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The adduct OsHCI(C,D,)(CO)L, (L = PiPr,) shows only very slow H/D exchange at 25 °C, but this is easily
detectable at 65 °C; no ethyl species is formed in detectable concentration. RuHCI(CO)L, shows no detectable
C,D, adduct, but Ru—H/C-D exchange at 60 °C is actually faster than for Os. DFT (B3PW91) calculations have
been carried out to analyze the relative energies of the isomeric forms that would result from the addition of an
alkene or an alkyne to MH(CI)(CO)(PH;), (M = Os, Ru). Thus, 18-electron alkyne adducts are compared to the
18-electron vinylidene isomer and to the 16-electron vinyl complex. Similarly, the 18-electron alkene adduct is
compared to the 18-electron carbene isomer and to the 16-electron ethyl complex. Two factors are found to control
the products formed: (i) the Os complex favors unsaturated n-bonded ligands and an 18-electron count while Ru
favors saturated ligands and an unsaturated metal center; (ii) the weaker © bond in the alkyne than in the alkene
makes insertion or isomerization of an alkyne thermodynamically more favored than that of an alkene. This results
in ethyl complexes being less favored than vinyl complexes in similar experimental conditions. For RuHCI(CO)L),,
where L’ is P'Pr,[3,5-(CF;),C¢H,], 1 atm ethylene gives a detectable, colorless ethylene adduct, then also a

detectable ethyl complex, all in facile equilibrium.

The five-coordinate, 16-electron square-pyramidal molecules
MHCI(CO)L, (L =PR;; M =Ru and Os) provide a rich
variety of reactions with unsaturated hydrocarbons.~> For
L = PPr;, the osmium complexes form 1 : 1 adducts (1) with
olefins [H,C=CHR with R = H, CO,Me, CN, C(O)Me] and,
“. .. probably owing to the trans position of these (H and
olefin) ligands”, there is no insertion of the olefin into the
Os-H bond to form an alkyl. However, RuHCI(CO)(PPr;),
and ethylene are completely unreactive.® In contrast, both Ru
and Os complexes with L = P'Pr;? and P'Bu,Me* add M-H
across the RC=CH bond for R = H, Me and Ph within 30 min
at 25 °C, to give unsaturated vinyl complexes (2).
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Regarding the mechanism, it was stated that: “Addition of the
alkyne to the metal first occurs, followed by rapid migration
of the hydride from the metal to the carbon atom.”** The lack
of M-H addition to C=C but rapid addition to C=C is not
only paradoxical, but it emphasizes how much is unknown
about these reactions, in which the LUMO (3) would suggest
formation of an adduct
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[eqn. (1)] with stereochemistry unsuitable (i.e., H and the
reducible ligand mutually trans) for H transfer to carbon. We
report here an experimental and computational study of the
addition of the M—H of MH(CO)CIL, across the C=C bond of
ethylene, including the influence, on the addition thermodyna-
mics, of a less electron-donating L and of changing from Ru
to Os.

Results

Isotope exchange evidence for an osmium ethyl

The reaction of OsHCI(CO)L, (L = PiPr;) with ethylene
stands as an interesting example. The 'H NMR spectrum of
red OsHCI(CO)L, in C;Dg under 250 mm ethylene at 25°C
shows complete formation of a colorless 1:1 adduct® with
spectral features distinct from that of the five-coordinate
reagent complex. The color change from red to colorless also
speaks for essentially complete (>95%) adduct formation.
The 3'P{*H} NMR signal is a sharp singlet at 18.1 ppm; no
OsHCI(CO)L, is seen by 3'P NMR. The Os—H chemical shift,
—4.7 ppm (triplet) is sufficiently downfield from the value
(—32.5 ppm) in OsHCI(CO)L, to indicate that a ligand is
trans to hydride. A somewhat broad (Av,,, = 17.5 Hz) reso-
nance is seen for four hydrogens of coordinated C,H,, at 2.9
ppm, compared to a broader resonance at 5.3 ppm for free
ethylene. At —20°C, the hydride signal and the line due to
free C,H, are both detectably sharper, due to slower site
exchange by the process in eqn. (2). This indicates that
k. -[OsHCI(CO)L,] is large enough to shorten the lifetime of
free C,H,; that is, OsHCI(CO)L, is present at a kinetically
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significant (but not directly observable) concentration at
+25°C.
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Even after 5 h at 25°C in this experiment, there is no
appearance of any new product, such as Os(C,H;)CI(CO)L,.
To test for a thermally accessible, but essentially unpopulated
(<0.05 mol fraction) ethyl complex, OsDCI(CO)L, was
reacted with C,H,. The 'H and ?H NMR spectra of the
resulting OsDCI(C,H,)(CO)L, were followed over time in
C¢Hg . After 5 h at 20 °C, the OsD signal is still strong but the
2H NMR shows a weak signal for coordinated deuterated eth-
ylene (2.9 ppm). By 'H NMR, free and coordinated ethylene
are evident and OsH is undetectable. After this solution is
heated at 65°C for 23 h, the 2H NMR spectrum at 25°C
shows reduced D on osmium and increased D on coordinated
ethylene. The 'H NMR spectrum shows reduced signal inten-
sity for both free and coordinated ethylene, and also the
growth of a signal for OsHCl(ethylene)(CO)L, at —4.6 ppm.’
Taken together, all of these observations indicate that D on
osmium is incorporated into ethylene (including dissolved and
vapor phase ethylene). Two possible routes for this H/D
exchange will be discussed in the computational studies. The
H/D exchange is slow at 25 °C. While heating to 65 °C acceler-
ates the reaction, the fact that the solution is red in color at
this temperature shows that the equilibrium in eqn. (2) shifts
significantly away from the adduct (AS for adduct formation is
negative). It is thus suggested that the product of addition of
ethylene to site a in 4 does not mediate H/D exchange.
Finally, the deuterium distribution, over 50% on Os after 23 h
at 65°C, is still far from the equilibrium situation, so ethyl
formation is slow under these reaction conditions.

It was confirmed that the red color of OsHCI(C,H,)(CO)L,
under C,H, at +65°C is not due to formation of an
Os-CH,CH, species by observing the 'H and 3'P NMR
spectra of OsHCI(C,H,)(CO)L, under 1 atm C,H, at elevated
temperatures. While the 3'P{*H} NMR spectrum only
broadens with an unaltered chemical shift between + 16 and
+70°C in C¢Dg, the 'H NMR is more informative. The
sharp 'H NMR signals for free and coordinated ethylene and
for OsH (triplet) all broaden progressively at their (unaltered)
chemical shift values. By 70°C, the OsH resonance is too
broad to show triplet structure, and the “free C,H,” signal at
ca. 53 ppm has a full-width at half height of 364 Hz. In
summary, there is no evidence for any process other than the
on/off equilibrium of ethylene onto OsHCI(CO)L, . In particu-
lar, there is no evidence for population of any Os—CH,CH,
species at the 5% mol fraction detection limit.

This isotope exchange was also monitored from the
opposite direction: OsHCI(CO)L, was held at 60 °C in CgHg
for 27 h under 500 mm C,D,. The 'H NMR at 20°C after
this thermal treatment shows that the OsHCl(ethylene)(CO)L,
contains only trace amounts of proton in the coordinated and
free ethylene and only trace residual protons on Os (it is
mostly Os-D because of the high molar ratio of C,D, : Os in
the NMR tube). The 2H NMR of this same sample shows (in
addition to dissolved ethylene-d,) a lot of coordinated
ethylene-d, and a strong Os-D signal. There was no signifi-
cant deuteration of any P—Pr site.

Comparison to ruthenium. Does the weak (i.e., undetectable
under 1 atm C,H, at 25°C) binding of ethylene to
RuHCI(CO)L, already mentioned in the Introduction prevent
addition of Ru—H across C=C? To answer this, the analogous
H/D exchange experiment was carried out with
RuHCI(CO)L, and 700 mm C,D,. Here, since no detectable
ethylene adduct is present at the 20°C NMR measurement
temperature, one observes only Ru(hydride)CI(CO)L, . The 'H
NMR spectrum after 27 h at 60 °C shows negligible (S/N = 2)
hydride intensity. The 2H NMR spectrum of the same sample
shows a strong Ru-D peak (and free ethylene-d,), but also
deuteration of the ‘Pr methyls to an average population of 0.8
sites per Ru-D. This pendant alkyl deuteration, although
slow, is significantly faster than in the osmium analog. The
H/D scrambling is thus consistent with olefin insertion into
the Ru—H bond, but without giving any detectable quantity of
the ethyl complex.

DFT comparison of the ethylene/ethyl/carbene and
alkyne/vinyl/vinylidene isomers for Ru and Os

A computational study has been carried out to analyze the
energies of the three isomers that could be expected from the
reaction of an alkene (modeled by C,H,) with
MHCI(CO)(PH;), (M = Ru and Os). Comparison with the
case of an alkyne (modeled by C,H,) enhances our under-
standing of some factors controlling the energy pattern for the
insertion reaction. Although the experimental results present-
ed in this work focus essentially on the products of insertion
of ethylene into the M-H bond, comparing these computa-
tional results to those for other transformations than can
occur in the coordination sphere of the metal center (ethylene
into carbene and alkyne into vinylidene) gives a more global
understanding of the potential to transform these two ligands.
Thus, for the reaction with alkene, the 18-electron ethylene
adduct will be compared to the 18-electron CHMe isomer and
to the 16-electron ethyl complex. The energy pattern thus
obtained is contrasted to that for 18-electron alkyne, 18-
electron vinylidene and 16-electron vinyl complexes, which
have been already partially discussed.® The resulting DFT
(B3PW91) energy patterns, shown in (C,H,) and (C,H,), show
trends that agree with the experimental observations.

The ethylene/ethyl transformation. The alkene is more
strongly bonded to OsHCI(CO)(PH3), (25.7 kcal mol ') than
to its Ru analog (17.0 kcal mol 1) (step a, Fig. 1), as expected
from the higher back-donating ability of Os. The small calcu-
lated value of the binding energy for Ru as well as entropy
[free energy of binding ethylene to RuHCI(CO)(PH;), at
298K is 2.7 kcal mol 1], which favor alkene loss, account for
the lack of observation of the RuHCl(alkene)(CO)(P'Pr;),
adduct, as reported in this work. The energy of reaction for
the formation of the alkyl complex from separated reactants
(step e) is remarkably independent of the nature of the metal
(difference of less than 1 kcal mol ™! between Os and Ru) and
is significantly exothermic. The geometry of the ethyl complex
is that of MHCI(CO)(PH;), with a non-agostic ethyl in place
of hydride. The independence with respect to the metal sug-
gests that the o M-H and the M-C alkyl binding energies
vary similarly with the metal, which is the case for many
systems.® Step b of Fig. 1 is the transformation of the ethylene
complex to the alkyl isomer. This step, which can be con-
sidered, for the sake of the thermodynamic analysis, as being
composed of ethylene decoordination (reverse of step a), fol-
lowed by insertion of the ethylene in the M—H bond (step e),
has an energy pattern determined by that of step a. Therefore,
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Fig. 1 Thermodynamic cycle (reaction energies in kcal mol~') for
C,H, reacting with MHCI(CO)(PH;), (M = Ru, Os). Values for Os
are in parentheses. Out-of-plane PH, ligands are omitted, for clarity.

step b is essentially thermoneutral for Ru and slightly endo-
thermic for Os, as expected from the loss of the energetically
more important © back-donation for Os.

The isodesmic reaction [eqn. (3)] summarizes the thermody-
namic preference of Ru and Os for the 16-electron ethyl and
the 18-electron ethylene complexes.

RuHCI(C,H,)(CO)PHs,), + Os(C,H;)CI(CO)(PH,), —
OsHCI(C,H,)(CO)(PH,), + Ru(C,H,)C(CO)PH,), (3)

This AE value of —9.2 kcal mol ™! is large enough so as not
to be reversed by changes in the level of calculations or the
nature of the substituent on the olefin and the nature of the
phosphine. Thus, whereas the transformation of an olefin into
an ethyl complex may be feasible or not, depending on the
nature of ligands and substituents (i.e., AE of step b of Fig. 1 is
small), it is certain that there is a significantly greater prob-
ability of observing an alkyl complex for Ru than for Os. Even
though the ethyl complex with PiPr, was not accumulated in
sufficient quantity to allow detection with either Ru or Os, the
faster H/D scrambling with Ru than Os is consistent with the
ethyl complex being energetically more accessible with Ru.

What is also clear from Fig. 1 is that, for osmium, the n*-
ethylene complex has become the global minimum, so that the
ethyl isomer will not be detectably populated. For ruthenium,
the ethyl isomer is calculated to be detectable because the n?-
ethylene species is not as deep a minimum. Fig. 1 also shows
that the formation of the ethyl complex from separated reac-
tants is essentially metal-independent and therefore also likely
insensitive to ligand electronic effects. Thus, the phosphine
electronic effect will influence primarily the relative energy of
the n?-olefin adduct. Therefore, the equilibrium molar fraction
of the ethyl can be estimated by evaluating the back-donor
capacity of the metal ligand set. Steric effects must then be
evaluated independently.

The ethylene/carbene transformation. The isomerization of
the ethylene complex to the CHMe complex (step d of Fig. 1)
is highly endothermic, although it is less disfavored for Os
(endothermic by 29.4 kcal mol~?!) than for Ru (endothermic
by 36.9 kcal mol~!). This indicates that the CHMe carbene
requires more stabilization via back-donation than the alkene,
that is, CHMe is a stronger m acid than m?-ethylene in this
environment. Step c illustrates the greater stability of the
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unsaturated 16-electron alkyl complex over its saturated 18-
electron CHMe isomer (the ethyl complex is more than 20
kcal mol ™! more stable than the carbene).!® The insertion of
the carbene into the Os—H bond predicted by step ¢ has been
reported earlier'!-'? and the metastability of carbene complex-
es using the same metal fragment is established to be of kinetic
origin.!? The greater thermodynamic preference for an alkyl
structure over an isomer with a n-bonded ligand for Ru than
for Os reiterates the results obtained above for ethylene. This
trend has been noted in a number of systems with various
types of ligands.!® It derives from the larger metal-ligand
binding energies in the case of Os, which results in the qualit-
ative rule: Ru favors isomers that maximize bonds within the
organic ligands (i.e., alkyl), whereas Os has a relatively greater
preference for more ligand—metal bonds (i.e., hydrido-carbene).
The analysis of the thermodynamic cycles of Fig. 1 shows that
the difference lies in the strong bonding of the 7 acid (and thus
unsaturated) organic ligand to the Os center. This favors the
unsaturated organic ligand bound at the electron-rich Os
center vs. the saturated organic ligand bound to the less
n-basic Ru center.

Comparison with the alkyne/vinyl/vinylidene isomers for Ru
and Os. Going to the analogous studies for the alkyne (Fig. 2)
allows for a better understanding of the role of the ligand
itself. Why is insertion into M—H more often observed for
alkyne than for alkene? The influence of the metal on each
individual step uniformly follows the trends noted above for
ethylene. This discussion will thus focus on comparing the
acetylene and ethylene for each individual step in Fig. 1 and 2.
Step a shows that ethylene binds more strongly to the metal
fragment than acetylene; this order is also true for AG.
Numerous discussions have been devoted to this problem.'#
Acetylene behaves like a two-electron donor when bonded to
a l6-electron square-pyramidal fragment since there is no
empty metal d orbital to receive electrons from the acetylene &
bond perpendicular to the C-M-C plane. This = orbital leads,
in fact, to four-electron repulsion with the symmetry-adapted
occupied d orbital (5). As in the case of ethylene (Fig. 1), the
energy of reaction for insertion of free acetylene into the M—H
bond (step e, Fig. 2) is remarkably independent of the metal.
This is indicative of little or no metal n donation into the
vinyl ligand. The formation of the vinyl complex from free
acetylene and a given metal fragment is around 20 kcal mol !
more exothermic than for the formation of the ethyl complex
from free ethylene (i.e., step €). This is a dramatic contrast and
the preference is consistent with experiment. The much larger
energy of the © bond in free ethylene in comparison to one of
the © bonds in acetylene is the cause of this result.!> Since
acetylene binds less strongly to the metal (step a) and since
there is a larger gain in energy associated with the insertion
into the M-H bond (step e), the transformation of the 18-
electron MHCI(C,H,)(CO)(PH;), into the 16-electron vinyl
complex is thermodynamically very favorable for both Ru and
Os. This result agrees very well with the observations that the
vinyl complex is the thermodynamic product for the reaction
of any alkyne with MHCI(CO)L, for both Ru and Os.2
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The transformation of the acetylene complex into the vinyl-
idene complex (step d of Fig. 2) has been the topic of a
number of theoretical analyses.'®17~ The thermodynamics
of the reaction is significantly dependent on the metal
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Fig. 2 Thermodynamic cycle (reaction energies in kcal mol~') for
C,H, reacting with MHCI(CO)(PH;), (M = Ru, Os). Values for Os
are in parentheses. Out-of-plane PH, ligands are omitted, for clarity.

fragment. For the transformation of the (carbonyl-free)
16-electron RuHCI(C,H,)(PH;), into the 16-electron
RuHCI(CCH,)(PH3;),, the reaction is exothermic (11.9 kcal
mol~! using the current level of calculations).!® In the pres-
ence of an additional CO ligand, the corresponding trans-
formation (step d of Fig. 2) becomes slightly endothermic (5.3
kcal mol~1). This illustrates how a m acid spectator ligand
disfavors the isomerization of the alkyne into a more 1t acidic
isomer (vinylidene). In agreement with this argument, increas-
ing the electron donating ability of the metal (Ru replaced by
Os) makes step d more exothermic (—2.9 kcal mol~! for Os
vs. +5.3 kcal mol™! for Ru). Experimental observations®
support these numerical results. The greater thermodynamic
preference for isomerizing the coordinated alkyne into coordi-
nated vinylidene in comparison to isomerizing the coordi-
nated olefin into coordinated carbene has also been discussed
for the RuHCIL, fragment.'® The determining factor has been
shown to be the lower energy for isomerizing C,H, into
C=CH, in comparison to C,H, into CH(CH,). The results for
the MHCI(CO)L, fragments are analogous.

In summary, the factors that appear to determine the rela-
tive energies of these isomeric forms are: (i) the stronger
energy of the m bond of free olefin in comparison to that of
one © bond in free alkyne, (ii) the greater capability for Os
than Ru to backbond into an organic ligand, and (iii) the fact
that M—H and M-C c bond energies vary similarly, at least
for metals belonging to the same column of the periodic table.
It is also important to keep in mind that these energy patterns
describe exclusively thermodynamic preferences and that
kinetic information is required to understand how rapidly
these species are interconverted.

We also considered a second exchange mechanism, that of
oxidative addition of an ethylene C-H bond to the metal to
give a M(“2H”)CI(CH=CH,)(PH;), species. In the present
case of Os, a vinyl complex with the two H centers as an H,
ligand!”? has been located as another minimum 37 kcal
mol ! above the ethyl complex. Although no calculations of
the reaction path have been carried out, this result suggests
that the H/D exchange that has been observed in the reaction
of OsDCI(CO)L, is best explained as occurring via an ethyl
complex that does not accumulate enough to be observed
rather than by vinyl C—H oxidative addition.

An observable ethyl species in equilibrium with free ethylene

Since the insertion of ethylene into the Ru—H bond (step b of
Fig. 1) was calculated to be thermoneutral for PH; as the

model phosphine, a change in the phosphine ligand may allow
the observation of the products of ethylene insertion. We thus
considered the Ru complex!® with an electron-withdrawing
phosphine  substituent:  3,5{(CF;),CsH; = Arf.  When
RuHCI(CO)(P'Pr,ArF), is subjected to a ca. 20-fold excess of
ethylene, the solution first becomes colorless, then rosy within
10 min of mixing at +20°C. *H NMR shows a broad hydride
peak at —10.93 ppm, as well as a new broad peak at 2.77 ppm
assigned to coordinated ethylene. Free ethylene is also seen.
Along with the *'P{'H} NMR chemical shift at 54.4 ppm
[74% of product intensity and due to coalesced
RuHCI(CO)(PPr,ArF), and ethylene adduct], this is indica-
tive of an equilibrium involving coordination of ethylene trans
to the hydride. Upon cooling to +7°C, the broad hydride
chemical shift moves to —8.36 ppm and the *'P{'H} NMR
chemical shift moves to 52.9 ppm, due to the increase in the
molar fraction of the adduct in the equilibrium mixture, but
still in a rapid exchange (i.e., coalesced) regime. Already
at 20°C, a second product is also formed; 3'P{'H} NMR
also shows a signal at 40.8 ppm (26%), in a region of
chemical shifts typical of unsaturated complexes:
Ru(hydrocarbyl)CI(CO)(P'Pr,ArF), (red-colored). The rosy
color of the solution also suggests the presence of an unsatu-
rated complex, different from the starting material. It is thus
reasonable to explain these observations by the presence of
the wunsaturated ethyl complex Ru(CH,CH,)CI(CO)-
(P'Pr,ArF), in the mixture, which can result from insertion of
the ethylene into the Ru-H bond. When ethylene in this reac-
tion mixture is removed by four cycles of freeze—-pump—
thawing, the only species remaining is the five-coordinate
RuHCI(CO)L,, thus demonstrating the reversibility of both
ethylene addition and insertion.

The variable-temperature 3'P{*H} and 'H NMR spectra of
RuHCI(CO)(P'Pr,ArF), were studied in dg-toluene under ca. 2
atm ethylene, and give evidence for the presence of an equi-
librium between the unsaturated hydride complex and an n?-
ethylene adduct. The equilibrium between these two is rapid
at 20°C, and the averaged *!P and Ru-H chemical shifts give
a RuHCI(CO)(PiPr,Ar"), population of 47 and 43%, respec-
tively, of the ethylene adduct. Also present at 41.4 ppm is a
31p{'H} NMR signal, with an intensity of 32% of that for the
exchange-averaged signal, due to the ethyl complex
Ru(C,H)CI(CO)(PiPr,ArF),; this peak remains unchanged in
chemical shift and linewidth at —20, —40, —60 and —70°C.
The spectra of the exchange-averaged RuP and Ru-H signals
undergo dynamic behavior typical of decoalescence in a disso-
ciative equilibrium [eqn. (4)]. The hydride signal moves from
—13.8to —6.4(—20°C),

H
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—— OC—Ruy—l 4
L/ |ll ( )
CyHy

RuHCI(CO)L, + C>Hy

—54 (—40°C), —4.99 (—60°C) and —4.90 ppm (—70°C).
The last of these is a well-resolved triplet, while it is already
too broad to resolve this P-Os—H coupling at —60 °C. Over
this same range of temperatures, the *'P{'H} signal moves
from 55.5 ppm at +20°C, to 51.3 (—20°C), 50.4 (—40°C),
49.6 (—60°C) and ca. 49.4 ppm (— 70 °C). The last two spectra
show an increasingly (vs. the —40°C spectrum) broad reso-
nance for what is >95% formed n2-ethylene adduct. At —60
and —70°C, the Ru(n?-ethylene): Ru(C,Hs) molar ratio is
2:1 (integration of the 3'P NMR intensities). At —60°C,
there are five P-C-H multiplets resolved, which is more than
the four expected for two different molecules being present;
together with the broadening of the 3!'P signal of the ethylene
adduct, this is best explained by hindered rotation!® about
Ru-P and P-C bonds in the six-coordinate (crowded) species.
At —60°C, the 'H NMR resonance of coordinated ethylene
(2.58 ppm) broadens. In summary, RuHCI(CO)(P'Pr,Ar"),
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and its ethylene adduct are in more rapid equilibrium than are
either of these molecules with Ru(C,H)CI(CO)(PiPr,Ar"),.

A valuable supplement to this complex picture is provided
by the 2H NMR spectrum of RuHCI(CO)(P'Pr,Ar"), under 10
equiv. of C,D,. After 10 min at 20 °C, this spectrum shows a
signal due to deuterated n?-ethylene, but also an Ru-D signal
and one signal due to the Ru—ethyl-d, ligand, at 0.68 ppm.
This chemical shift is masked by the ‘Pr signals in the all-
protio compound. The 3'P{*H} NMR spectrum confirms the
presence of signals attributed above to the n?-ethylene and Ru
ethyl complexes. At —20°C, the 2H NMR signal due to the
ethyl-d, ligand is resolved into two signals separated by 0.1
ppm. The structure of both products of the reaction of
RuHCI(CO)(P'Pr,ArF), with ethylene is confirmed by the
13C{'H} NMR spectral data obtained using *3C-enriched eth-
ylene as the reagent. 13C{*H} NMR of the reaction mixture in
C¢Dg shows two new peaks at 10.9 (d, Joc = 36.6) and 20.9
ppm (d, Joc = 36.6 Hz), which correspond to the CH, and
CH; carbons of the ethyl complex. Also, there is a broad
signal at 40.9 ppm due to the coordinated ethylene of the n?-
adduct. This NMR data is in good agreement with the pre-
viously reported spectral features of a PCy;-containing
ruthenium ethyl complex.2°

The observed reactivity of RuHCI(CO)(P'Pr,ArY), towards
ethylene is quite remarkable. It shows that a Ru(ethyl) species
is energetically achievable simply by modification of the phos-
phine substituent. The greater stability of the ethylene adduct
originates most probably from the diminished steric hindrance
of the aryl phosphine. Electronic effects are most likely in the
opposite direction since a more electron-poor metal should
bind the ethylene less strongly (cf. Os vs. Ru). Our calculations
also show that the energy for inserting free olefin into the
M-H bond is almost independent of the electronic properties
of the metal. Probably the diminished bulk of the aryl phos-
phine also allows for a greater accumulation of the ethyl
complex. The dominant effect of the ‘Pr — C¢H;(CF;), change
is to make the phosphine smaller. This favors ethylene binding
to RuHCI(CO)L, (e.g., step a, Fig. 1), relative to the separated
particles. Detectably populating the ethyl isomer requires
avoiding excessive stability of the ethylene adduct, that is,
only modest back-donation. A less electron-rich Ru thus
favors the ethyl species over the n?>-C,H, species. In summary,
PPr,Ar" contributes to our observation of ethyl and n?’-
ethylene species, probably mostly for steric reasons.

The observed behavior of RuHCI(CO)(PiPr;), contrasts
dramatically with the recent report?° that a solution contain-
ing 50:1 ethylene: RuHCI(CO)(PCy,;), (Cy = cyclohexyl)
forms an adduct essentially completely at —80 °C (although it
binds negligibly at +40°C because AH® is only —12 kcal
mol~! but AS° is —45 cal K~! mol~!). Moreover, under
these same conditions, equilibrium conversion to
Ru(C,H;)CI(CO)(PCy;), was also observed, with the
RuHCI(CO)L, to RuEt molar ratio being 1 : 1.7.

Discussion

The results presented here highlight the difference between the
behavior of alkyne and olefin towards insertion into our M—H
bonds. Several reasons for the difference have been discussed
based on the numerical results of Fig. 1 and 2. While the role
of the metal should not be neglected, a key role is played by
the organic substrates themselves. The difference in behavior
for reaction with an M-H bond parallels the difference in
energy of hydrogen transfer among the hydrocarbons, as illus-
trated by the isodesmic reaction [eqn. (5)], which is endo-
thermic by 11.5 kcal mol ™! from experimental and theoretical
studies.?!

2C,H, - C,H, + C,H, )
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This study shows the experimental reality of insertion of
ethylene into the Ru-H bond of RuHCI(CO)(P'Pr,Ar¥),, ana-
logous to that recently reported for the PCy, analog of the
ethyl species, as well as a parallel computational study that
gives a complete overview of this and competing reactions,
and the reason for its low extent of formation. The calcu-
lations also permit a simple understanding of why the equi-
librium degree of formation of ethyl is higher for Ru than for
Os. What remains obscure are the phosphine substituent
effects: why does replacement of all ‘Pr of P'Pr; by cyclohexyl
improve the AG of formation of ethyl relative to its closest
competitor, the n?-C,H, isomer? Clearly, bulky phosphines
are predicted to favor ethyl over n>-C,H,, but too much bulk
can disfavor ethyl relative to Ru—H and free ethylene.

The system under study has an interesting mechanistic
feature: the “least motion” site for olefin binding is trans to
hydride, thus frustrating ethyl formation from this species
[given the generally high barrier for (intramolecular) flux-
ionality of six-coordinate monohydrides]. However, once
formed, the ethyl is thereby somewhat “protected” against the
facile B-H migration generally attributed to unsaturated ethyl
complexes due to the necessity [eqn. (6)] to

CH,
7 S
CH, CHz~CHl
| oL WL H ©)
OC——Ru—Cl —> OC——Ru <+
il ) DN
cl

migrate Cl to create a sterically accessible LUMO. This is
perhaps why we observe a slower rate of equilibration of Ru
ethyl complex with its precursor.

Experimental

General considerations

All reactions and manipulations were conducted using stan-
dard Schlenk and glovebox techniques under pre-purified
argon. Ethylene and ethylene-d, were used as received from
the manufacturers (Air Products and Cambridge Isotope
Laboratories). Solvents were dried and distilled under argon,
and stored in air-tight solvent bulbs with Teflon closures. All
NMR solvents were dried, vacuum-transferred, and stored in
a glovebox. 'H, 2H, 3P, and '°F spectra were recorded on
Varian Gemini 300, Varian Inova 400, and Varian Inova 500
instruments. Chemical shifts are referenced to residual solvent
(*H, 2H), external H;PO, (3'P), or external CF,CO,H (‘°F).
OsHCI(CO)(PiPr;),,' RuHCICO)(P'Pr;),, OsDCI(CO)-
(PPr;),,> and RuHCI(CO)(P'Pr,[3,5(CF;),CsH;]),® were
prepared according to known procedures.

General technique for conducting reactions of the metal
complexes with C,H, and C,D,

NMR tubes were charged with OsHCI(CO)PiPr;), or
OsDCI(CO)(P'Pr3), (15 mg, 0.026 mmol) or RuHCI(CO)-
(P'Pr;), (15 mg, 0.031 mmol) or RuHCI(CO)(P'Pr,ArF), (15
mg, 0.020 mmol) and benzene-dg or toluene-dg (0.5 mL).
These solutions were degassed by three freeze-pump-thaw
cycles, then the reaction tubes were cooled to —196°C and
C,H, or C,D, was added at the stated pressure using a
vacuum line.

Reaction of OsHCI(CO)(P'Pr;), with C,H,. An orange
solution of OsHCI(CO)(PiPr;), in CcD, immediately turns
colorless upon addition of C,H, to an NMR tube at 1 atm or
250 mm pressure. NMR spectroscopy shows complete con-
version to OsHCI(n?-H,C=CH,)(CO)(PiPr;),. 'H NMR



(+20°C, C¢Dg): 6 —4.59 (br t, Jyp = 26.1 Hz, OsH), 1.20
(overlapping m, PCHCH}), 2.68 (m, PCH), 2.94 (br, v, =
17.5 Hz, n*-H,C=CH,), 5.26 (br, free C,H,); *'P{*H} NMR
(+20°C, C¢Dg): 6 13.1. Sharpening of the signals for the
hydride and free C,H, is observed in the 'H NMR spectrum
upon cooling to —20°C. No evidence for any other products
is seen after mixing for 5 h at +25°C.

Reaction of OsDCI(CO)(PiPr,), with C,H,. An orange
solution of OsDCI(CO)(PPr;), in C¢Hy immediately turns
colorless upon addition of C,H, in the reaction NMR tube at
250 mm pressure. After mixing at +25°C for 5 h, H, 2H and
3P NMR show complete conversion to the m?-ethylene
adduct. 'H NMR (+20°C, C,Hy): 6 1.21 (overlapping m,
PCHCH,), 2.68 (m, PCH), 2.92 [br, n2-C,H(D),], 5.26 [br,
free C,H(D),]; 2H{*H} NMR (+20°C, CcHg): 6 —4.58 (br,
Os-D), 2.92 [n*-C,H(D),]; *'P{*H} NMR (+20°C, C¢Hy): &
13.1. After heating at +65°C for 23 h, 'H NMR shows the
growth of a broad OsH signal of the n?-ethylene adduct at
—4.61 ppm, and a decrease in intensity of peaks at 2.92 ppm
(coordinated ethylene) and at 5.26 ppm (free ethylene).
H{*H} NMR shows a decrease in intensity for the OsD
signal at —4.58 ppm and an increase in intensity of the signal
for coordinated deuterated ethylene at 2.92 ppm.

Variable-temperatuare NMR  study of OsHCl(n?-
H,C=CH,)(CO)(P'Pr,;),. A colorless solution of OsHCI-
(CO)(P'Pr;), in C4Dg under 1 atm C,H, pressure shows com-
plete conversion to OsHCl(n?-H,C=CH,)(CO)(PiPr;),. Upon
increasing the temperature from +20 to +70°C, 'H NMR
shows progressive broadening of the signals for free (5.26
ppm) and coordinated (2.92 ppm) ethylene and for the hydride
(—4.58 ppm). At +20°C, v, ,(free C,H,) = 12.8 Hz, vl/z(nz-
C,H,) = 17 Hz, and the OsH peak is a well-defined triplet. At
+70°C, v,,(free C,H,) = 364 Hz, the signal for n%-C,H, is
so broad that it cannot be seen, and the OsH signal is a broad
peak at —5.3 ppm. Upon a temperature increase from + 20 to
+70°C, *'P{'H} NMR shows a significant broadening and
shifting of the signal for OsHCl(n?-H,C=CH,)(CO)(P'Pr;),
from 13.1 (+20°C) to 14.6 ppm (+ 70 °C). No evidence for any
other products is seen at any temperature.

Reaction of OsHCI(CO)(P'Pr;), with C,D,. An orange
solution of OsHCI(CO)(P'Pr;), in C4H, immediately turns
colorless upon addition of C,D, in the reaction NMR tube at
500 mm pressure. After mixing at +60°C for 27 h, 'H, 2H
and 3'P NMR show complete conversion to the n2-ethylene
adduct. 'H NMR at +20°C shows the presence of traces of
OsH (t, —4.58 ppm), n?-C,H(D), (292 ppm) and free
C,H(D), (5.26 ppm). 2H{*H} NMR of this sample shows an
OsD signal (—4.58 ppm) and two major signals of n?2-
C,H(D), (2.92 ppm) and dissolved C,H(D), (5.26 ppm).

Reaction of RuHCI(CO)(PiPr;), with C,D,. An orange
solution of RuHCI(CO)(P'Pr;), in C¢H, does not change
color upon addition of C,D, in the reaction NMR tube at 1
atm pressure. 'H, 2H and 3'P NMR show the absence of n?>-
ethylene adduct or ethyl complex formation. The 'H NMR
taken after 27 h at 60 °C shows an almost complete loss of the
RuH signal of RuHCI(CO)(P'Pr;), at —24.36 ppm, and
2H{'H} NMR shows a strong RuD signal at the same chemi-
cal shift.

Reaction of RuHCI(CO)(PiPr,ArF), with C,H,. A yellow—
orange solution of RuHCI(CO)(PPr,ArF), in C¢Dy imme-
diately becomes colorless, then rosy in 10 min upon addition
of a ca. 20-fold excess of C,H, to the NMR tube. 'H, 3'P{'H}
and 'F{'H} NMR at +20°C indicate the formation
of two products: RuHCI(CO)n>-C,H,)PPr,Ar"), and

Ru(CH,CH;)CI(CO)(P'Pr,ArF),. 'H NMR (C4Dg, +20°C):
6 —10.93 (br, RuH), 0.83, 1.02 (m, PCHCH ), 2.44, 2.65, 2.98
(m, PCH), 2.77 (br, n>-C,H,), 5.26 (br, free C,H,), 7.76, 7.78
[p-3,5-(CF,),CcH,H], 842, 848 [0-3,5«(CF;),CcH,H];
31p{1H} NMR (C4¢Dg, +20°C): 6 40.8 [26%, Ru(CH,-
CH,)CI(CO)(PiPr,Ar),], 544 [br, 74%, RuHCI(CO)n?>-
C,H,)(P'Pr,Arf),]; F{'H} NMR (C,D,, +20°C): &
—63.84, [33%, Ru(CH,CH,)CI(CO)P'Pr,Ar"),], —63.77
[67%, RuHCI(CO)(n?-C,H,)PPr,Ar"),]. Upon cooling to
+7°C, the broad RuH signal of RuHCI(CO)n?-
C,H,)(PiPr,ArF), in 'H NMR moves to —8.36 ppm, and the
31p{'H} NMR signal for the adduct is sharper and observed
at 52.9 ppm. When ethylene is removed from this solution by
four freeze—pump-thaw cycles, the only observed product by
NMR is RuHCI(CO)(P'Pr,Ar"),; "H NMR (C4Dy, +20°C):
6 —24.86 (t, Jyp = 18.8 Hz, RuH); *'P NMR: § 60.4.

Computational details

The calculations were carried out using the GAUSSIAN 9822
set of programs within the framework of DFT at the B3PW91
level.232* LANL2DZ effective core potentials (quasi-rela-
tivistic for the metal centers) were used to replace the 28 inner-
most electrons of Ru,?® the 60 innermost electrons of Os?° as
well as the 10 core electrons of Cl and P.2°® The associated
double-{ basis set was used?32% and was augmented by a d
polarization function for Cl and P.27 The other atoms were
represented by a 6-31 (d,p) basis set (5d). Full geometry opti-
mization was performed with no symmetry restriction and the
nature of the minima was assigned by analytical frequency
calculations.
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