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The crystalline heteroditopic, acyclic, and nonenolizable imRbeterocyclic carbene chelating ligand
1-tert-butyl-3-(1-phenyliminophenylmethylene)imidazol-2-ylidene (designated asnibe) has been
isolated and structurally characterized. The metal complexes [Raii@e)CkL], [Pd(allyl)(CAimine)]-

PR, [Rh(COD)(Crimine)]PFRs, and [Rh(CO)(@imine)]Cl have been prepared either by Ag transfer or

by reaction with the free carbene. The palladium(ll) complexes have been tested for catalytic application
in Suzuki type C-C cross-coupling reactions of aryl bromides and the rhodium(l) complexes for the
catalytic hydroformylation of 1-octene. The metal complexes [Pdif@ne)CL], [Pd(allyl)(CAimine)]-

PR, and [Rh(CO)(Q.imine)]Cl have been structurally characterized by single-crystal X-ray diffraction.

Introduction cross-coupling®34 Kumada3® Sonogashird® atom transfer
radical polymerizatiod/3® Wacker oxidatior$? and carbon
monoxide/ethylene copolymerization reactidhé!

Our interests lie in the synthesis and reactivity of heteroditopic
ligands that incorporate nitrogen or oxygen donor atoms along
with strong donors such as tertiary phosphfdésand car-
benes'*45 Such hybrid ligands exhibit hemilabile behavior,
which can be tuned for applications in small molecule activation

Since their isolationN-heterocyclic carbenes (NHCd)ave
attracted much interest as a new class of ligand in organo-
transition metal chemistfy'® especially for their application
in homogeneous catalysig:1317 Metal complexes containing
NHC ligands have demonstrated catalytic activity for hydro-
silylation 821 ring-opening and -closing metathe&{g?27

* Corresponding author. E-mail: k.s.coleman@durham.ac.uk.
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a(i) THF, 60°C, 2 h; (ii) KN[Si(CHs)s]», THF, -78°C, 10 min; (i) AgO, 4 A molecular sieves, Gidl,, RT, 12 h%

and homogeneous catalysis. Recently we have shown that theE-isomer configuration (also the major isomer in solution)

imino-N-heterocyclic carbene ligand [1-(2,4,6-MBH,)imidazol-
2-ylidene-3{ CH,C(t-Bu)=N(i-Pr)} ] undergoes tautomerization

of the imine moiety to an enamine upon ligand transfer from
the silver(l) complex [Ag[1-(2,4,6-MeC¢Hz)imidazol-2-yl-
idene-3{ CH,C(t-Bu)=N(i-Pr)}]} 2]JAgBr; to palladium(ll) and
rhodium(l), affording [PdG{CAenamine)] and [Rh(COD)-
(Caenamine)], where (€enamine)= [1-(2,4,6-MegCgH>)-
imidazol-2-ylidene-3:CH=C(t-Bu)=NH(i-Pr)}].** Herein we
report a new ligand system where we have removed the
methylene spacer to eliminate the possibility of such tautomer-
ization. The acyclic imindN-heterocyclic carbene ligand has

presumably due to steric reasons. The €(1j1) and C(1)
N(2) bond lengths are 1.356(3) and 1.389(3) A, respectively,
which are comparable to bond lengths of 1.37 A reported for a
free NHC and are longer than those found in the imidazolium
salt 1 (1.328(2) and 1.338(2) A, respective?) The longer
C(1)—N(2) bond length when compared with the G{IN(1)
bond is mainly due to the electron-withdrawing effect of
functional groups attached to N(2). Similarly, the N{Z)(4)
bond (1.417(3) A) is shorter than the corresponding bond length
(1.4611(19) A) observed for the imidazolium 4ait. The C(4)-

N(3) bond length is 1.280(3) A and consistent with significant

been structurally characterized and subsequently coordinated tadouble-bond characté?:#346The N(1)-C(1)—N(2) bond angle

palladium(ll) and rhodium(l).

Results and Discussion

Synthesis of 1tert-Butyl-3-(1-phenyliminophenylmethyl-
ene)imidazol-2-ylidene (2).The imine-functionalized imida-
zolium saltl, prepared by reaction eért-butyl imidazole with
the chloro imine CIC(PEFNPh/® was readily deprotonated with
KN[Si(CH3)3]2 to afford the stable free carbene [tHu)-
imidazol-2-ylidene-3FC(Ph}=N(Ph}] 2, denoted Gimine, in
good yield (75%), Scheme 1. The choice of base for the
synthesis o was found to be crucial; attempts to synthesize
the free carbene using KBu, NaH,"BuLi, and LDA, as the
base, led only to decomposition and the formation of intractable
products. The free carber®was characterized by elemental
analysis, high-resolution mass spectrometry(ESingle-crystal
X-ray diffraction, and'H and 13C{!H} NMR studies using
gCOSY, gHMBC, gHMQC, ROESY, and TOCSY experiments.

The 'H NMR spectrum of2 shows the presence of two
isomers in a ratio of approximately 10:1 and are attributed to
the E and Z isomers, respectively. Although no exchange
broadening was observed at room temperature intkh8MR

of 101.89(17) is comparable with the bond angle expected for
free NHC4 and less than the angle typically found for
imidazolium salts (ca. 1084445

Interestingly, during our studies Bildstein and co-workers
reported the attempted synthesis of imiNdieterocyclic car-
benes'®47 In this work compounds of the type [1-(Me)-
imidazolium-3{C(Ph}=N(2,6-R.CsH3)}] chloride, prepared by
a different route, where R= Me, Pr, H, were reported to
undergo a [1,2]-rearrangement upon attempted synthesis of the
free carbene by the addition of base (KH). All attempts to trap
any carbene species failed, leading the authors to suggest that
these 1,2-rearrangements are unavoidable under normal experi-
mental conditions, thereby ruling out the existence of imino-
N-heterocyclic carbene speci®s’ This is in stark contrast to
our work described here. It is reasonably well established that
[1,2]-migrations are fundamental reactions for singlet carbenes,
typically proceeding via an intramolecular pathw/&s? How-
ever NHCs, being aromatic, cannot follow this in-plane pathway
due to orbital constraints. Similarly, an out-of-plane intramo-
lecular pathway, involving deformation of the ring to remove
the electronic delocalization of the nitrogen lone pairs, has
almost entirely been ruled out since the activation energy of

spectrum, exchange peaks in the NOE spectrum showed thathis rearrangement is high (ca. 40 kcal/mol for the simplest

the isomers are in slow equilibrium. In tHéC{'H} NMR
spectrum the imine carbon resonance was fourddl&7.4 with
the carbene carbon at223.6, which, as expected, is shifted to
higher frequency when compared to thReNCHN— carbon
resonance d 134.2) observed for the imidazolium salf
confirming the weaker-delocalization of electrons ih*° Full
1H and!3C assignments are given in the Experimental Section.
Crystals of the free carbeesuitable for single-crystal X-ray
diffraction, were grown from a saturated pentane solution at
—78 °C. An ORTEP view of2 is shown in Figure 1; crystal
data and refinement data are given in the Supporting Informa-
tion, Table S1. In the solid state the free carb@raalopts the

imidazol-2-ylidene)® Elegant work by Bertrand and co-workers
has demonstrated that for aromatic carbenes, generated from
triazolium salts, [1,2]-migrations proceed via intermolecular
processes involving the nucleophilic carbene and the electro-
philic triazolium salt*® Presumably Bildstein’s compounds,

(46) Steiner, G.; Krajete, A.; Kopacka, H.; Ongania, K.-H.; Wurst, K.;
Preishuber-Pflgl, P.; Bildstein, B.Eur. J. Inorg. Chem2004 2827.

(47) Steiner, G.; Kopacka, H.; Ongania, K.-H.; Wurst, K.; Preishuber-
Pflugl, P.; Bildstein, B.Eur. J. Inorg. Chem2005 1325.

(48) McGibbon, G. A.; Heinemann, C.; Lavorato, D. J.; Schwarz, H.
Angew. Chem., Int. Ed. Engl997, 36, 1478.

(49) Sole S.; Gornitzka, H.; Guerret, O.; Bertrand, G. Am. Chem.
Soc.1998 120, 9100.
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Figure 1. ORTEP diagram of the molecular structure of the free 4 5

carbene2 at 40% probability. Selected bond lengths (&) and bond . i) Pd(COD)Ch. THE. —78 °C. 30 min and then RT. 5 h: (ii
angles (deg): C(BHN(1) 1.356(3), C(1}N(2) 1.389(3), N(1) [(all)(/l))Pd(gI]z, TILFIZ,'S h, RT; (ii)) AgPR, THF, 30 min, RT. ®
C(11) 1.489(3), N(2)C(4) 1.417(3), C(4¥N(3) 1.280(3), C(2)
C(3) 1.334(3); N(2)-C(4)—C(15) 115.96(17), C(1)N(1)—C(11)
122.47(17), C(LN(2)—C(4) 123.98(17), N(2)C(4)-N(3) 116.01-
(18), N(1)-C(1)—N(2) 101.89(17). Space group2ic, a =
14.1279(15) Ab = 5.8199(6) A,c = 20.954(2) A,o. = 90°, B =
104.181(14), y = 90°, V = 1670.4 (3) R, Z = 4, D, = 1.206
Mg/m?3, u = 0.072 mn1L,

[1-(Me)imidazolium-3{ C(Phj=N(2,6-R.CsH3)}] chloride, where

R = Me, Pr, H, undergo a similar intermolecular [1,2]-
rearrangement. Assuming no major electronic differences
between a methyl anrt-butyl group, the fact that we observe
no such rearrangement in the free carb@meould be due to
steric effects, as the intermolecular mechanism proposed by
Bertrand would result in the formation of a sterically crowded
and presumably unfavorable intermediate with bulky substituents
on the 1, 2, and 3 positions of the heterocyclic ring.

Synthesis and Characterization of [PdC}(CAimine)] (4)
and [PA(@lly(Cimine)]PFe (5). The palladium complex Figure 2. ORTEP diagram of the molecular structuredcdt 40%
PdChL(CAimine)], 4, was synthesized in good yield (70%) either 0
Ly thg(transfer)c])f the cargene ligand frgm thi/a silv(er co)rrf’élex probability. Selected bond lengths (A) and bond angles (degy: Pd

L S C(1) 2.035(3), P&N(3), 2.051(2), C(4yN(3) 1.279(4), Pe-Cl-
[AGCI(CAimine)], 3, to [PACLMeCN)] in dichloromethane or (1) 3 3255(7), PeCi(2) 2.2984(7); P4N(3)—C(4) 115.12(18),
by direct coordination of the free carbeB¢o (COD)PdC} in C(1)-N(2)—C(4) 120.3(2), C(1}Pd-N(3) 80.2(1), Pe-C(1)—
THF. Similarly, the palladium complex [Pd(allyl)¢Gmine)]- N(1) 147.7(2), Pe-C(1)—N(2) 108.35(18), N(1) C(1)~N(2) 103.6-
PFs, 5, was synthesized in good yield (78%) by the reaction of (2). Space group2:/n, a= 10.2281(2) Ab = 16.4845(4) Ac =
2 with the dimer [(Pdg-CsHs)(u-Cl)]. and AgPk in THF 11.6363(3) Aa = 90°, 5 = 98.8095(9), y = 90°, V = 1938.79-
(Scheme 2), where fmine = [1-(t-Bu)imidazol-2-ylidene-3-  (8) A% Z = 4, D, = 1.647 Mg/n}, u = 1.242 mm*,
{C(Ph¥=N(Ph}]. The palladium complexed and 5 were . .
characterized by elemental analysis, high-resolution massW'th th_e carbene resonances for previously repdit&d” NHC
spectrometry (ES), X-ray crystallography, andH and 13C- palladium complexes.

1 ; ; Crystals of complex suitable for X-ray crystallography were
;nt'j}TNON(I:F\)Situe(:(ISZ#;IQrgngCOSY’ gHMBC, gHMQC, ROESY, grown by the layering of diethyl ether onto a saturated

. dichloromethane solution. An ORTEP view #4fis shown in
The IH NMR spectra of the palladium complexdsand 5

. Figure 2, and crystal data are summarized in the Supporting
are well resolved and show the presence of only one geometric, (¢ ~tion Table S1

isomer. The backbone protonsICHCHN-) resonate a
6.85 and 7.21 for comple4 andd 6.97 and 7.37 for complex

5 compared with) 6.32 and 7.91 for the free carbeBand are
shifted to lower frequency when compared with the imidazolium
saltl (0 7.56 and 8.35%° In the 13C{H} NMR the imine carbon
resonance is found @ 161.7 and 163.4 for complekand5,
respectively, and is shifted to higher frequency when compared
with the free carben@ (6 157.4). This shift is indicative of (50) Glas, H.; Herdtweck, E.; Spiegler, M.; Pleier, A.-K.; Thiel, W. R.
coordination (chelation), with the transfer of electron density J. Organomet. Chen2001 626, 100.

from the imine to the metal center. The complexed carbene (55)6';9”3” M. C.; Cui, X.; Burgess, Kletrahedron Asymmeti3002
resonance is observed as a singlet&63.3 and 180.7 for (52) Tulloch, A. A. D.; Winston, S.; Danopoulos, A. A.; Eastham, G.;
complex4 and 5, respectively. These values are comparable Hursthouse, M. BDalton Trans.2003 699.

The palladium complexd has a distorted square-planar
geometry in which the coordinated carbene carbon, nitrogen
atom, and one of the chloride ligands are all approximately
coplanar, with the remaining chloride ligand distorted away from
this plane by approximately 0.58 A. Interestingly, the C{4)
N(3) bond measures 1.279(4) A and is the same as that observed
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2 (i) [Rh(COD)Cl},, AgPR;, THF, —78 °C, 10 min; (i) RT, 2 h;
Figure 3. ORTEP diagram of the molecular structurebadt 40% (ii) [Rh(CO)(PPh).CI], THF, =78 °C, 10 min; (iv) RT, 12 h.
probability. Selected bond lengths (A) and bond angles (deg):
C(4)—-N(3) 1.278(6), Pe-C(1) 2.058(5), PetN(3) 2.109(4), Pe- complex 6 was characterized by elemental analysis, high-
C(21) 2.173(6), PeC(22) 2.127(6), P&C(23) 2.123(6); C(1r resolution mass spectrometry (§Sand'H and3C{H} NMR
Pd-N(3) 78.79(17), C(1yPd-C(22) 145.9(2), C(kyPd-C(23) spectroscopy using gCOSY, gHMBC, gHMQC, ROESY, and
110.0(2), Pe-C(1)-N(2) 109.2(3), C(1)N(2)—C(4) 120.0(4), TOCSY experiments.
N(2)—C(4)—N(3), 115.1(4), PetN(3)—C(4) 114.4(3). Space group In the 'H NMR spectrum the backbone-NCHCHN-)
Edjzﬂ' a= 320930?,93%0%&% 1(2)1;34227:(91)6’&5’ = 1106%133%3/%/&, resonances at 6.71 and 7.94 were shifted to slightly higher
o= 0.89):1 mnL. ' ' e ’ frequency with respect to the free carben@ 6.32 and 7.91),
indicative of coordination of the carbene to the rhodium center.

i 1]

for the free carben® and is consistent with significant double- The carbene carbon in th&C{*H} .NMR spectrum was
bond character. The PAdN(3) bond distance of 2.051(2) A is observed as a doublet, due to couplllng to the rhodlgm center,
within the expected range for palladium imine complexes, while at o %8(;)? Orn—c) = 5?-2 F'LZQI,Cand It;fﬁ:n?l:lls'iilnt nglsgata
the Pd-C(1) bond distance of 2.035(3) A and the bite angle reported for an oxazoline- Systern.mu an
C(1)-Pd—N(3) of 80.2(1) are similar to those of other assignments are given in the Experlmgntal Section.
palladium(ll) NHC complexe& 445355 The Pd-CI(1) distance The rhodium complex [Rh(CO)@&Imine)ICl, 7, was ob-
of 2.3255(7) A and the PdCI(2) distance of 2.2984(7) A are tza'”ﬁﬁ aér?r(‘:g”e;‘gedgld Proﬁ'ﬂfz‘ ."OTSE;‘E r.eﬁjc“g”fmes
as expected, with the longer metaihloride bondransto the wi [. (CO)(PPB)LI] in i n o yIeld, scheme S.
carbene, a consequence of the greatans influence. The Interestlngl_y, there was no ewdence for the format!on of [Rh-
remaining bond lengths and angles are unexceptional and Iie(CQ)(O\'.mme)C”' Comple>§7 was isolated as a redd|§h l?rown
within the range expected. solid, which was characterized bylelerr_]ental anal_yss, infrared

Crystals of complex5 suitable for single-crystal X-ray Zg:gggfncgfﬁg (ggogingle%c?ri/ita:in)‘(r-r)éyk;%fl:;;isc?r:ug?la—i r;r?g’s
diffraction were grown by slow diffusion of pentane into a 7j3~1 T ; !
saturated dichloromethane solution. An ORTEP view of the “C{’H} NMR_studies using gCOSY, gHMBC, gHMQC,

molecular structure db is shown in Figure 3, and a summary ROESY, and TOCSY experiments,

1 i
of crystal data is given in the Supporting Information, Table The ,[H NMR spqu]utr;l O,[ﬂ conﬂrgw_s tth% ?res%ncehof (_)ne”
S1. The palladium compleX has a slightly distorted square- geometric 1somer, i © wo coorginated figands chemcatly

planar geometry, as expected for bidentate palladium allyl and magnetically equivalent, with the backboR®CHCHN—)
! 1
complexes. As in comple, the C(4)-N(3) bond distance of protons ab 7.05 and 7.29. ThEC{ 'H} NMR spectrum shows

1.278(6) A is similar to that observed for the free carbéne E:Ze) p:;sg,eln;: 10 }(LV:OC)S itsng5d c|)-|uzt))|e&?itr??a}eaglsgnedsst;o?the

The Pd—§(3) aqd .Pd—C(l) bond dlstances of 2'.109(4) and transcarbene and the coordinated CO, respectively. The carbene

2.058(5) a_re_S|m|Iar to those found in the pallad|um_ c_omplex carbon resonance aridrn_c coupling constant are in good

4 and are within the expected range, and the remaining bondagreemen'[ with the values obtained for the complars-[Rh-

lengths and angles are unexceptional. » (CO)CI(L,3-dimethylimidazol-2-ylideng) (6 183.6, Jrn_c =
Synthesis and Characterization of [Rh(COD)(Cnimine)] 39.1 Hz)% Full 'H and 13C assignments are given in the

(6) and [Rh(CO)(CAimine),]Cl (7). The rhodium complex [Rh- Experimental Section.

(COD)(Cnimine)], 6, where COD= 1,5-cyclooctadiene, was Crystals of the rhodium comples suitable for X-ray

synthesized in good yield (82%) by the reaction ofiine 2 diffraction were grown by slow diffusion of pentane into a

with [Rh(COD)CIL and AgPk in THF, Scheme 3. The rhodium  g51rated dichloromethane solution. An ORTEP view of the

molecular structure of is shown in Figure 4, and a summary
(53) Pascu, S. |, Coleman, K. S.; Cowley, A. R.; Green, M. L. H.;Rees, of crystal data is given in the Supporting Information, Table

N ('-5|'45]'H(Z:?;g?]we\t,\,lczéné%%isi%q Eéf'spiegm ®iganometallics S1. X-ray diffraction studies reveal that the rhodium complex

1998 17, 2162.
(55) Tollouch, A. A. D.; Danopoulos, A. A.; Toozeb, R. P.; Cafferkeya, (56) Herrmann, W. A.; Fischer, J.; Ofele, K.; Artus, G. R. 1.
S. M.; Kleinhenza, S.; Hursthouse, M. Bhem. CommurR00Q 1247. Organomet. Chenil997 530, 259.
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Figure 4. ORTEP diagram of the molecular structure7ait 40%
probability (hydrogen atoms and two molecules of solventCIH
have been omitted for clarity). Selected bond lengths (A) and bond
angles (deg): Rh(}H)C(1) 2.038(4), Rh(£yN(3) 2.259(3), Rh(%)
C(21) 2.041(4), Rh(1)N(6) 2.251(3), Rh(1}C(41) 1.796(4),
C(1)=-N(1) 1.339(5), C(1yN(2) 1.397(5), N(2)-C(4) 1.400(5),
C(4)-N(3) 1.288(5), C(21)N(4) 1.349(5), C(21¥N(5) 1.386(5),
N(5)—C(24) 1.415(5), C(24¥N(6) 1.288(5); C(1}Rh(1}-C(21)
172.02(15), N(3}Rh(1)-N(6) 89.70(11), C(1}Rh(1)}-C(41)
92.70(17), C(21yRh(1)-C(41) 95.06(16), C(}})N(2)—C(4) 121.2-

(3), N(5)—C(24)N(6) 115.1(3), C(21}N(5)—C(24) 120.5(3).
Space grougP2i/c, a = 15.5620(2) A,b = 15.6420(3) A,c =
19.9844(4) Ao = 90°, = 110.6700(7), y = 90°, V = 4551.48-
(14) A3, Z = 4, D, = 1.376 Mg/n?, u = 0.708 mn.

7 has no crystallographic symmetry, but if the phenyl substit-
uents are neglected, it can be closely approximated tdCthe
point group. The structure also discloses a disorder in one of
the phenyl rings at two positions, which was approximated and
refined with coordinates, anisotropic thermal parameters, and
site occupancies of the solvent molecules and the chloride ion.
The coordination geometry around rhodium atom is a distorted
trigonal-bipyramid with carbene carbon atoms occupying the
axial sites.

The C(4)>-N(3) and C(24)N(6) bond distances of 1.288(5)
A are similar to those observed for the free carb2riehe Rh-
C(1) and RR-C(21) bond lengths of 2.038(4) and 2.041(4) A,
respectively, are comparable with the Rtarbene distances
found in rhodium complexes containirtgans NHCs56 The
rhodium carbonyl bond length, RIC(41), of 1.796(4) A is in
the expected rangg:58 The Rh-N(3) and Rk-N(6) bond
lengths are 2.259(3) and 2.251(3) A, respectively, and are

comparable with the distances observed in rhodium complexes

with an NHC-oxazoline ligand syste?AThe C(1)-Rh—C(21)
bond angle measures 172.02(L8nd confirms that the two
carbene rings are almostans to each other and occupy the
axial sites in a distorted trigonal-bipyramidal geometry around
the rhodium metal center. The remaining bond lengths and
angles are unexceptional and lie within the expected range.
Catalytic Studies. Suzuki Coupling.Palladium complexes
4 and 5 were found to be active catalyst precursors for the
Suzuki cross-coupling reaction and proved to be thermally robust

(57) Krug, C.; Hartwig, J. FJ. Am. Chem. So002 124, 1674.

(58) Chen, A. C.; Ren, L.; Decken, A.; Crudden, C.@tganometallics
200Q 19, 3459.

(59) Cesar, V.; Bellemin-Laponnaz, S.; Wadepohl, H.; Gade, LCHem
Eur. J.2005 11, 2862.
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Table 1. Coupling of Aryl Halides with Aryl Boronic Acids
Using Complexes 4 and 5 as Catalyst Precursors

Entry Substrate Product Time % Yield
(hours) | GC (isolated)
Catalyst [PdC]1,(C*imine)] 4°
l BrQOCHg OCH; 24 87[“‘
2 ! ) . |24 80"
o, B —@—OCH OCH
5 0, 0w
4 e a 1.0 95
Catalyst [Pd(allyl)(C*imine)]PF, 5
5 B"©_<D 2.0 >97°
6 —< >—< .—.—< 24 10
B(OH), i ° O O °
7 c.@_ocH3 ocm 24 10
8 e a 1.0 92
9 sr— Y-ocns| —{ Y« )oe{ 15 290
B(OH),
10 s,.®_<o 1.5 >98 (95)
11 e 15 296
PR I P = G N (W g S i TR BT
13 oo ol Y | Yoo 15 50°

a8 Reaction condition: 0.5 mmol of ArX; 0.75 mmol of boronic acid;
4.0 mL of 1,4-dioxane; 1.0 mmol of @S0Os; 1.0 mol % catalyst? 1.5 mL
of 1.5 M KOH used as bas&10% homocoupling product.5% homo-
coupling product® 30% homocoupling product.

for the high-temperature coupling of activated and deactivated
aryl bromides with a range of boronic acids, Table 1. In initial
attempts KCBu and KCO; failed to activate the catalyst and
no coupling product using aryl bromide was obtained even after
36 h at 80°C in dioxane. Addition of 1.5 M KOH activated the
catalyst, but resulted in a reasonable amount of the undesired
homocoupling of the aryl boronic acid (10%, entries 1 and 2;
Table 1). The use of GEO; proved to be the best choice of
base, as it activated the catalyst quickly, although some
homocoupling still occurred (Table 1, entries 5 and 13, 5% and
30%, respectively). The palladium catalygtsand 5 showed
very little or no activity for activated or deactivated aryl
chlorides, and only 10% coupled product was obtained using
4-chloroanisole with phenyl boronic acid after 24 h at°&€D
(entries 6 and 7, Table 1). Representative catalytic results are
summarized in Table 1. Although unexceptional, the results are
in line with those of similar NHC complexes of Pd(f}33

Hydroformylation. The rhodium complex [Rh(COD)-
(CAimine)|[PFs], 6, was tested for the hydroformylation of
1-octene, and the data are summarized in Table 2. The greatest
yields of aldehyde were obtained with higher pressures»f H
CO, while the linear versus branched ratio varied from 0.8 to
2.5. These results are similar (TOF and TON) to those obtained
for the hydroformylation of 1-hexene using [Rh(COD)L][&F
where L= 1,3-di-[3-t-Bu-imidazole-2-ylidene]propane, where
100% conversion to aldehyde with a linear-to-branch ratio of
1:1 was observed at 8&C and 80 bar after 16 .

(60) Neveling, A.; Julius, G. R.; Cronje, S.; Esterhuysen, C.; Rauben-
heimer, H. G.Dalton Trans.2005 181.
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Table 2. Hydroformylation of 1-Octene Using CIC(Phy=N(Ph) with 1tert-butylimidazole in THF (Scheme 1). The
[Rh(COD)(CAimine)][PF¢] (6) (0.1 mol %) imidazolium saltl was isolated as an air-stable white solid. The
aldehydeé  alcohoP corresponding mononuclear [AgCIK@nine)] complex 3 was
T > 2-octene octane prepared by trea_tlng with A_gzo in CH,CI, (Scheme 1). The
entry (°C) (bar) t(h) % Ub % Ub (%) (%) complete synthetic protocol is reported elsewtére.
Synthesis of 1-(-Bu)imidazol-2-ylidene-3{C(Ph)=N(Ph)},
% 128 18 ig ég %?3 fg f Caimine (2). The imidazolium saltl (1.00 g, 2.9 mmol) was
3 100 15 24 17 16 10 25 40 5 suspended in THF (10 mL) and cooled-t@8 °C. KN[Si(CH3)3]
4 30 30 24 =99 12 (0.60 g, 3.0 mmol) was suspended in 10 mL of THF and cooled to
5 60 55 24 =77 19 18 20 5 —78°C. The base solution was then added dropwisg &b —78
6 100 20 24 =99 082 °C over a period of 10 min and stirred for 30 min. The resulting
aCO/H,, 33:67.P Conversion to linear (I) and branched (b) aldehydes Yellow reaction mixture was gradually warmed to room temperature,
as determined by GC and reported as an average of two runs. stirred for 2 h, and then evaporated under reduced pressure to give

a yellow solid. The product was extracted with warm pentane (4
Conclusion. In conclusion we describe, to the best of our x 30 mL). The solvent was removed at reduced pressure to2give
knowledge, the first example of a stable crystalline noncyclic as an off-white solid. Yield: 0.65 g, 75%. Crystals 26uitable
imino N-heterocyclic carbene, which has been structurally for X-ray diffraction studies were grown from a saturated solution
characterized, and the preparation of the corresponding palla-of 2 in pentane at-78 °C.
dium(Il) and rhodium(l) metal complexes. Such carbenes and E Isomer (major). *H NMR (CsDg, 300 MHz): 1.03 (s, 9H,
metal complexes were previously thought to be impossible to 'Bu), 6.32 (d, 1H3Juy = 1.9 Hz, -NCHCHN~-), 6.45 (dd, 1H,
prepare due to a reported [1,2]-rearrangement of an early®Jn = 7.5 Hz,%Juy = 1.5 Hz, N-Phenyl ), 6.50-6.59 (m, 5H,
example of this type of NH@%47 The palladium(Il) complexes ~ Phenyl-CH), 6.68 (t, 2H}Ju = 7.6 Hz, C-Phenyl kis), 7.01 (dd,
show moderate activity in Suzuki type—C cross-coupling  2H, ®Jm = 7.8 Hz,*Juyu = 1.4 Hz, C-Phenyl blg), 7.91 (d, 1H,

reactions, while the rhodium(l) complexes show activity in the “JHH = 1{9 HZ'_NCHKCHN_)- 1C{*H} NMR (C¢Dg, 75.5 MHz):
hydroformylation of 1-octene. 30.9 (s,Bu), 56.5 (s,Bu-C), 116.8 (s—NCHCHN-), 117.7 (s,

—NCHCHN-), 121.9 (s, C-Phenyl-{), 123.3 (s, N-Phenyl-§,
. . 123.9 (s, N-Phenyl-gs0), 127.4 (s, C-Phenyl-§}, 128.9 (s+ br,
Experimental Section N-Phenyl-G.9), 131.9%5,))N-Phenyl-£;), 149.2 (s, C-Phenyl o),
General Procedures All manipulations were performed under ~ 157.44 (s, &N), 223.6 (s, Garbene)-
dinitrogen using standard Schlenk techniques or in an inert Z Isomer (minor). *H NMR (CgDs, 300 MHz): 1.07 (s, 9H,
atmosphere glovebox. All solvents were dried by passage through'Bu), 6.09 (s+ br, 1H, =NCHCHN-), 6.62 (t+ br, 4H, 34y =
an alumina column under a positive pressure of dinitrogen and 2.07 Hz, C-Phenyl kls), 6.78-6.87 (m, 4H, Phenyl-CH) 7.80
deoxygenated by bubbling dry dinitrogen through the dried solvents 7.87 (m, 2H, Phenyl-CH) 7.91 (d, 1Py, = 1.9 Hz,—~NCHCHN—
for 20 min before use. NMR spectra were recorded on either a ). *C{'H} NMR (C¢Ds, 75.5 MHz): 31.1 [s,'Bu] 115.6 [s,
Varian Unity Plus 500'H at 500 MHz,13C at 125.7 MHz) or a —NCHNCH-], 119.8 [s, —-NCHNCH-], 121.4 [s, Phenyl-C],
Varian Mercury 300H at 300 MHz,13C at 75.5 MHz) spectrom-  128.2 [s, Phenyl-C], 130.4 [s, Phenyl-C], 133.1[s, Phenyl-C]. MS
eter and are at room temperature unless otherwise stated. The spectiS", CsHg): m/z 180.0598 [M— tert-butylimidazole] (100%),
were referenced internally relative to the residual protio-solvent 304.1810 [M+ H]*, (10%). Anal. (%) Found (calcd): C 79.12
(*H) and solvent’¢C) resonances, and chemical shifts were reported (79.17); H 6.87 (6.98); N 13.72 (13.85).
with respect tod = 0 for tetramethylsilane. Electrospray mass Synthesis of [PAC}(CAimine)] (4). Method A: Synthesis via
spectra were recorded in acetonitrile on a Micromass LC TOF Carbene Transfer from [AgCI(C Aimine)] (3). The silver com-
spectrometer. Microanalyses were performed by the microanalytical pound [AgCI(Caimine)], 3 (0.90 g, 2.02 mmol), was dissolved in
department of the Inorganic Chemistry Laboratory, University of CH,Cl, (10 mL), and a solution of Pd(MeCbgJl, (0.50 g, 1.9
Oxford. Gas chromatographs were recorded using a Perkin-Elmermmol) in CHCl, (10 mL) was added dropwise in the absence of
XL 1100 instrument with a Perkin-ElImer NCI 900 network light. The reaction mixture was stirred for 12 h in the dark and
chromatography interface using a fused silica, nonpolar SGE filtered through a plug of Celite, and the filtrate was evaporated to
column, 25QC2/BP1 1.0. dryness. The crude product was purified by flash chromatography
Metal precursors were supplied by Johnson Matthey and all using CHCl./pentane (40:60). Yield: 0.66 g, 70%.
remaining reagents purchased from Aldrich and used as received \jethod B: Synthesis by the Reaction of Gimine (2) with
unless otherwise stated. The reagentsrtbutylimidazoles? [Rh- (COD)PdCl,. The compound (COD)Pd&(0.30 g, 1.1 mmol) was
(COD)CIL* [(COD)PdC}],% n*allylpalladium(ll) chloride dimef? dissolved in THF (5 mL), and a solution of<imine 2 (0.37 g, 1.2
and [Rh(CO)(PP4sCI]* were prepared using published procedures. mmol) in THF (5 mL) was added dropwise-a78 °C with constant
The imidoyl chloride (PhR-CPhCI) was prepared by heating stirring over a period of 5 min. The reaction mixture was stirred
benzanilide and phosphorus pentachloride under vacuum in thefor 15 min at —78 °C and then gradually warmed to room

absence of solvefe®” temperature and stirred for a further 5 h. The solvent volume was
_ Synthesis of [1-{-Bu)imidazolium-3-{ C(Ph)=N(Ph)}] Chlo- reduced to 3 mL and pentane (10 mL) added to afford an orange-
ride (1) and [AgCI(1-(t-Bu)imidazol-2-ylidene-3{C(Ph)=N- yellow precipitate, which was filtered and washed with pentane (3

(Ph)}], [AgCI(C Aimine)] (3). The nonenolizable imine-imidazo- . 5 mL). The product was purified by slow crystallization using
lium salt 1 was prepared by the reaction of imidoyl chloride cH,Cl,/pentane. Yield: 0.42 g, 72%. Crystals suitable for X-ray
diffraction studies were grown from a saturated solutiordafn

CH.CI,, which was layered with pentane, at room temperature.

(61) Gridnev, A. A.; Mihaltseva, |. MSynth. Commurl994 24, 1547.
(62) Chatt, J.; Venanzi, L. MJ. Chem. Soc1986 4735.

(63) Drew, D.; Doyle, J. RInorg. Synth.199Q 28, 346. H NMR (CD.Cl,, 500 MHz): 1.96 (s, 9H!Bu CHs), 6.85 (d,
(64) Tatsuno, Y.; Yoshida, T.; Otsuka, Borg. Synth.199Q 28, 342. 1H, 3J4y = 2.5 Hz,—NCHCHN-), 7.01 (dd, 2H23Jy4 = 8.3 Hz,
En(??%ﬁ;’sﬁ;v;&g, Y.; Cherkasova, T. ®uss. J. Inorg. Chem. Int. Ed. 43, = 1.2 Hz, N-Phenyl-Hg), 7.13 (tt, 1H,3Jn = 7.5 Hz, %3y
g S ' = 1.5 Hz, N-Phenyl-H), 7.19 (dd, 2H3Jyy = 7.2 Hz,*Jyy = 1.6

(66) Schenck, T. G.; Bosnich, B. Am. Chem. Sod.985 107, 2058.
(67) Brindley, J. C.; Caldwell, J. M.; Meakins, G. D.; Plackett, S. J.; Hz, C-Phenyl-H), 7.21 (d, 1H 33y = 2.4 Hz, -NCHCHN-),
Price, S. JJ. Chem. Soc., Perkin Trans.1D87, 5, 1153. 7.23 (td, 2H,3Jyy = 8.2 Hz,*Jyy = 1.2 Hz, N-Phenyl-Hs), 7.39
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(td, 2H,334y = 7.7 Hz,*Jyn = 1.6 Hz, C-Phenyl-Ks), 7.47 (tt,
1H, 8Jyn = 7.5 Hz,%Jyy = 1.2 Hz, C-Phenyl-g). 3C{*H} NMR
(CD.Cl,, 125.7 MHz): 30.9 (s!Bu), 62.5 (s,'Bu-C), 117.9 (s,
—NCHCHN-), 120.9 (s,-NCHCHN—) 125.4 (s, C-Phenyl-£),
125.9 (s, N-Phenyl-fpso), 126.9 (s, N-Phenyl-§, 127.9 (s,
C-Phenyl-G), 128.7 (s, C-Phenyl £), 129.2 (s, N-Phenyl-£),
132.0 (s, N-Phenyl-&), 143.8 (s, C-Phenyl-fgs0), 161.7 (s, &
N), 163.3 (S, Garbeng)- MS (ESt, CH;CN): mVz485.3 [M— Cl +
CH3CN)]*™ (90%). Anal. (%) Found (calcd): C 48.91 (49.97); H
4.41 (4.40); N 8.57 (8.74).

Synthesis of [§3-allyl)Pd(C Aimine)][PFg¢] (5). The compound
[(allyl)PdCI], (0.20 g, 0.55 mmol) was dissolved in THF (5 mL),
and a solution of Gimine 2 (0.35 g, 1.2 mmol) in THF (5 mL)

Dastgir et al.

(m, 2H, cod-CH)), 4.14 (m+ br, 1H, cod-CH), 4.63 (m, 1H, cod-
CH), 6.71 (d, 1H .34y = 1.3 Hz, —('Bu)NCHCHN-) 6.95 (dd,
2H, 83y = 8.5 Hz,%Jyy = 1.2 Hz, N-Phenyl-Hg), 7.14 (tt, 1H,
8Juy = 8.2 Hz,*Jyn = 1.2 Hz, N-Phenyl-H), 7.27 (dt, 2H3Jy =
8.3 Hz,“Jyy = 1.3 Hz, N-Phenyl-Hs) 7.36 (d, 2H,3J4—y = 7.9
Hz, C-Phenyl-Hg), 7.45 (t, 2H3Jyy = 7.6 Hz, C-Phenyl-Kls), 7.53
(tt, 1H, 334y = 7.5 Hz,*Jyy = 1.5 Hz, C-Phenyl-k), 7.94 (d, 1H,
8Jun = 1.3 Hz,—('‘BU)NCHCHN-). 3C{1H} NMR (CD.Cl,,75.5
MHz): 29.3 (s, cod-Ch), 29.4 (s, cod-ChH), 31.2 (s, cod-Ch),
31.8 (s,'Bu), 32.4 (s, cod-Ch), 60.9 (s,Bu-C), 80.9 (d Jrh-c) =
12.6 Hz, cod-CH), 98.2 (dJrh-c) = 8.7 Hz, cod-CH), 119.6 (s,
—NCHNCH-), 121.5 (s, NCHNCH—), 124.4 (s, N-Phenyl-&),
127.0 (s, C-Phenyl-gso), 127.5 (s, C-Phenyl-3), 129.0 (s,

was added dropwise at room temperature with constant stirring over N-Phenyl-G), 129.3 (s, C-Phenyl-§, 129.4 (s, N-Phenyl-£),

a period of 5 min. The reaction mixture was stirred for a further 5

132.3 (s, C-Phenyl-G) 143.5 (s, N-Phenyl-Geo), 143.5 (s, G

h and then added dropwise in the absence of light to a stirred N), 180.7 (d Jrn-c = 55.2 Hz, Geamene). MS (ES+, CH;CN): mvz

solution of AgPF (0.28 g, 1.1 mmol) in THF (3 mL). The reaction
mixture was stirred for a further 30 min at room temperature. The
solvent was evaporated and the residual solid dissolved yCGH
(10 mL) and filtered through Celite. The pale yellow filtrate was

406.0834 [M — (cod)] (100%), 438.0787 [M— Ph] (40%). Anal.
(%) Found (calcd): C 50.89 (51.00); H 4.98 (5.04); N 6.27 (6.37).
Synthesis of [Rh(CO)(Caimine),][PF¢] (7). The compound Rh-
(PPh),(CO)CI (0.40 g, 0.58 mmol) was dissolved in THF (5 mL)

reduced to a volume of 2 mL, and pentane (15 mL) was added to and cooled to-78 °C, a solution of G.imine 2 (0.20 g, 0.66 mmol)

precipitate the product as an off-white solid. The solid was filtered
and washed with pentane (8 5 mL) and dried under vacuum.
Yield: 0.51 g, 76%. Crystals & suitable for X-ray crystallography
were grown from CHCl,/pentane.

IH NMR (CD,Cl,, 500 MHz): 1.79 (s, 9H!Bu-CHs), 3.16 (d,
1H, Jyy = 12.6 Hz, allyl-H), 3.51 (d, 1HJuy = 13.7 Hz, allyl-H),
3.55 (dd, 1H 2y = 2.3 Hz,3Jyy = 7.6 Hz, allyl-H), 4.10 (td/
ddd, 1H12\]HH/4~JHH =21 HZ,3JHH = 6.9 Hz, aIIyI-H), 5.77 (m,
1H, allyl-H), 6.97 (d, 1H3Juy = 2.3 Hz,—(‘BU)NCHCHN-), 7.03
(dd, 2H,33yn = 7.8 Hz,%Jyn = 1.6 Hz, N-Phenyl-Hg), 7.16 (tt,
1H, 8Jyy = 7.8 Hz,%Jyy = 1.4 Hz, N-Phenyl-H), 7.23 (dt, 2H,
334w = 8.5 Hz,4Jyy = 1.7 Hz, N-Phenyl-Hg), 7.35 (dd+ br, 2H,
C-Phenyl-H ) 7.37 (d, 1H,3Jyy = 2.3 Hz, —('‘Bu)NCHCHN-),
7.46 (s+ br, 2H, C-Phenyl-Bs), 7.54 (it, 1H3Jun = 7.6 Hz,*Ju
= 1.3 Hz, C-Phenyl-B). 133C{1H} NMR (CD,Cl,,75.5 MHz): 30.8
(s, 'Bu), 59.1 (s, allyl-CH), 76.4 (s, allyl-CH), 60.5 (s,'Bu-C),
119.2 (s, allyl-CH), 120.7 (s; NCHCHN-), 121.1 (5,-NCHCHN—

), 122.6 (s, N-Phenyl-£x), 126.9 (s, C-Phenylso), 127.1 (s,
C-Phenyl-Gg), 129.3 (s, N-Phenyl-g, 129.5 (s, C-Phenyl-{),
129.6 (s, N-Phenyl-&), 132.5 (s, C-Phenyl-G), 148.5 (s,
N-Phenyl-Gpso), 163.4 (s, &N), 180.7 (S, Garbene) MS (ESt,
CH3CN): m/z 450.1162 [MT] (100%). Anal. (%) Found (calcd):
C 46.29 (46.36); H 4.35 (4.40); N 6.95 (7.05).

Synthesis of [(cod)Rh(Q\imine)][PFg] (6). The compound [Rh-
(cod)CIL (0.30 g, 0.6 mmol) was dissolved in THF (5 mL) and
added to a solution of AgRK0.31 g, 1.21 mmol) in THF (3 mL)
at room temperature and stirred for 10 min. The solution was then
filtered and the filtrate added to a solution of\ftnine 2 (0.39 g,
1.28 mmol) in THF (5 mL) at-78 °C, stirred for 5 min, and then
gradually warmed to room temperature. The reaction mixture was
stirred for 2 h, during which time the color changed from orange-
yellow to a reddish-brown. The reaction mixture was filtered, and
the solvent was reduced in volume to 3 mL. A solid was precipitated
by addition of pentane (10 mL). The crude product was recrystal-
lized from CHCl,/pentane and dried in a vacuum. Yield: 0.65 g,
82%.

IH NMR (CD,Cl,, 500 MHz): 1.75 (s, 9H!Bu-CHg), 1.97(m,
2H, cod-CH), 2.14 (m, 2H, cod-Ch), 2.29 (m, 2H, cod-Cbh), 2.38

in THF (5 mL) was then added dropwise, and the reaction mixture
was stirred for 10 min at-78 °C, after which time it was gradually
warmed to room temperature and stirred for a further 12 h. The
color of the reaction mixture changed from yellow to a reddish-
brown. The mixture was filtered and evaporated to dryness. Diethyl
ether (10 mL) was added to precipitate the product. The solid was
filtered and washed with diethyl ether 310 mL). The resulting
orange-brown solid was dried in a vacuum and kept under
dinitrogen. The product was crystallized from @Hy/pentane.
Yield: 0.21 g, 45%.

1H NMR (CDCl,, 500 MHz): 1.49 (s, 9HBu-CH;), 6.42 (dd,
2H, 334y = 7.3 Hz,%Jun = 1.5 Hz, C-Phenyl-hlg), 6.89 (it, 1H,
BJHH =7.3 HZ,4JHH = 1.7 Hz, C-Phenyl-lz[), 6.94 (dt, 2H,3JHH =
7.4 Hz,%Jyn = 1.4 Hz, C-Phenyl-Hls), 7.05 (d, 1H,3Jyy = 2.4
Hz, —~NCHCHN-), 7.29 (s+ br, 1H, —=NCHCHN-), 7.36 (dd,
2H, 3Jy—n = 6.9 Hz,%J4y = 1.8 Hz, N-Phenyl-Hg), 7.44 (dt, 2H,
3\]HH =73 HZ,4JHH = 1.5 Hz, N-Phenyl-ld,5), 7.48 (tt, 1H,3JHH
= 7.4 Hz,"Jyy = 1.7 Hz, N-Phenyl-k)). 3C{*H} NMR (CD,Cly,-
75.5 MHz): 30.7 (s!Bu), 59.8 (s!Bu-C), 119.2(s,-NCHNCH—
), 121.5 (s,—NCHNCH-), 122.0 (s, C-Phenyl-&), 125.7 (s,
C-Phenyl-G), 127.7 (s, C-Phenyl-fso), 127.5 (s, C-Phenyl-(3),
128.9 (s, N-Phenyl-&), 129.4 (s, N-Phenyl-¢&), 131.5 (s,
N-Phenyl-G), 146.9 (s, N-Phenyl-gso), 156.3 (s, &N), 187.1
(d, Jrh—c = 39.7 Hz, Qcarbene)‘ 195.1 (d,\]Rhfco = 94,5 Hz, Qo)
IR (Nujol): ve—o 1922 cml. Anal. (%) Found (calcd): C 63.60
(63.69); H 5.42 (5.48); N 10.75 (10.87).
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