermally equilibrated in
less than a nanosecofft® In the absence of added THF,
Mo(CO)(alkane) is stable for several millisecorfsThe
lifetime of ¢; could not be determined wita 1 MHz transducer
and therefore has a lifetime less tharm18. Furthermoregp is
not affected by THF, as demonstrated by its independence of
ligand structure (same; for pip%), and is independent of THF
concentration up to 89100 mM (Figure 3%’ On the other hand,
¢1 does change with solvent (Table 2). We conclude that
(and likewise AH; and AV;) should be assigned to those
processes leading to the formation of Mo(G@)kane).

Once Mo(COj(alkane) is formed, it can react with CO

r<]1Iispersed in solution, unphotolyzed Mo(GOdr THF. The

concentration of THF was greater than 1 mM, while the
experimental conditions dictate that the concentration of CO
generated for each laser pulse is about 1106 M and the
concentration of unphotolyzed Mo(CQj)s about 104 M.
Nucleophiles at millimolar concentrations displace coordinated

(20) King, J. C.; Zhang, J. Z.; Schwartz, B. J.; Harris, C.JBChem.

between solvent addition and geminate CO recombination with Phys.1993 99, 7595-7601.

M(CO)s (Scheme 1 and eq 6). This will be true if M(C{&nd
M(CO)s(alkane) are formed irreversibly and M(G{jlkane)
exclusively forms M(CO.L. Indeed subsequent studies demon-
strated that the formation of M(Céfalkane) and M(CQ)is
irreversible on the picosecond time sc&ét Since the displace-
ment of coordinated alkane by CO is slokf 107 M1 s71)3b22
relative to CO cage escape, the formation of M(g&lkane)

(17) Nasielski, J.; Colas, Anorg. Chem.1978 17, 237—-240.

(18) Nayak, S. K.; Burkey, T. Drganometallicsl991 10, 3745-3750.

(19) (a) Burdett, J. K.; Grzybowski, J. M.; Perutz, R. N.; Poliakoff, M.;
Turner, J. J.; Turner, R. fnorg. Chem1978 17, 147—-155. (b) Turner, J.
J.; Poliakoff, M.ACS Symp. Sel983 200, 35-55.

(21) Schwartz, B. J.; King, J. C.; Zhang, J. Z.; Harris, COBem. Phys.
Lett. 1993,203 503-508.

(22) Church, S. P.; Grevels, F.-W.; Hermann, H.; Schaffnennidrg.
Chem.1985 24, 418-422.

(23) We cannot rule out that some secondary CO recombination occurred
since the nucleophile concentration was not varied significantly.

(24) We would like to thank a reviewer for suggesting this distinction.

(25) (a) Dougherty, T. P.; Heilweil, E. £hem. Phys. Letfl994 227,
19-24. (b) Yu, S.-C.; Xu, X.; Lingle, R., Jr.; Hopkins, J. B. Am. Chem.
So0c.199Q 112, 3668-3669.

(26) (a) Kelly, J. M.; Bent, D. V.; Hermann, H.; Schulte-Frohlinde, D.;
Koerner von Gustorf, EJ. Organomet. Cheml974 69, 259-269. (b)
Schaffner, K.; Grevels, F.-Wl. Mol. Struct.1988 173,51—-65.

(27) At this concentration the reaction with THF is so fast that it begins
to contribute tog;.
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alkane solvents on a microsecond time scale (etf*2jAs a probably undergoes less compression during formation than the
result, Mo(COj(alkane) will be scavenged preferentially by Mo—CO bond. Hence a smaller (but not zero) volume change
THF on this time scale. Since & was observed in the was anticipated for the THF bond formation. The negligible

microsecond range, we assign theobserved forp, to eq 2 volume change may be attributed to an excluded volume that
(see Results and Supporting Information). Furthermore, the the solvent must vacate as the MBHF bond is formed. In
assignment of, and ¢, (and the correspondinkp, AH,, and other words, there is a void between the TklFmethylenes

AV5) to eq 2 is consistent with, decreasing with increasing  and the Mo(CQO) fragment that is too small for the solvent to
concentration of THF and the fact thigt and ¢, are different occupy. This extra void volume tends to cancel the volume
from those for piperidiné. decrease that accompanies the-MdiF bond formation. In

The intercept is not zero in Figure 2 and inspection of Table the study of acetonitrile substitution with Cr(GOdhe volume
2 shows that for pentane, decane, and dodecane the interceptsf heptane substitution by acetonitrile was found to be only 4
are not within experimental error of zero for plots of observed mL/mol (17 mL/mol) less than that for heptane substitution by
rate constants versus THF concentration. In these cases, a sid€O. The difference was attributed mostly to differences in bond
reaction is occurring, most likely with an impurity. The effect lengths since the creation of void volumes is not going to be
of the impurity can be seen in the plot ¢f in Figure 3. At appreciably different for CO and acetonitrile ligands.
low THF concentrationg, decreases because the reaction with  Mo—Alkane Bond Strengths The value forAH; can be used
the impurity becomes significant, and the impurity forms either to estimate the strength of the Malkane bond. For organo-
a weaker bond than THF or has a negative volume of reaction metallic reactions in hydrocarbon solvents the difference in
(or both). The impurity is not likely to be water since the solvation enthalpies of reactants and products is small, on the
solvents were carefully dried. Another candidate is an alkene order of -2 kcal/mol®® Thus AH; will be the difference
since we have observed a smalferfor n-hexene in heptaré. between the bond energies broken and formed, and a value for
A solvent effect is not responsible for the variationgefwith the Mo—CO bond energy will allow the calculation of the Mo
THF concentration, otherwisg, would behave similarly atlow  heptane bond energy. Several experimental results support an
THF concentration. For the calculation AH,, only ¢, values assignment of about 30 kcal/mol for the MEO bond energy

that were independent of THF concentration were used. (vide infra), and the difference between this value asid;
Reaction Enthalpies It is assumed thatH; is independent  yields about 0 kcal/mol for the Meheptane bond energy. Since
of alkane chain length (seéolumes of Reactionand Mo— the rate constant for alkane displacement by several ligands is

Alkane Bond Strengths. The AH; is endothermic and its  not even the diffusion-controlled limit, it seems unlikely that
assignment to CO substitution by alkane is consistent with the the Mo—alkane bond energy is near 0 kcal/mbl.
fact that a weaker Mealkane bond replaces the much stronger  An Mo—CO bond strength of 30 kcal/mol is based on

Mo—CO bond. LikewiseAH; is exothermic and its assignment  activation enthalpies for CO dissociation, and there are reasons
to alkane substitution by THF is consistent with a stronger-Mo  to suspect this value. For the gas-phase substitution of Ma(CO)
THF bond replacing a weaker Malkane bond. The sum of  jth 14CO, the kinetics were unimolecular with an activation
the enthalpies of the two steps (16 kcal/mol) is equal to the enthalpy of 30.2 kcal/maR Similar results were reported for
enthalpy of CO substitution by THF and demonstrates that the the unimolecular substitution of CO by tibutylphosphine in
Mo—THF bond is much weaker than the M&€O bond. If the Decalin (3]_7 kca|/mo|), by [ripheny]phosphine mdecane-
volumes of reaction had been assumed to be negligible and hactyciohexane (30.2 kcal/mol), and by triazine imdecane-
the experiments been performed in only a single solvent such cyclohexane (30.8 kcal/mat§:34 Since these reactions are first
as heptane, then the calculateH; andAH, would have been  order only in Mo(CO}, it might be expected that the reaction
23.5 and—12.6 kcal/mol, respectively. So errors of 6.5 and 1.5 s a simple dissociative process with CO dissociation as the rate-
kcal/mol would have resulted (the latter not being significant). determining step. However, in each case the activation entropies

Volumes of Reaction The volume of reaction may be are much less than what is expected for purely dissociative
considered formally to have two contributions: (1) the difference processes=0.4 (CO), 6.7 (trin-butylphosphine), 2.7 (triphenyl-
in volumes of the reactants and products and (2) changes inphosphine), and 4.3 eu (triazine). Although the latter three values
solvent interactions with the reactants and products. The gre too positive for highly associative processes, they are
derivation of egs 3 and 4 assumes that linear alkanes do notreasonable for an interchange mechanism involving solvent (or
differ significantly in their interactions with reactants and an interchange mechanism with the solvent that competes with
products. This is reasonable considering the structural similarity a purely dissociative mechanis&)in contrast, the CO substitu-
of the linear alkanes. They each have methyl and methylenetion by benzylamine in Decalin is also unimolecular, but the
groups that can provide the same van der Waals interactionsactivation enthalpy and entropy are significantly larger than that
(enthalpy of solvation) and can be equally excluded from the observed in the other cases (36.0 kcal/mol and 19.1 eu,
space (void and molecular volume) taken up by the reactantsrespectively$¢ The larger entropy suggests a greater contribu-
and products. The volume of CO substitution by alkane for
Mo(CO)s is within experimental error of that recently reported ] I(E3<JJ) '(:1) Bgr?dza,SH.a% é ;cirbgd II4 }fw Fﬁ%gllobRBA.; TaT,V\\//V.;'\ﬁerlt(:awy
for Cr(CO (21 + 2 mL/mol) in heptane at high pressures. 3 5 0 TN REEA0 e o83 105 ey (© Gonzales,
We believe the agreement of these results from divergent o A’ zang, K.: Nolan, S. P.; de la Vega, R. L.; Mukerjee, S. L.; Hoff, C.
methodology is a good test of their reliability. D.; Kubas, G. JOrganometallics1988 12, 2429-2435,

In contrast, the volume for THF substitution by alkane witﬁﬂhiﬁeﬁﬁ?liilését(ﬁ rfé?,\‘jﬁqsst?ftsfger {:?gt;?n of Mo{zptane)
(reverse of eq 2) is within experimental error of zero. The-Mo (32) Cetini, G.; Gambino, QAcad. Sci. Torind 963 97, 757-765. See

THF bond is weaker than the MaCO bond (vide supra) and  ref 33.

(33) Graham, J. R.; Angelici, R. lhorg. Chem.1967, 6, 2082-2085.
(28) Hermann, H.; Grevels, F.-W.; Henne, A.; Schaffner,JKPhys. (34) Werner, H.; Prinz, RChem. Ber1966 99, 3582-3892.

Chem 1982 86, 5151-5154. (35) Howell, J. A. S.; Burkinshaw, P. MChem. Re. 1983 83, 557—
(29) Jiao, T. J.; Burkey, T. Unpublished result. It would be surprising 599.

that an alkene is present in the decane since it had been washed with sulfuric  (36) Pardue, J. E.; Dobson, G. Rorg. Chim. Actal976 20, 207—

acid. 212.
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tion of a dissociative process (or an interchange processupper limit#* Using the literature results, we can estimate how
becoming more dissociative in nature) and less stabilization by the Mo—alkane bond might vary. The Walkane bond energy
solvent coordination; therefore the activation enthalpy is changes by 3.2 kcal/mol for a 1.39 eV change in alkane
expected to be larger. The interchange mechanism for ligandionization energy (ethane to hexane). If a similar relation holds
substitution has been observed previously for Mo(£d) for Mo—alkane bonds, then the difference between the-Mo
solution?® and given the fact that several studies indicate pentane and Medodecane bonds for our study would be 2.0
that the metat-alkane bond strength is significahit,is possible kcal/mol. Assuming 10.8 kcal/mol represents the mediar-Mo
that the transition state for CO dissociation is stabilized by alkane bond energy then the Mpentane and Medodecane
metal-alkane bonding. This being the case, the activation bonds are 9.8 and 11.8 kcal/mol, respectively. Notwithstanding
enthalpy for CO displacement in many instances would corre- that these values are within experimental error of each other,
spond to a kinetically dissociative process, but microscopically calculations with eq 3 require that the corresponding volumes
it would involve an interchange process with the solvent that is of reaction change te-23 and—17 mL/mol, respectively. While
kinetically undetected since the solvent dependence is usuallywe suspect that the volume of reaction does not vary this much,
not probect” We conclude that the MeCO bond energy is  these values do not materially change any of our conclusions.
substantially larger than the activation enthalpies observed for
unimolecular substitution of CES.

More recent gas-phase studies report values of 40.5(20) and Unlike the substitution of CO by acetonitrile on Cr(GQ)

Conclusions

35(5) kcal/mol for the Mo(CQ)-CO bond energy?*° The the volume of reaction has a large effect on the determination
former is highly cited" and is supported by a theoretical study of the enthalpy of CO substitution by THF on Mo(GO)
that predicts an MeCO bond energy of 40.3 kcal/mti Using Examination of the individual steps of the substitution reveals

40.5 kcal/mol leads to an Mealkane bond energy of 10.8(26) that the volume of alkane substitution on Mo(G©alkane is
kcal/mol. The only example for comparison is an activation much smaller for THF than that for CO. This is attributed to
enthalpy of 12.5(1) kcal/mol for unimolecular benzene displace- the weaker metatligand bond for THF and steric effects. It is
ment by 1-hexene from Mo(C&penzene), which has been used clear that the volume increase associated with ligand dissociation
as an estimate of the Mdbenzene bond strength. is not always canceled by the decrease in associated solvent
We have assumed that the enthalpy of reaction is also addition to the metal or another ligand. Unless the volume of
independent of the alkane, that is, the metdlvent bond reaction is taken into account, PAC cannot be used to determine
energy does not change. This assumption is supported by theenthalpies of reaction. Systematic studies of other ligands will
lack of significant variation in the rate constant for solvent provide a greater understanding of the relationship between
displacement (sed, in Table 2). Nevertheless, previous structure and volume of reaction. The studies to date indicate
investigations indicate that metahlkane bonds strengths do that metat-alkane bond energies for typical alkanes do not
change and are dependent on alkane ionization potentials andgignificantly exceed 10 kcal/méf’
polarizabilities. For example, the W(C&)(alkane) bonds were
found to increase from 7.4 (ethane) to 10.6 kcal/mol (
hexane);? but it is worth noting that the result far-pentane
was within experimental error of that farhexane. Furthermore,
studies of alkane complexes with Cp*Rh(CQ)suggest that
beyondn-hexane the metalalkane bond is not very sensitive
to an increase in chain leng#flhis result might be expected
since ionization potentials of linear alkanes rapidly reach an
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