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Two new dicarbonyl N-heterocyclic carbene nickel(0) complexes of the type (NHC),Ni(CO), (NHC
= ICy, [N.N'-bis(cyclohexylimidazol)-2-ylidene (2), IMes [N,N'-bis(2.4,6-trimethylphenyl)imidazol)-2-
ylidene] (3)) have been prepared by a substitution reaction of (NHC)Ni(CO), (NHC = I'Bu [N,N'-bis(tert-
butylimidazol)-2-ylidene], IAd [N,N'-bis(1-adamantylimidazol)-2-ylidene]) and 2 equivalents of ICy or
IMes. Single-crystal X-ray analyses confirmed the monomeric 18-electron compositions of [(ICy),Ni(CO);]
(2) and [(IMes),Ni(CO),] (3). The greater electron-donating properties of the NHC ligands compared to
tertiary phosphines are also demonstrated through calorimetric studies and enabled the determination of
average bond dissociation enthalpies for Ni—L (L = NHC and tertiary phosphine).

Introduction

The use of N-heterocyclic carbenes (NHC) as ancillary
ligands in organometallic chemistry and homogeneous catalysis
is an area of intense activity.' On the basis of the accepted
analogy between NHCs and trialkylphosphines (strong o-donors
and weak sr-accepting ability),> many NHC metal complexes
are now well recognized as catalysts in a plethora of reactions,
including the Suzuki—Miyaura reaction,® hydrogenation,* and
ruthenium-based olefin metathesis.” Whereas nickel was used
early on to isolate TM-NHC complexes® and proved to be useful
in catalysis using mostly in situ generated catalysts,” only a few
well-defined NHC Ni(0) complexes have been reported to date.
This includes mainly mono-® or bis-NHC adducts®*® of nickel
carbonyls used for determination of electronic parameters of
NHC ligands.
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The importance of quantifying steric and electronic effects
of ligands has been recognized in pioneering studies by Tolman
on tertiary phosphines'® and have had a major impact on the
development of new and improved phosphine ligands for
catalysis.'" Although some spectroscopic studies have revealed
the close relationship between NHCs and phosphine ligands,'?
a more detailed understanding of electronic and steric parameters
of this ligand class represents a key step for the development
of even more catalytic systems.'* Recent studies on the reacti-
vity of NHC ligands toward complexes containing low-valent
transition metals have shown them to be very useful models to
understand the strength of metal—ligand bonds.®“ Nevertheless
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Figure 1. Common saturated and unsaturated NHCs.

some factors governing the high catalytic activity of many
transition metal—NHC complexes remain unclear. In the case
of some NHC ligands depicted in Figure 1, surprising differences
in catalytic activities of the corresponding metal catalysts have
already been observed, but could not be rationalized or explained
experimentally . >®'#

Recently, we reported the synthesis of stable three-coordinate
[(NHC)Ni(CO);] (NHC = ItBu, IAd) and four-coordinate
[(NHO)Ni(CO);] (NHC = ICy, IPr, SIPr, IMes, SIMes)
complexes in which the steric and electronic factors governing
NHC ligands were investigated in the series of substitution
reactions with [Ni(CO).].8¢ It was observed that the formation
of three- or four-coordinate complexes was a result of NHC
steric bulk and resulting steric congestion around the metal
center. While for most NHC ligands one carbonyl group was
displaced, generating the saturated [(NHC)Ni(CO);] species,
I'Bu and IAd gave rise to unsaturated [(NHC)Ni(CO);] com-
pounds, indicating that both ligands are substantially more bulky
than P('Bu)s.

We now employ the dicarbonyl nickel complexes as reagents
in reactions involving less bulky NHC ligands, resulting in
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nickel complexes of the type [(NHC),Ni(CO),]. The synthesis,
structural characterization, and thermodynamic behavior of
complexes of the type [(L),Ni(CO),] (L = PR3, NHC) are
reported, which enable the determination of Ni—NHC (NHC
= ICy, IMes) and Ni—P (P = PCys, PPh3, P(p-Tol)s, P(m-Tol)3)
bond dissociation energies.

Results and Discussion

Synthesis and Structure Determination of [(ICy),Ni(CO)]
(2) and [(IMes),Ni(CO),] (3). The substitution reaction involv-
ing [(I'Bu)Ni(CO),] (1) and 2 equivalents of smaller NHC
ligands, such as IMes and ICy, gave rise to the expected
saturated complexes of general composition [(NHC),Ni(CO),]
(egs 1 and 2) in good isolated yields. Of note, the substitution
reactions can also be performed with [(IAd)Ni(CO),] as starting
material to yield 2 and 3 in similar high yields. This synthetic
route is original, since [(NHC),Ni(CO),] complexes reported
to date have been synthesized by double substitution reaction
from [Ni(CO)4] using the very small NHC IMe® or by reac-
tion with carbon monoxide from the corresponding
[(NHC),Ni(COD)] complex (NHC = IMes, I"Pr, I'Pr,...; COD
= 1,5—cyclooctadiene).9
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The '"H NMR spectra of complexes 2 and 3 show a
characteristic resonance at low field for the two imidazole
protons, as well as signals attributable to their corresponding
side-chain R groups. The '*C NMR spectra display characteristic
low-field resonances for the carbenic carbon at around 190 ppm
in addition to one low-field signal for the two carbonyl ligands,
indicating that the CO molecules are equivalent. Infrared
spectroscopy revealed two vco stretching frequencies with the
more basic NHC ligand ICy (Ajvco for [(ICy):Ni(CO),] =
1948.5 cm™ ") exhibiting a better o-donating capability than IMes
(Aveo for [(IMes),Ni(CO),] = 2050.5 cm™'). Elemental
analyses also confirmed the compositions of 2 and 3. To
unambiguously establish the structure of complexes 2 and 3,
single-crystal diffraction studies were performed on colorless
crystals obtained from cooled (—50 °C), concentrated pentane
solutions of 2 and 3.

ORTERP representations at 50% probability with selected bond
distances and angles are shown in Figures 2 (2) and 3 (2).
Complexes 2 and 3 show the expected tetrahedral geometry
around the metal center for Ni(0) 18-electron complexes'” with
bond angles between 100° and 115°. A 2-fold rotation axis is
present in 3, with both 2 and 3 having the NHC and carbonyl
ligands disposed cis to each other. In general, the Ni—C(NHC)
distances in 2 and 3 suggest single-bond character and are in
good accordance with their almost exclusive o-donor charac-

(15) Hou, H.; Grantzel, P. K.; Kubiak, C. P. Organometallics 2003, 22,
2817-2819.
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Figure 2. ORTEP diagram of [(ICy),Ni(CO),] (2). Thermal
ellipsoids are drawn at 50% probability. Hydrogen atoms have been
omitted for clarity. Selected bond lengths (A) and angles (deg):
Ni(1)—C(1) 2.021(6), Ni(1)—C(16) 1.997(6), Ni(1)—C(40) 1.796(7),
Ni(1)—C(41) 1.755(7), C(40)—0(40) 1.153(6), C(41)—0(41)
1.176(6); C(40)—Ni(1)—C(41) 113.5(3), C(1)—Ni(1)—C(16) 100.93),
C(1)—Ni(1)—C(40) 115.3(3), C(1)—Ni(1)—C(41) 104.5(2), C(40)—
Ni(1)—C(16) 107.3(2), C(41)—Ni(1)—C(16) 114.9(3).
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Figure 3. ORTEP diagram of [(IMes),Ni(CO),] (3). Thermal
ellipsoids are drawn at 50% probability. Hydrogen atoms have been
omitted for clarity. Selected bond lengths (A) and angles (deg):
Ni(1)—C(1) 1.983(3), Ni(1)—C(40) 1.761(3), C(40)—0(40) 1.161(3);
C(1)—Ni(1)—C(1) 124.22(17), C(40)—Ni(1)—C(40) 105.60(18),
C(1)—Ni(1)—C(40) 110.72(12), C(40)—Ni(1)—C(1) 102.23(12).

teristics.'® While the Ni—C(NHC) bond length (1.983(3) 10\) in
3 is comparable to analogous distances in related Ni(0) carbene
complexes (Table 2),*8=17 2 possesses one slightly shorter
(1.997 A) and one longer (2.021 A) Ni—C(NHC) bond length.
Since the IR data and enthalpy of reaction measurements (see
discussion below) on 2 support that ICy is more strongly bound
than IMes, the elongation of the Ni—C(NHC) bond length in 2
may arise simply from crystal packing effects. Furthermore, no
significant decrease in the Ni—CO bond length in 2 was
observed compared to analogous distances in 3, and it is similar
to other [(L)Ni(CO)3] systems (Table 2).

(16) Herrmann, W. A.; Elison, M.; Fischer, J.; Kocher, C.; Artus, G. R.
Angew. Chem., Int. Ed. 1995, 34, 2371-2374. McGuinness, D. S.; Cavell,
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1481-1483.
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Table 1. Crystallographic Data for Compounds [(NHC);Ni(CO);]

2 3
emperical formula C32H43N4Ni02 C44H4xN4NiOz
fw 579.45 723.57
space group P2i/c Pccn
cryst syst monoclinic orthorhombic
a, A 11.1412(18) 10.7392(6)
b, A 18.133(3) 18.4417(10)
¢, A 16.174(3) 20.2836(11)
a, deg 90 90
f, deg 103.358 90
y, deg 90 90
u(Mo), mm™! 0.643 0.523
z 4 4
R 0.0355 0.0316
Ry, 0.0739 0.0607
no. of refined params 542 323
no. of data collected 10319 38 689
no. of unique data, [ > 20 4019 1876
Rumerge 0.0709 0.0471

Table 2. Selected Bond Lengths (A) in NHC-Containing Carbonyl
Nickel Complexes

entry complex Ni—Cnuc Ni—Cq Cc-0
1 [Ni(CO)4]"” 1.817(3) 1.127(3)
2 [(I'Bu)Ni(CO),]* 1.957(1)  1.7535(13)  1.1396(16)
1.7489(13)  1.1384(16)
3 [IAd)Ni(CO),]% 1.953(2)  1.761(2) 1.147(2)
1.759(2)
4 [(IMe),Ni(CO), ] 1.971(4)  1.757(5) 1.142(5)
1.982(4)  1.758(5) 1.152(5)
5 [(ICy)Ni(CO)a], 2 2.021(4)  1.775(5) 1.164(5)
1.997(3)
6 [(IMes),Ni(CO),], 3 1.983(3)  1.791(3) 1.161(3)
7 [(*Pr),Ni(CO),]** 2.002(2)  1.758(2) 1.155(2)
8 [(NHC),Ni(CO),I®>*  1.977(4)  1.758(5) 1.147(5)
9 [(NHC)Ni(CO);]8> 1.986(3)  1.794(4) 1.134(5)
10 [(IPr)Ni(CO);]%¢ 1.972(2)  1.790(3) 1.145(5)
11 [(IMes)Ni(CO)3]8¢ 1.9713)  1.793(4) 1.144(4)
12 [(SIPr)Ni(CO);]3¢ 1.962(4)  1.789(4) 1.143(4)
13 [(SIMes)Ni(CO)3]3¢ 1.961(3)  1.780(3) 1.148(3)

Me, "\, Ph

aNHC = I/NY-/ ~

Ph Me

Calorimetric Results. With the isolation of three- and four-
coordinate nickel carbonyl complexes of the type [(NHC-
)Ni(CO),] (NHC = I'Bu, TAd) and [(NHC)Ni(CO)3] (NHC =
ICy, IMes) the equilibrium associated with [Ni(CO)4] and NHC
was found to be crucial in the measurement of Ni—NHC bond
dissociation energies.®™ Consequently, we successfully evalu-
ated the bond dissociation energy of Ni with the sterically
demanding I'Bu and TAd ligands (BDE for Ni—I'Bu = 39 + 3
kcal/mol, BDE for Ni—IAd = 43 + 3 kcal/mol) based on the
equilibrium established between three-coordinate [(NHC)Ni-
(CO),] and [Ni(CO)4]. However, we were not successful in
establishing an equilibrium between the saturated [(NHC-
)Ni(CO);] (NHC = ICy, IMes) and [Ni(CO)4]. In the present
work, we are delighted to report the dissociation energy of the
Ni—L bond from the reaction of [(NHC)Ni(CO),] (NHC = I'Bu,
IAd) with smaller NHC ligands, ICy and IMes, and the
substitution reactions involving a variety of tertiary phosphines
(PCys, PPh;3, P(p-Tol)s, and P(m-Tol)3) with [(NHC)Ni(CO),].
These data help increase our understanding of the fundamental
steric and electronic factors influencing NHC ligands and afford
a direct comparison with a large array of tertiary phosphine
data.'® The thermochemistry of [(PR3),Ni(CO),] complexes was
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Table 3. Enthalpies of Ligand Substitution (kcal/mol) from
[(I'Bu)Ni(CO),]*

[(ItBll)Ni(CO)z]som +2 Lsoln - [(L)2Ni(co)2]soln

entry L —AHy, (kcal/mol)®
1 ICy 20.9(0.2)
2 IMes 14.8(0.6)
3 PCy3 12.6(0.1)
4 P(p-Tol); 11.8(0.3)
5 P(m-Tol)s 11.5(0.3)
6 PPh; 10.7(0.2)

“ Enthalpy of solution is included. ? Enthalpy values are reported with
95% confidence limits.

Table 4. Enthalpies of Ligand Substitution (kcal/mol) from
[TADNI(CO)2]*

[(Ad)Ni(CO)Z]SOIH +2 Lsoln - [(L)ZNi(CO)Z]SOIn

entry L —AH,y,, (kcal/mol)”
1 ICy 17.5(0.3)
2 IMes 13.4(0.2)
3 PCys 12.0(0.2)
4 P(p-Tol)s 11.9(0.3)
5 P(m-Tol)s 11.0(0.3)
6 PPh;s 10.2(0.2)

“Heat of solution is included. ” Enthalpy values are reported with
95% confidence limits.

made possible by the rapid and quantitative reaction of
[(NHC),Ni(CO);] (n = 1, 2) with stoichiometric amounts of
tertiary phosphine ligands (eq 3).

[(NHC)Ni(CO),] + 2PR,

toluene, 30°C
[(PR;)2Ni(CO),] + NHC (3)

NHC = I'Bu, IAd
PR, = PPh,, PCy,, P(p-Tol),, P(m-Tol),

The enthalpy values were determined by anaerobic solution
calorimetry in toluene at 30 °C by reacting 2 equiv of either
NHC or tertiary phosphine ligands with 1 equiv of [(NHC)-
Ni(CO),] (NHC = I'Bu, IAd). Importantly, the final product of
each calorimetric experiment was characterized by NMR
spectroscopy in order to exclude other side reactions such as
the formation of [Ni(CO)4] and free NHC. Experimental
enthaply data are tabulated in Tables 3 and 4 respectively. Not
surprisingly, the magnitude of the enthalpy of reaction is affected
by both the steric and electronic nature of the ligands. The NHC
ligands ICy (entry 1) and IMes (entry 2) have more exothermic
reaction enthalpy than even the very basic tertiary phosphine
PCy; (entry 3), indicating the greater donor property of these
NHC ligands. Interestingly, ICy binds the nickel atom more
strongly than IMes, but the gap is generally more important.>
Steric factors around the metallic center explain this difference.
The tetrahedral geometry of these Ni complexes allows for steric
interactions between crowded ligands, and it has been proved
that IMes is significantly larger than ICy.5"'** Furthermore, the
choice of the phosphine has a significant effect on the reaction
outcome. No reaction was observed when reacting the ortho-
substituted phosphine ligands, tri-o-tolylphosphine and tri-o-
methoxyphenylphosphine, with [(NHC)Ni(CO),] (NHC = I'Bu,
IAd). However, the reaction readily took place using P(p-Tol)s,
P(m-Tol);, PCys, and PPhs. The difference in reactivity can be
explained by sterics, with the larger tri-o-tolylphosphine and
tri-o-methoxyphenylphosphine ligands (cone angle (6) = 194
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Table 5. Bond Dissociation Energies of Ni—NHC and Ni—P*

entry L BDE"#" BDE™ BDE®
1 ICy 29.9(3.0) 30.2(3.0) 30.1(3.0)
2 IMes 26.9(3.0) 28.2(3.0) 27.5(3.0)
3 PCy; 25.8(3.0) 27.5(3.0) 26.6(3.0)
4 P(p-Tol); 25.4(3.0) 27.4(3.0) 26.4(3.0)
5 P(m-Tol); 25.2(3.0) 27.0(3.0) 26.1(3.0)
6 PPh; 24.8(3.0) 26.6(3.0) 25.7(3.0)

“BDE/®*: BDE calculated based on [(I'Bu)Ni(CO),] substitution
reactions. BDE“?: BDE calculated based on [(IAd)Ni(CO),] substitution
reactions. BDE®: average of BDE"?" and BDE™.

+ 6°' and 200°,'® respectively) not undergoing substitution
reactions, while the smaller P(p-Tol); (8 = 143°), P(m-Tol);
(165°), PCys (170°), and PPhs (145°) ligands exhibiting rapid
substitiution.'®"?

As shown in Table 4, the enthalpy values for the reaction of
[(TAd)Ni(CO),] show a similar pattern as for [(I'Bu)Ni(CO),];
however, the magnitude of enthalpy of the reaction is marginally
smaller. This is a result of the stronger Ni—IAd bond (43 £ 3
kcal/mol) in comparison to the Ni—I'Bu bond (39 + 3 kcal/
mol).

Absolute Ni—NHC and Ni—P Bond Enthalpies. The
enthalpies of the substitution reactions of the type shown in eq
3 can be used to evaluate the Ni—NHC bond dissociation
energies as well as Ni—P bond dissociation energies. Using the
enthalpies of reaction for the substitution of [(I'Bu)Ni(CO)]
with ICy (—20.9 £ 0.2 kcal/mol) or IMes (—14.8 £ 0.6 kcal/
mol) and the previously reported bond dissociation energy of
Ni—I'Bu (39 + 3 kcal/mol), these data were used to calculate
the bond dissociation energy for Ni—ICy (BDE"?* for Ni—ICy,
29.9 + 3.0 kcal/mol) and Ni—IMes (BDE"®* for Ni—IMes, 26.9
+ 3.0 kcal/mol) (Table 5, entries 1 and 2).>° Substitution
reactions involving [(IAd)Ni(CO),] and ICy or IMes give bond
dissociation values (BDE"“) of 30.2 + 3.0 kcal/mol for Ni—ICy
and 28.2 + 3.0 kcal/mol for Ni—IMes. As shown in Table 5,
there is a reasonable agreement between the two values BDE"?"
and BDE"“ obtained for Ni—ICy and Ni—IMes BDEs from
respectively [(I'Bu)Ni(CO),] and [(TAd)Ni(CO),] substitution
reactions, which yield an average value (BDE®’) of 30.1 £ 3.0
kcal/mol for Ni—ICy and 27.5 £ 3.0 kcal/mol for Ni—IMes
bond dissociation energies. The bond strength for Ni—PR3; was
calculated in a similar manner, and the bond dissociation
energies are tabulated in Table 5.

Both NHC ligands ICy and IMes possess slightly stronger
bond dissociation energies, suggesting that NHC ligands are
among the most strongly bound ligands to Ni(0).2""** The
relative BDE values for Ni—ICy (BDE = 30.1 =+ 3.0 kcal/mol)
and Ni—IMes (BDE = 27.5 &£ 3.0 kcal/mol) are in accordance
with the infrared data that indicated that ICy (vco for
[(ICy),Ni(CO),] = 1948.6 cm™ ") is a better donor than IMes
(veo for [(IMes):Ni(CO),] = 2050.5 cm™'). As expected, the
strongest nickel—phosphine bond dissociation energy was
obtained for the most basic phosphine, PCys; (BDE = 26.6 £+

(18) (a) Grim, O. S.; Yankowsky, A. W. J. Org. Chem. 1977, 42, 1236—
1239. (b) Pruchnik, F. P.; Smolenski, P.; Wajda-Hermanowicz, K. J.
Organomet. Chem. 1998, 570, 63—69.

(19) Eriks, K.; Giering, W. P.; Lui, H. Y.; Prok, A. Inorg. Chem. 1989,
28, 1759-1763.

(20) The formula of the calculations is the following: AHy, = [—2
BDE(Ni—L) + BDENi—I'Bu)]; so BDE(Ni—L) = 1/2 [-AHn +
BDE(Ni—I'Bu)].

(21) (a) Nolan, S. P.; Hoff, C. D.; Landrum, J. T. J. Organomet. Chem.
1985, 282, 357-362. (b) Nolan, S. P.; Lopez de la Vega, R.; Hoff, C. D.
Inorg. Chem. 1986, 25, 4446-4448.

(22) Tolman, C. A.; Reutter, D. W.; Seidel, W. C. J. Organomet. Chem.
1976, 117, C30—C33.
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3.0 kcal/mol, entry 3), while the weakest bond strength (BDE
= 25.7 £ 3.0 kcal/mol, entry 6) was found for Ni—PPhs.

A calorimetric study of the reactions of various phosphorus
ligands (and ‘BuCN) with Ni(COD), by Tolman et al.** showed
that both the extent of reaction and mean Ni—P bond strengths
tend to decrease with increasing ligand size, with P(OMe); (6
= 107°)'%* having the highest enthalpy value of —57 kcal/
mol in the formation of [NiL4] (L = P(OMe)s;). While the
reaction of bulky P(O-0-CgH,-"Pr); (6 = 148°)'° and [Ni(COD),]
resulted in the formation of [(L),Ni(COD)] (L = P(O-0-C¢Hy-
'Pr)3), it was found to have the lowest enthalpy value of —15
kcal/mol. However, enthalpy values (Table 3) in our system
show that BDE of Ni—P in the formation of [(PR3):Ni(CO),]
complexes is dependent on the electron donor—acceptor char-
acter of the phosphorus ligand. The decreasing exothermicity
in the formation of [(PR3),Ni(CO),] (PR3 = PCys, P(p-Tol)s,
P(m-Tol)s), PPhs), which results in a smaller BDE values (Table
5), corresponds closely to the decreasing electron-donating
ability of the phosphorus ligand. Nevertheless, only a small
difference was observed between the most basic phosphine,
PCys (entry 3), and the less donating phosphine, PPhs (entry
6). PCys3 having a larger cone angle (0 = 170°) compared to
PPh; (0 = 145°)° indicates the overwhelming importance of
steric effects in defining the magnitude of the Ni—P bond
dissociation energy in this specific nickel system.

Conclusion

The synthesis and structural characterization of [(ICy),-
Ni(CO);] (2) and [(IMes),Ni(CO),] (3) is described. We have
evaluated the bond dissociation energy of Ni—L associated with
the very rapid and quantitative NHC double substitution
reactions involving [(NHC)Ni(CO),] (NHC = I'Bu, IAd) with
smaller NHC ligands, ICy and IMes, in addition to reactions
involving a variety of tertiary phosphines (PCys, PPhs, P(p-
Tol);, P(m-Tol)s). The enthalpy values of the formation of
[(L):Ni(CO),] (L = ICy, IMes, PCys, PPhs, P(o-Tol)s, P(m-
Tol);) were measured by solution calorimetry and used to
determine Ni—NHC and Ni—P bond dissociation energies. The
NHC ligands ICy and IMes were found to have greater electron-
donating properties than the most basic tertiary phosphine ligand.
Furthermore, an increase in steric bulk (and cone angle for
tertiary phosphines) also appears to play a crucial role in the
formation of [(L),Ni(CO),] (L = ICy, IMes, PCys, PPhs, P(p-
Tol);, P(m-Tol);) complexes and consequently in their bond
dissociation energy. This study highlights the intimate relation
between electronic and steric parameters and the intrinsic
difficulty in separating these.

Experimental Section

General Considerations. All reactions were performed under an
inert atmosphere of argon or nitrogen using standard high-vacuum or
Schlenk techniques or in an MBraun glovebox containing less than 1
ppm oxygen and water. Solvents were distilled from appropriate drying
agents or were passed through an alumina column in an MBraun
solvent purification system; other anhydrous solvents were purchased
from Aldrich and degassed prior to use by purging with dry argon
and were kept over molecular sieves. Solvents for NMR spectroscopy
were degassed with argon and dried over molecular sieves. NMR
spectra were recorded on a 400 MHz Varian Gemini. Infrared spectra
were recorded on a PE 2000 FT-IR spectrometer. Calorimetric
measurements were performed using a Calvet calorimeter (Setaram

(23) Bunten, K. A.; Chen, L.; Fernandez, A. L.; Poé, A. J. Coord. Chem.
Rev. 2002, 233—23441-51.
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C-80), which was periodically calibrated using the TRIS®" reaction or
the enthalpy of solution of KCl in water.>' Experimental enthalpy data
are reported with 95% confidence limit. Elemental analysis was
performed at Desert Analysis, Tucson, AZ. The compounds [(I'Bu-
)Ni(CO),] (1) and [IAd)Ni(CO),] were synthesized according to the
literature procedure.® The NHC ligands were synthesized following
literature procedures.>* Triphenylphosphine (PPhs), tricyclohexylphos-
phine (PCys), tri-p-tolylphosphine (P(p-Tol)s), tri-m-tolylphosphine
(P(m-Tol)s), tri-o-tolylphosphine (P(o-Tol)s), and tri-o-methoxyphe-
nylphosphine (P(o-MeOPh);) were used as received (Strem). The
identities of nickel phosphine complexes [(PPh3),Ni(CO),],%
[(PCy3):Ni(CO),1,*>  [(P(p-Tol)3),Ni(CO),],** and  [(P(m-Tol)s),-
Ni(CO),]*° were confirmed by comparison with literature spectroscopic
data.

Synthesis of [(ICy),Ni(CO),] (2). Dropwise addition of a
pentane solution (20 mL) of ICy (328 mg, 1.44 mmol) to a pentane
solution (5 mL) of [(I'Bu)Ni(CO),] (1; 200 mg, 0.677 mmol) with
magnetic stirring led to a rapid development of a yellow-colored
solution. The resulting solution was stirred at room temperature
for 1 h. The resulting solution was subsequently concentrated to
ca. 10 mL. Cooling the concentrated solution to —50 °C resulted
in the formation of a yellow precipitate. The solution was filtered,
and the filtrate was washed with cold pentane (3 x 5 mL) and
dried in vacuo. Yield: 310 mg (79%). X-ray quality crystals were
grown by slow evaporation of a concentrated pentane solution of
complex 2. Anal. Calcd for C3;H4NsNiO, (MW = 579.45): C,
66.32; H, 8.35; N, 9.66. Found: C, 66.22; H, 8.36; N, 9.65. 'H
NMR (C¢Dg, 400 MHz, 6): 6.10 (s, 4H, NCH=CHN), 5.00 (m,
4H, CH®Y), 2.20 (m, 8H, CH,Y), 1.62 (m, 8H, CH,Y), 1.46 (m,
4H, CH,®Y), 1.40 (m, 8H, CH,“), 1.22 (m, 8H, CH,**), 0.90 (m,
4H, CH,™). '3C NMR (C¢Dg, 400 MHz, 6: 205.15 (N-C-N), 198.33
(CO), 115.77 (NCH=CHN), 58.55 (CH®), 33.77 (CH,“), 25.80
(CH>®). IR vo (toluene, cm™'): 1948.6 (s), 1877.9 (vs).

Synthesis of [(IMes),Ni(CO):] (3). A pentane solution (20 mL)
of IMes (453 mg, 1.49 mmol) was added dropwise to a pentane
solution (5 mL) of [(I'Bu)Ni(CO),] (1; 200 mg, 0.677 mmol). The
resulting solution was stirred at room temperature for 1 h, during
which time a red precipitate was formed. The solution was
subsequently concentrated to ca. 10 mL and then filtered. The solid
was washed with cold pentane (—50 °C, 2 x 5 mL), affording
complex 3, which was dried in vacuo. Yield: 356 mg (73%). Anal.
Caled for C44HygN4NiO, (MW = 723.57): C, 73.03; H, 6.68; N,
7.73. Found: C, 72.96, H, 6.68; N, 7.70. "H NMR (C¢Ds, 400 MHz,
0): 6.80 (s, 8 H, CH*"), 6.23 (s, 4 H, NCH=CHN), 2.11 (s, 12 H,
CH5M), 2.01 (s, 24 H, CH;M**). *C NMR (C¢Dg, 400 MHz): &
198.71 (N-C-N), 194.25 (CO), 139.07 (C*"), 135.65 (C™*), 129.60
(CH™), 121.96 (C*"), 21.19 (CH3M<*), 17.72 (CH;™*). IR veo
(toluene, cm™"): 2050.5 (s), 1886.8 (vs).

NMR Titrations. Prior to every set of calorimetric experiments, a
Wilman screw-capped NMR tube was charged with +0.1 mg of
organometallic complex and fitted with a septum, and toluene-dg was
subsequently added. A solution of the ligand of interest was then
injected to the NMR tube through the septum with a microsyringe,
followed by vigorous shaking. The reactions were monitored by 'H
NMR and IR spectroscopy. The reactions were found to be suitable
for calorimetric experiments since they are all rapid, clean, and
quantitative under experimental calorimetric conditions.

Calorimetric Measurements for Reaction of [(I'Bu)Ni(CO);]
or [(IAd)Ni(CO),] with Tertiary Phosphine and NHC Ligands.
The mixing vessels of the Setaram C-80 were cleaned, dried in an
oven maintained at 120 °C, and then taken into the glovebox. A

(24) Arduengo, A. J.; Krafczk, R.; Schmutzler, R.; Craig, H. A
Georlich, J. R.; Marshall, W. J.; Unverzagt, M. Tetrahedron 1999, 55,
14523-14534.

(25) Aresta, M.; Quaranta, E.; Tommasi, 1. J. Chem. Soc., Chem.
Commun. 1988, 7, 450-452.

(26) Ballester, L.; Gutierrez-Alonso, A.; Perez-Serrano, S.; Perpinan,
M. F. Inorg. Chem. 1991, 30, 2954-2955.
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15—20 mg sample of [(I'Bu)Ni(CO),] or [(IAd)Ni(CO),] was
weighed out accurately into the lower vessel; it was then closed
and sealed with 1.5 mL of mercury. Four milliliters of a solution
of the ligand of the interest was added. The remainder of the cell
was assembled, removed from the glovebox, and inserted in the
calorimeter. The reference vessel was loaded in an identical fashion
with the exception that no organometallic complex was added to
the lower vessel. After the calorimeter has reached thermal
equilibrium at 30 °C (approximately 3 h), the calorimeter was
inverted, thereby allowing the reactants to mix. After the reaction
had reached completion and the calorimeter had once again reached
thermal equilibrium (approximately 3 h), the vessels were removed
from the calorimeter, taken into the glovebox, opened, and analyzed
using NMR and IR spectroscopy. The enthalpy of ligand substitution
listed in Tables 2 and 3 represents the average of 3—5 individual
calorimetric determinations with all species in solution.

Enthalpy of Solution of [(I'Bu)Ni(CO),] and [(IAd)Ni(CO)].
In order to consider all species in solution, the enthalpy of solution
of [(I'Bu)Ni(CO),] and [(IAd)Ni(CO),] had to be directly measured.
This was performed by using a similar procedure to the one
described above, with the exception that no ligand was added to
the reaction cell. The enthalpies of solution of [(I'Bu)Ni(CO),], 4.2
=+ 0.2 kcal/mol, and [(IAd)Ni(CO),], 2.6 £ 0.2 kcal/mol, represent
the average of 3—5 individual determinations.

Scott et al.

The CIF files of crystal structures 2 and 3 have been deposited
with the CCDC, No. CCDC-246236 and -246237, respectively.
Copies of the data can be obtained free of charge on applications
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, fax: +44
1223 336 033; http://www.ccdc.cam.ac.uk; e-mail: deposit@
ccde.cam.ac.uk.
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