Double C(sp?) dehydrogenation as a route to coordinated Arduengo
carbenes: experiment and computation on comparative n-acidity
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Reaction of [RuHCIL;], (L = P'Pr;) with the C / C unsaturated cyclic carbene:C(NMeCH), produces the
16-electron square-pyramidal RuHCI[CNMeCH=CHNMe]L, by a chloride bridge-splitting reaction. Double
H,C(sp®) dehydrogenation of cyclic H,C(NMeCHS,), is successful for producing the C/C saturated carbene
(bound to Ru); the two hydrogens removed are found as RuHCI(H,)L, . In this case, the free carbene is
unstable with respect to dimerization to the olefin. The '>C chemical shifts of the carbene carbons of these two
complexes, the Ru/C distance, the N-C(carbene) distance, and a variety of reaction energies (from DFT
calculations) and calculated atomic charges are generally consistent with these two carbenes, aromatic and non-
aromatic, both binding similarly, and with little back donation from this electron-rich center. The '*C chemical
shifts are perhaps the most sensitive parameter. Collectively, these results suggest that, if the C/C unsaturated
and the C/C saturated Arduengo carbenes differ in their binding to this electron-rich metal center, the

difference is at or below detection limits.

Introduction

We have reported’ that [RuH(u-Cl)L;], , a precursor to the 14-
electron fragment RuHCIL, (L = P'Pr3), has the ability to
doubly dehydrogenate an sp® carbon alpha to a cyclic ether
or amine heteroatom (eqn. 1). The two removed H are found
as the dihydrogen molecule attached to a second metal center,
in RuHCI(H,)L,. The doubly-activated CH, group in dioxo-
lane, 1, is converted analogously to 2 and RuHCI(H,)L,.
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Given the wide interest® in “Arduengo carbenes”, 3 and
3V we were interested in evaluating the reactivity of the
methylene species 4 (n = 1 or 2) towards the very electron-rich
metal center” in [RuHCIL,], . Both kinetic and thermodynamic
questions are of interest for such a dehydrogenation. (Com-
plexes of Arduengo carbenes have not been previously made
by dehydrogenation of 4, but rather from the preformed free
carbene, as in eqn. 2. Alternatively, synthesis of these carbenes
is often based upon deprotonation of the vinyl carbon of the
related imidazolium cation.”®). It has been established, both
experimentally and computationally, that the C/C unsaturated
Arduengo carbenes are primarily o-donor ligands; there is

1 Electronic supplementary information (ESI) available: crystallo-
graphic data. See http://www.rsc.org/suppdata/nj/b3,/b305249d/

1446 New J. Chem., 2003, 27, 1446-1450

little evidence for their being © acceptors.” '® In addition, we
are interested in the stereoelectronic factors that dictate the
orientation of the plane of the Arduengo carbene in product
5, and the character of the Ru—C bond, as well as the influence
of aromaticity (n = 1) vs. non-aromaticity (n = 2) in the five-
membered ring'” of analogous complexes on all of the above
factors. For example, it was reasoned recently that for n = 2,
“...due to the lack of carbene stabilization provided by the
absence of m interactions, these saturated imidazole ligands
might be more basic than their unsaturated analogs.'® We
report here answers to some of these questions.
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Results

CIC unsaturated carbene complex from the carbene

a) Synthesis. Reaction of 3" with [RuHCIL,], in benzene
gives, within 20 min at 25°C, clean and complete conversion
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to 6. NMR spectroscopic data completely define product stoi-
chiometry and also certain structural features. The integration
of the 'TH NMR spectrum shows that only one carbene ligand
is bound to Ru, and a hydride-coupled *'P NMR spectrum
shows equivalent phosphines as a doublet, confirming the pre-
sence of one hydride ligand. The hydride signal is a triplet
(hence, equivalent phosphines) at very high field (—29.25
ppm), indicating the absence of a ligand trans to hydride. Of
special interest is the fact that two N methyl proton chemical
shifts and two vinyl proton chemical shifts are detected. This
requires a) the five-membered ring must not be oriented eclip-
sing the Ru-P bonds, but instead lie essentially in the molecu-
lar mirror plane defined by Ru, H and Cl and b) any rotation
around the Ru—C bond is slow on the '"H NMR timescale.

Me
/ "'
:C\ +[1/2RuHCILy], ———= leRu C ‘
Me
34 6

b) Structure. An X-ray crystal structure determination
(Fig. 1) confirms that the product is not a dimer, but rather
an unsaturated monomer, and reveals a square-pyramidal geo-
metry with a hydride in the apical site. There are no agostic
interactions. The five-membered ring eclipses the Ru-H bond,
accounting for the inequivalent N-Me and C-H groups
detected spectroscopically. The Ru-Cl (2.452(27) A) and Ru—
P (2.347(27) A) distances are Very similar to those (2.422(2)
and 2.379(0) A, respec‘uvely) in RuHCl(CO)(P Pr3),. The
Ru— C distance, 1.967(5) A is ~0.15 A shorter than the numer-
ous?® Ru-C (imidazolin-2-ylidene) distances reported recently,
but it is longer than the corresponding distance in 7 (1.88 A)
1.90 A in 8, as well as the Ru-C distance (1.91 A) calculated in
RuHCI[C(Me)(OMe)](PH3), .2! The shorter Ru—C distance in
6 than to imidazolin-2-ylidenes can be attributed partly to
the carbon location trans to a chloride (others used in the com-
parison are trans to phosphine), but primarily to the fact that
all those also contain a non-heteroatom-stabilized carbene
co-ligand. This non-heteroatom-stabilized carbene is a strong

Fig. 1 Molecular structure of RuHCI(P'Pr3),(=C(NMeCH),) show-
ing only the hydride hydrogen and selected atom labeling. Selected dis-
tances and angles: Ru-C, 1.967(5) A; Ru-H, 1.45(5) A, Ru-Cl,
2.452(2) A; C-N, 1.382(6), 1.380(6) A; Ru-P10, 2.346(2); Ru-P20,
2.348(2). L P-Ru-P, 163.28(8)°; . H-Ru-C, 81(2)°; ~H-Ru-Cl,
123(2)°.

n-acid, and it effectively prevents any back-bonding (n-basi-
city) from the metal to the Arduengo carbene. For compari-
son, a typical®? Ru"-pyridine bond length is 2.06 A.

H
H | N
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Cl—Ru= C Cl—Ru= C\j
O——
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C—C saturated carbene complex by H,C(sp®) dehydrogenation

The saturated heterocycle 3 can be dehydrogenated (<20 min,
1 :13: Ru ratio, 25°C, benzene) by [RuHCIL;], to produce
equimolar carbene complex and H,, trapped as
RuHCI(H,)L,. The same carbene complex can be obtained
without co-product RuHCI(H,)L, by adding an equivalent
of tert-butyl ethylene to the reaction mixture (eqn. 3). The neo-
hexane that results from the hydrogenation of this sacrificial
olefin can be removed in vacuo, allowing easy isolation of
RuHCI(P'Pr3),(=C(NMeCH,),) as a yellow—orange powder.
The carbene complex 9 shows equivalent P nuclei; a hydride
coupled *'P NMR spectrum shows the equivalent phosphines
as a doublet, indicating the presence of only one hydride
ligand. The hydride itself appears as a triplet at 6 = —24.30
ppm, confirming both the presence of two equivalent phos-
phines and the lack of a ligand trans to hydride. Two NCH;
proton NMR signals again indicate slow rotation around the
Ru-C bond. The carbene carbon NMR signal is found at
0=2028 ppm, 8 ppm downfield of that of RuHCI-
(P'Pr3)»(=C(NMeCH)s). The difference in '*C NMR chemical
shifts of the carbene carbon for the N-heterocyclic carbene in
the free state relative to that when coordinated to RuHCI-
(P'Pr3),, the “coordination chemical shift”’, is larger for the C—
C saturated carbene (42 ppm) than for the aromatic cycle (17
ppm). Since this carbon is bonded to the metal, it is expected to
be sensitive to bonding changes. We suggest that the larger
coordination chemical shift is diagnostic of greater back dona-
tion to the C—C saturated carbene.

Me

tBU H L Me
4 / |l
HzC\ + 12[RuHCILyl, + — —» Ru:< + EtBu
Me Me
3 9

(3)

The Ru carbene is stable to the extent of being unchanged
after 24 h at 60°C in benzene.

Computational study of dehydrogenation thermodynamics

DFT calculations were carried out for the reactions shown in
Scheme 1. The reactions shown are for the saturated hetero-
cycle, which is the more difficult to dehydrogenate, and the

Me Me

N
/

2 L,CIHRu + HZC\ j 365 LCHRu + LQCIHRu=<Nj +H,
N N

Me Me
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[RuH(u-ChLyl, + HzC\N] L,CIHRuU(Hy) + LZCIHRu:< j
N

Me Me

Scheme 1
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one which was actually dehydrogenated experimentally. The
dimer scission energy D was not calculated since the PH; phos-
phine fails to model important cis (PR3), steric interactions in
the dimer.?® Nevertheless, the reaction energy for transforma-
tion a, D-36.5 kcal, is likely to be positive, even after correction
for a TAS term of about™ 8 kcal mol~! at 300 K. Thus, the
binding energy of H, to RuHCIL, (b), —24.0 kcal mol™", is
essential to the overall reaction accomplished here, even with
the entropy penalty involved. The energy of hydrogenation
of tert-butyl ethylene plays a similar role in eqn. 3.

Calculated (DFT) reaction energies: do these carbenes exhibit
n-acidity and does aromaticity affect the Ru—C bond?

Calculated reaction energies, idealized only to the extent that
P'Pr; was replaced by PH3, are shown in Scheme 2. Reaction
a might have been expected to significantly favor the reactant
side, reasoning solely from the anticipated higher stability of
the (aromatic) ring 3Y. Moreover, if the carbene m orbital of
3V is involved in aromatic delocalization, 3Y might be a weaker
n acid ligand (hence a poorer ligand), again favoring the reac-
tant side. In fact, reaction a is essentially thermoneutral, which
predicts that effecting this carbene exchange in experimental
practice can only be accomplished by excess added carbene.
Why is reaction a thermoneutral? Reaction b shows another
comparison between the two different carbene complexes, but
this time the waiting “candidate ligand™ is that which is
hydrogenated at the carbene carbon (10Y or 10). This reaction
is quite favorable thermodynamically. This change in reaction
energy cannot be due to the greater stability of the carbene
complex 6™ vs. 9" because this pair of compounds appears
in both reactions a and b. The unsaturated, aromatic cyclic car-
bene does not more effectively stabilize the RuHCI(PH3), frag-
ment: reactions ¢ and d compare the binding energies of each
carbene to RuHCI(PH3),, and they differ insignificantly. Thus,
neither cyclic carbene is much more effective in forming an Ru—
C bond, a result which is best rationalized by the conclusion
that each carbene is bound to RuHCIPH3z), primarily by a
sigma bond. As mentioned above, if there were significant
Ru-C n bonding, the aromatic carbene 3Y should have a smal-
ler reaction energy (d), since the carbene carbon p, orbital
would be less available for Ru-C n bonding. The similarity
of reaction energies for ¢ and d are more consistent with
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ru«—< j + HZC\ ‘ " HZC\ j + ru4_< j
N N N
Me Me Me Me
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Scheme 2 Energies in kcal mol~'; ru = RuHCI(PH;),
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neither carbene having a greater m-acidity. Since the exother-
mic character of eq. b is not due primarily to the difference
in stability of 6™ vs. 99, we evaluated the hypothesis that it
is due to the difference between 10V and 10. Reaction e vs. f
shows that it is much easier to dehydrogenate 10Y than it is
10, and this difference (~13 kcal mol ') is the determining con-
tribution to the exothermic character of eq. b. The smaller
magnitude for the reaction energy e (vs. f) has been attribu-
ted”’ to the aromaticity of the carbene 3Y. It is therefore the
lower energy cost of breaking two C—H bonds in 10Y, which
makes reaction b exothermic. Reaction a is thus thermoneutral
because no C-H bonds are broken.

Scheme 3 shows another means of establishing the effect of
RuHCIL, on the carbene. Eq. a shows the energy of hydroge-
nation of the C-C n bond; this is considerably smaller than
that of ethylene (—32.2 kcal mol™"), or of the diaminoolefin
12 (reaction c¢), which is further evidence for the aromaticity
of 11. The fact that the energies of reactions a and b in Scheme
3 are comparable indicates that there is no energetically signi-
ficant difference in degree of delocalization of the m electrons of
11 when it is attached to RuHCIL,; if there were such deloca-
lization, i.e., significant back bonding from the metal to 11, the
reaction energy of eq. b would differ more from that of eq. a.

Bond lengths in the optimized geometries also permit some
conclusions (Scheme 4; n =1 data, n =2 in parentheses).
The C-N bonds in both carbenes lengthen (only) slightly on
coordination to Ru, and the increase is slightly larger for the
saturated carbene. Such lengthening is consistent with some
back-bonding from Ru, and this being more for the saturated
carbene. Note, however, that any change in Ru-C bonding
between n = 1 and n = 2 has virtually no trans-effect on the
Ru-Cl distance, but the Ru-C distance does shorten (only
0.018 A) on going to the saturated carbene.

Table 1 shows the results of a natural bond orbital® popula-
tion analysis of 3 and 3V in both free and coordinated states.
On coordination, the population of all three sigma orbitals
(lone pair and two C-N bonds) decreases and the population
of the m orbital increases, the latter a symptom of back bond-
ing (small, but not zero). The natural charge on the carbene
carbon shows that the cyclic carbenes lose more electron den-
sity than they gain on binding to RuHCI(PH3), . The difference
between 3V and 3 is at the threshold of reliability, but consis-
tent with the non-aromatic cycle being slightly more m-acidic.

Conclusions

In summary, all evidence supports the view that both carbene
ligands are indeed primarily o-donors towards the metal,
AE (kcal/mol)

Me Me
N N
<j +H, —3—— <j 1.7
N N
Me Me

1"

Me Me
N N
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Me Me
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and that the Ru-C bond is best represented as it is in Schemes
2 and 3. The significant rotational barrier observed experimen-
tally in both RuHCI[C(NMeCH,,),](P'Pr3), complexes must
thus arise mainly from steric repulsion between the N-Me
groups and the two P'Pr; groups when the ring eclipses the
Ru-P bonds. The only caution to this conclusion is that, to
a very electron-rich metal such as Ru in RuHCIL,, small vari-
ations in calculated bond lengths, together with the experimen-
tal bond lengths, suggest that back bonding to both cyclic
carbenes is not “zero”. These carbenes can perhaps be « acids
but, on a less electron-rich metal, the evidence shows?® that
they certainly do not need back donation for strong binding
to a metal.”’

We have been conservative in interpreting the small differ-
ence in energies of reactions ¢ vs. d (Scheme 2). Even if we take
the calculated 1 kcal mol™' difference in Ru—carbene bond dis-
sociation energy as real, the calorimetric studies of BDE of
Nolan show? variations of 14 kcal mol~! simply on changing
the N substituents from cyclohexyl to adamantyl. It is thus jus-
tifiable to conclude that any variation in back donation to C-C
saturated vs. unsaturated Arduengo carbenes varies by less
than that induced by steric repulsion.

Experimental details

General considerations

All manipulations were performed using standard Schlenk
techniques or in an argon filled glovebox unless otherwise
noted. Solvents were distilled from Na-benzophenone or
CaH,, degassed prior to use, and stored in air-tight vessels.
C(NMeCH), ,*® H,C(NMeCH,),,” and [RuHCI(P'Pr3),]>,>!
were prepared according to published procedures. All other
reagents were used as received from commercial vendors. 'H
NMR chemical shifts are reported in ppm relative to protio
impurities in the deuterated solvents. *'P spectra are referenced
to an external standard of 85% H3;PO,4 (at 0 ppm). NMR
spectra were recorded with a Varian Gemini 2000 (300 MHz
'H; 121 MHz 3'P; 75 MHz '3C) or a Varian Unity Inova
instrument (400 MHz 'H; 162 MHz *'P; 101 MHz 3C).

Synthesis of RuHCl(PiPr3)2[=C(NM¢CH)2], 6. Under argon,
500.7 mg (0.5466 mmol) of [RuHCI(P'Pr3),], was dissolved in
40 mL of toluene and 4.70 mL of 0.2325 M (THF; 1.09 mmol).

Table 1 Natural bond orbital populations of carbene carbon (n(c))
and Ru(n(n)) orbitals, and carbene carbon charge, ¢

free on RuHCI(PH;),  coord-free
Me
ci:j\ ®  g(carbene) +0.106 +0.311 1021
N~ n(c) 3.20 2.83 ~0.37
n(r) 0.66 0.81 +0.15
Me
i« ]3 glcarbene) +0.190  +0.376 +0.19
N~ n(c) 322 2.86 ~0.36
n(r) 0.55 0.72 +0.17

:C(NMeCH), was added dropwise over 10 min to the stirred
solution. Stirring was continued for 19 h and the volatiles
removed in vacuo. The resulting reddish brown solid was
washed with 2 x20 mL of cold (0°C) pentane and dried
in vacuo. Yield: 331 mg (54.7%). '"H NMR (300 MHz, C¢Ds,
20°C): 0 599 (d, Jy_g = 2.1 Hz, 1H; [=C(NMeCH),)),
596 (d, Juu = 2.1 Hz, 1H; [=C(NMeCH),]), 3.50 (s, 3H;
[=C(NMeCH),)), 2.99 (s, 3H; [=C(NMeCH),]), 2.35 (m,
6H; PCH(CHs),), 1.34 (dvt, Jy.y = 6 Hz; Jp. gy = 7 Hz, 18H;
PCH(CH3)2), 1.13 (th, JH—H =6 HZ; JP—H =17 HZ, 18H,
PCH(CH,),), —29.25 (t, Jp.u = 21.9 Hz, 1H; (RuH)); *'P
NMR (300 MHz, C¢Ds, 20°C): 6 = 53.0 (s; P'Pr3). >*C NMR
(400 MHz, C4Dg, 20°C): 6 = 194.8 (s; [=C(NMeCH),]), 120.0
(s; [FC(NMeCH),]), 119.3 (s; [=C(NMeCH),]), 36.8 (s;
[=C(NMeCH),)), 36.6 (s; [=C(NMeCH),]), 26.0 (vt, Jp.c = 34
Hz; PCH(CHs),), 21.1 (s; PCH(CH3)5), 19.7 (s; PCH(CH3),).

Synthesis of RuHCl(PiPr3)2(=C(NMeCHz)z), 9. Under
argon, 11.1 mg (0.0121 mmol) of [RuHCI(P'Pr3),], was dis-
solved in approximately 0.5 ml of C4Dg in an air tight NMR
tube. 2.4 mg (0.0240 mmol) of 1,3-dimethyl-1,3-diazolidine
was added at room temperature. The formation of RuHCI-
(P'Pr3)»(H,) was confirmed by comparison to literature
values.’® RuHCI(P'Pr3),(=CNMeCH,CH,NMe): '"H NMR
(300 MHz, C¢Dg, 20°C): 6 2.51 (m, 10 H; [=C(NMeCH,),]
and PCH(CH3),), 1.98 (s, 3H; [=C(NMeCHo,),)), 1.84 (s, 3H;
[:C(NMé’CHz)z]), 1.25 (th, JH,H:6 HZ; JP—H:7 HZ,
18H; PCH(CHs),), 1.21 (dvt, Jyyu =6 Hz, Jp.y =7 Hz,
18H; PCH(CH;),), o0 = —-23.47 (t, Jp.y =18 Hz, 1H;
(RuHCI(P'Pr3),)); *'P NMR (300 MHz, CeDs, 20°C):
8 = 57.29(s; (P'Pry)); '3*C NMR (400 MHz, C¢Dg, 20°C):
0=202.83 (t, Jp.c =14 Hz; [=C(NMeCH,),]), 30.76 (s;
[=C(NMeCH,),]), 29.24 (s; [=C(NMeCH,),]), 25.03 (vt,
Jp_c = 11 Hz; PCH(CH3;),), 24.09 (s; [=C(NMeCH,),]), 23.28
(s; [EC(NMeCH,),]), 20.58 (s; PCH(CHs),), 19.78 (s;
PCH(CH3),).

Computational details

All calculations were performed with the Gaussian 98 pack-
age.’! Geometry optimizations of all species were performed
with the B3PW91*? functional. Basis sets used included
LANL2DZ for Ru, Cl, and P, 6-31G* for C and N, and 6-
31G** for all hydrogens.>® The basis set LANL2DZ is the
Los Alamos National Laboratory ECP plus a double zeta
valence on Ru, Cl, and P;** additional d polarization func-
tions® were added to all phosphorus and chlorine atoms in
DFT calculations. All optimizations were performed with C,;
symmetry and all minima were confirmed by analytical calcu-
lation of frequencies, which were also used to compute zero
point energy corrections without scaling. All energies discussed
include this ZPE correction.

Crystal structure determination of RuHCI(P'Pr3),
(=C(NMeCH),)

Crystals suitable for X-ray diffraction were obtained from a
saturated C¢Dg solution of RuHCIL,(=C(NMeCMe,). A typi-
cal orange crystal was removed from the tube and affixed
under N to a glass fiber using silicone grease and transferred
to the Bruker SMART6000 CCD system where it was cooled
to —160°C using a gas-flow cooling system of local design.
The data were collected (Table 2) using 30-second frames with
an omega scan of 0.30 degrees. Data were corrected for
Lorentz and polarization effects and equivalent reflections
averaged using the Bruker SAINT software as well as utility
programs from the XTEL library. The structure was solved
using SHELXTL and Fourier techniques. In addition to the
Ru complex, two C¢Dg solvent molecules were present in the
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Table 2 Crystallographic data for RuHCI[C(NMeCH),](P'Pr3),

Formula C35Hg;CIN,P,Ru  Space group Pbca

a A 18.8912(6) T, °C ~160

b, A 19.2995(6) A A 0.71073
¢, A 20.7963(7) Peale, g CM > 1.245
v, A’ 7582.14 A® u(MoK,), cm™! 5.929
zZ 8 R 0.0296
formula weight 710.37 Ry, 0.0286
¢ Graphite monochromator. b R=% F|—|F./2|Fs| ¢ Ry =

[Zw(Fol — [Fd)* /Zw|Fo’} where w = 1/0(|F)).

lattice. As the refinement of the model progressed, it was
observed that there were several large peaks that did not lie
in chemically reasonable positions. Examination of the resi-
dual peaks revealed that there was a disorder present in which
the CI atom was located approximately 180° from the position
shown in the figures. It was possible to model the disorder
using partial occupancy Ru, Cl, and P atoms. The occupancy
converged to 0.125 for the secondary position. After the disor-
der was properly modeled, it was possible to locate and refine
all hydrogen atoms associated with the major position. A final
difference Fourier was essentially featureless, with the largest
peak being 0.55 ¢ A~>.
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