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Generation of the 16-electron fragment {[HB(3,5-dimethylpyrazolyl)3]Rh(CNCH2CMe3)}
(Tp′RhL) in the presence of cyclopropane results in C-H activation of the hydrocarbon. The
cyclopropyl hydride complex rearranges in benzene solvent to the metallacyclobutane complex

Tp′Rh(CNCH2CMe3)(CH2CH2CH2). Thermolysis of the rhodacyclobutane complex produces
an η2-propylene complex. The related complex Tp′Rh(CN-2,6-xylyl)(C2H4) has been structur-
ally characterized and displays η3-Tp′ coordination, both in the solid state and in solution.
Thermolysis of the rhodacyclobutane complex in the presence of neopentyl isocyanide leads
to insertion of isocyanide into both Rh-C bonds of the metallacycle. Cyclobutane undergoes
C-H but not C-C bond cleavage.

Introduction

Cracking and re-forming alkanes via carbon-carbon
bond activation using heterogeneous catalysts is an
important industrial process.1 While intermolecular
activation of alkane C-H bonds using homogeneous
transition-metal complexes is well-established,2 activa-
tion of unstrained alkane C-C bonds under similar
conditions has not been reported. The selectivity for
alkane C-H bond activation over C-C bond activation
has been attributed to both kinetic and thermodynamic
factors:1,3 i.e., the greater accessibility of the C-H bond
vs the C-C bond within an alkane and the greater
strength of a M-H bond vs a M-C bond4 formed in the
activation step, respectively. The kinetic and thermo-
dynamic barriers to C-C bond cleavage can be overcome
by using strained hydrocarbons,1,5 ligands containing
unstrained C-C bonds to direct intramolecular activa-
tion,3,6 or highly electrophilic metals.7 Cyclopropane has

been a particularly useful substrate, given the relief of
ring strain8 that results from rupturing a C-C bond of
the hydrocarbon.

The studies most relevant to the results presented
here are those by Bergman1 and Ghosh,5a in which C-C
bond cleavage of cyclopropane is accomplished via the
rearrangement of a rhodium(III) cyclopropyl hydride
complex to a rhodacyclobutane complex. These rear-
rangements occur in benzene solvent without significant
production of phenyl hydride complexes; thus, they are
considered intramolecular in nature, given the greater
kinetic and thermodynamic selectivity of the metal
fragment for benzene versus cyclopropane.9 Intermo-
lecular C-C bond activation of cyclopropane is known
to occur in the reaction of Zeise’s dimer, [PtCl2(C2H4)2]2,
with cyclopropane, which produces a polymeric Pt(IV)
complex; the polymer can be cleaved to a monomer with
the addition of pyridine.10 An edge complex between
platinum and cyclopropane is thought to form prior to
insertion of the metal into the C-C bond.5d Metalla-
cyclobutane complexes11 are typically more stable than
their dialkyl analogues.12 However, this stability does
not preclude interesting reactivity such as the formation
of alkene,13 ylide,14 and π-allyl hydride15 complexes.
Metallacyclobutane complexes can also be formed and

(1) Periana, R. A.; Bergman, R. G. J. Am. Chem. Soc. 1986, 108,
7346-7355 and references therein.

(2) For reviews, see: (a) Selective Hydrocarbon Activation; Davies,
J. A., Watson, P. L., Liebman, J. F., Greenberg, A., Eds.; VCH: New
York, 1990. (b) Activation and Functionalization of Alkanes; Hill, C.
L., Ed.; Wiley: New York, 1989.

(3) Suggs, J. W.; Jun, C. H. J. Am. Chem. Soc. 1984, 106, 3054-
3056.

(4) Halpern, J. Inorg Chim. Acta 1985, 100, 41-48.
(5) (a) Ghosh, C. K., Ph.D. Thesis, University of Alberta, Edmonton,

Alberta, Canada, 1988. (b) Lu, Z.; Jun, C.; DeGala, S. R.; Sigalas, M.;
Eisenstein, O.; Crabtree, R. H. J. Chem. Soc., Chem. Commun. 1993,
1877-1880. (c) Perthuisot, C.; Jones, W. D. J. Am. Chem. Soc. 1994,
116, 3647-3648. (d) Puddephatt, R. J. Coord. Chem. Rev. 1980, 33,
149-194. (e) For a review of metal-catalyzed rearrangements of
strained hydrocarbons, see: Bishop, K. C. Chem. Rev. 1976, 76, 461-
486. (f) Flood, T. C.; Statler, J. A. Organometallics 1984, 3, 1795-
1803.

(6) (a) Suggs, J. W.; Cox, S. D. J. Organomet. Chem. 1981, 221, 199-
201. (b) Gozin, M.; Weisman, A.; Ben-David, Y.; Milstein, D. Nature
1993, 364, 699-701. (c) Barretta, A.; Cloke, F. G. N.; Feigenbaum, A.;
Green, M. L. H.; Gourdon, A.; Prout, K. J. Chem. Soc., Chem. Commun.
1981, 156-158. (d) Crabtree, R. H.; Dion, R. P.; Gibboni, D. J.;
McGrath, D. V.; Holt, E. M. J. Am. Chem. Soc. 1986, 108, 7222-7227.
(e) Hemond, R. C.; Hughes, R. P.; Locker, H. B. Organometallics 1986,
5, 2391-2392.

(7) Watson, P. L.; Roe, D. C. J. Am. Chem. Soc. 1982, 104, 6471-
6473. Bunel. E.; Burger, B.; Bercaw, J. J. Am. Chem. Soc. 1988, 110,
976-978. Burger, B.; Thompon, M.; Cotter, D.; Bercaw, J. J. Am. Chem.
Soc. 1990, 112, 1566-1577.

(8) The ring strain energy of cyclopropane has a value of 27.6 kcal/
mol. See: Lowry, T. H.; Richardson, K. S. Mechanism and Theory of
Organic Chemistry, Harper & Row: New York, 1987.

(9) Periana, R. A.; Bergman, R. G. Organometallics 1984, 3, 508-
510.

(10) (a) Irwin, W. J.; McQuillin, F. J. Tetrahedron Lett. 1968, 1937-
1940. (b) Littlecott, G. W.; McQuillin, F. J.; Powell, K. G. Inorg. Synth.
1976, 16, 113-116.

(11) Jennings, P. W.; Johnson, L. L. Chem. Rev. 1994, 94, 2241-
2290.

(12) (a) McDermott, J. X.; White, J. F.; Whitesides, G. M. J. Am.
Chem. Soc. 1976, 98, 6521-6528. (b) Schrock, R. R.; Parshall, G. W.
Chem. Rev. 1976, 76, 243-268.
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fragmented by cycloaddition reactions, such as those
involved in catalytic olefin metathesis reactions.16

We report here that the cyclopropyl hydride complex
Tp′Rh(CNCH2CMe3)(c-C3H5)H (1, where Tp′ ) HB(3,5-
dimethylpyrazolyl)3) rearranges intramolecularly in
benzene solution at ambient temperature to the ring-
opened rhodacyclobutane complex, (2). Complex 2 has
been fully characterized and its rearrangement and
isocyanide insertion reactions investigated. The ring-
opening process does not occur from the cyclobutyl
hydride complex, Tp′Rh(CNCH2CMe3)(H)(c-C4H7) (7).

Results and Discussion

Preparation and Characterization of Tp′Rh-

(CNCH2CMe3)(c-C3H5)H (1) and Tp′Rh(CNCH2-

CMe3)(CH2CH2CH2) (2). The cyclopropyl hydride
complex Tp′Rh(CNCH2CMe3)(c-C3H5)H (1) can be pre-
pared by photolysis (λ > 345 nm) of a cyclopropane
solution of Tp′Rh(CNCH2CMe3)(PhNdCdNCH2CMe3)
or by reaction of the cyclopropyl chloride complex
Tp′Rh(CNCH2CMe3)(c-C3H5)Cl (3)17 with Cp2ZrH2 in
benzene (eq 1). In the 1H NMR spectrum of 1 in C6D6

a doublet at δ -14.892 is assigned to the hydride ligand
and four multiplets from δ 0.9 to 2.1 in a 2:1:1:1 ratio
are assigned to the five protons of the cyclopropyl ring.
The resonances for the neopentyl isocyanide ligand of
1 are shifted upfield from those in 3. Resonances for
the Tp′ ligand are in a pattern that is consistent with
tridentate coordination of the ligand to a chiral octahe-
dral Rh(III) center, i.e., a 3:3:3:3:3:3:1:1:1 ratio of the
distinct methyl and methine group singlets.

The cyclopropyl hydride complex rearranges to the

rhodacyclobutane complex Tp′Rh(CNCH2CMe3)(CH2-

CH2CH2) (2) at ambient temperature in benzene (eq 1).
The yield of 2 as shown by 1H NMR spectroscopy is 95%,
the remaining 5% being Tp′Rh(CNCH2CMe3)(C6D5)D.
This result indicates that the rearrangement is intra-
molecular, since reductive elimination of cyclopropane
would lead to activation of the phenyl C-D bond and
not activation of the cyclopropane C-C bond. The
rearrangement of 1 to 2 in C6D6 at 22 °C was monitored
by 1H NMR spectroscopy and found to be first order in
1 with a rate constant of [1.26(24)] × 10-4 s-1. This
rate constant is approximately half that for the rear-
rangement of (C5Me5)Rh(PMe3)(H)(c-C3H5) to (C5Me5)-

Rh(PMe3)(CH2CH2CH2) at -20 °C in toluene-d8 (k )
[2.1(2)] × 10-4 s-1),1 which indicates the greater stability
of 1 compared to that of its Cp* analogue. The rhoda-
cyclobutane complex is air-stable and has been fully
characterized by NMR (1H and 13C{1H}) and IR spec-
troscopy and elemental and single-crystal X-ray diffrac-
tion analyses.

The 1H NMR spectrum of 2 in C6D6 shows resonances
for the Tp′ methyl groups and methine protons in a 2:1
ratio, which indicates that two of the three pyrazolyl
rings are equivalent by a plane of symmetry containing
a pyrazolyl ring, rhodium, and Câ of the rhodacyclobu-
tane ring. Four multiplets at δ 1.626, 2.050, 3.340, and
3.620 in a 2:2:1:1 ratio are assigned to HR, HR′, Hâ, and
Hâ′, respectively, of the rhodacyclobutane moiety. Two
singlets at δ 0.680 and 2.612 in a 9:2 ratio are assigned
to the tert-butyl and methylene protons of the neopentyl
isocyanide ligand, the latter being equivalent due to the
Cs symmetry of the molecule. The IR spectrum of 2
shows an absorption for the isocyanide CN stretch at
2161 cm-1, which is significantly lower than that for
the isocyanide stretch in 3 (2211 cm-1) and Tp′Rh-
(CNCH2CMe3)(C6H5)H (2178 cm-1)18 but is still consis-
tent with the isocyanide ligand being coordinated to a
Rh(III) center. The 13C{1H} NMR spectrum of 2 dis-
plays two doublets at δ -16.39 and 35.61 for CR and
Câ, respectively, of the metallacyclobutane moiety. The
NMR data are comparable to those for previously
characterized platinacyclobutanes19 and two rhodacy-

clobutane complexes (C5Me5)Rh(PMe3)(CH2CH2CH2)1

and Tp′Rh(CO)(CH2CH2CH2)5a (Table 1).
The solid-state structure of 2 as determined by single-

crystal X-ray analysis is fully consistent with the NMR
data (Figure 1). Selected bond angles and distances are
listed in Table 2. The nonbonded contact distance of
2.42 Å between C1 and C3 of the ring indicates that
the cyclopropane ring is cleaved, not intact, as in an
edge-bound complex with C-C bond distances similar
to those in free cyclopropane (1.52 Å).11 For other
metallacyclobutane complexes the range of distances for
this nonbonded contact is between 2.37 and 2.6 Å.11 The
geometrical structure of 2 is a distorted octahedron, and
the rhodacyclobutane ring is nearly planar. The mini-
mal puckering of the ring is indicated by a dihedral
angle of 9.1° for the intersecting planes Rh-C1-C3 and
C1-C2-C3 and a dihedral angle of 9.2° for planes Rh-

(13) (a) Cushman, B. M.; Brown, D. B. J. Organomet. Chem. 1978,
152, C42-C43. (b) Johnson, T. H.; Cheng, S. J. Am. Chem. Soc. 1979,
101, 5277-5280.

(14) Al-Essa, R. J.; Puddephatt, R. J. J. Chem. Soc., Chem. Commun.
1980, 45-47.

(15) Tulip, T. H.; Ibers, J. A. J. Am. Chem. Soc. 1979, 101, 4201-
4211.

(16) Grubbs, R. H. Prog. Inorg. Chem. 1978, 24, 1-50.
(17) Wick, D. W.; Jones, W. D. Inorg. Chem., 1997, 36, 2723-2729.

(18) Hessell, E. T.; Jones, W. D. Organometallics 1992, 11, 1496-
1505.

(19) 13C{1H} NMR data for CR and Câ of the metallacyclobutane
ligand: Pt(C3H6)(Cl)2(C5H5N)2, δ -15.2 and 30.0;5d Pt(C3H6)(Br)2-
(C5H5N)2, δ -17.9 and 30.4.5d
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C1-C2 and Rh-C2-C3. The two angles of the rhoda-
cyclobutane moiety with CR as the vertex (93.6° and
91.6°) are notably smaller than the same angles in (C5-

Me5)Rh(PMe3)(CH2CH2CH2) (99.5 and 96.6°).1 How-
ever, these differences are not correlated to significant
differences in the Rh-C and C-C bond lengths of the
metallacycle between the two complexes.

Thermal Reactions of 2. The formation of olefins
from the thermolysis of platinacyclobutanes has been
the subject of numerous studies.5d,12-14,20 Since few
rhodacyclobutane complexes have been isolable1,5a,21 it

was of interest to examine the products from thermoly-
sis of 2. Two products are observed in a 1H NMR
spectrum of a sample of 2 in C6D6 that had been heated
to 55 °C for 2.5 h (eq 2). Two sets of Tp′ and neopentyl

isocyanide resonances are observed in a 2:1 ratio. The
spectrum displays a pattern for each set of Tp′ reso-
nances (six methyl resonances + three methine reso-
nances), indicating that the ligand is in an asymmetric
environment. Resonances for free cyclopropane or hy-
dride ligands are not observed. The resonance for the
tert-butyl group of the neopentyl isocyanide ligand for
each species is upfield of that for known Rh(III) com-
plexes of the type Tp′Rh(CNCH2CMe3)(R)Cl.17 This
upfield shift has been observed for the Rh(I) complex
Tp′Rh(CNCH2CMe3)(C2H4), formed upon irradiation of
Tp′Rh(CNCH2CMe3)(PhNdCdNCH2CMe3) in the pres-
ence of ethylene.22 A number of overlapping multiplet
resonances are observed in the 1H NMR spectrum of the
thermolysis sample but could not be properly assigned
to olefin protons for the two products using homonuclear
decoupling experiments. The two products are assigned
as isomers of the propylene complex Tp′Rh(CNCH2-
CMe3)(η2-propylene) (4).

Further evidence for the formulation of 4 as the η2-
propylene complex comes from substitution experi-
ments. Continued heating of the same sample at 90 °C
for an additional 12 h converts ∼3% of the starting
material to Tp′Rh(CNCH2CMe3)(C6D5)D and propylene.
The ratio of the starting rhodium complexes still present
remains 2:1. Using a Hg/Xe light source, photolysis of
the sample for 80 min at room temperature converts
all of the starting material to Tp′Rh(CNCH2CMe3)-

(20) Miller, T. M.; Whitesides, G. M. Organometallics 1986, 5, 1473-
1480.

(21) Tjaden, E. K.; Stryker, J. M. Organometallics 1992, 11, 16-
18.

(22) Wick, D. W., Ph.D. Thesis, University of Rochester, 1996. Wick,
D. W.; Jones, W. D. Manuscript in preparation.

Table 1. Selected 1H NMR and 13C{1H} NMR Data for the Rhodacyclobutane Complexes
compd HR Hâ CR (JRhC, Hz) Câ (JRhC, Hz)

Tp′Rh(CNCH2CMe3)(CH2CH2CH2)a m, 1.63; m, 2.05 m, 3.34; m, 3.62 d, -16.39 (16) d, 35.61 (5)

Tp′Rh(CO)(CH2CH2CH2)b m, 1.40; m, 1.65 m, 2.82; m, 3.15 d, -13.31 (15.0) d, 35.50 (3.7)

(C5Me5)Rh(PMe3)(CH2CH2CH2)c m, 0.20; m, 0.38 m, 3.20; m, 3.48 tdd, -22.85 (19.1) dt, 31.33 (5.8)

a C6D6 solvent. b CD2Cl2 solvent.

Figure 1. ORTEP drawing of Tp′Rh(CNCH2CMe3)(CH2-

CH2CH2) (2). Ellipsoids are shown at the 50% probability
level. Hydrogen atoms have been omitted for clarity.

Table 2. Selected Bond Angles (deg) and

Distances (Å) for Tp′Rh(CNCH2CMe3)(CH2CH2CH2)
(2)

C1-C2-C3 103(1) C3-Rh-N6 100.7(4)
Rh-C1-C2 93.6(8) C3-Rh-C19 87.3(5)
Rh-C3-C2 91.6(7) C19-Rh-N4 177.7(4)
C1-Rh-C3 71.0(5) C19-Rh-N2 93.0(4)
C1-Rh-N4 92.8(4) C19-Rh-N6 94.1(4)
C1-Rh-N2 101.0(4) C19-N7-C20 177(1)
C1-Rh-N6 171.2(4) Rh-C19-N7 179(1)
C1-Rh-C19 88.4(5) N4-Rh-N2 84.9(3)
C3-Rh-N4 94.8(4) N4-Rh-N6 85.0(4)
C3-Rh-N2 171.9(4) N6-Rh-N2 87.4(3)

Rh-C1 2.05(1) C19-N7 1.15(1)
Rh-C3 2.11(1) Rh-N2 2.209(8)
C1-C2 1.55(2) Rh-N4 2.182(9)
C2-C3 1.54(2) Rh-N6 2.176(9)
Rh-C19 1.88(1)
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(C6D5)D (90% of total rhodium products), propylene23

and the rhodacyclobutane complex 2 (10% of total
rhodium products). No further changes are observed
with continued irradiation for 3.5 h.

The structure of 4 could be either square-planar (η2-
Tp′)Rh(CNR)(propylene), as seen in the X-ray structures
of (η2-Tp′)Rh(CNR)2 (R ) Me, 2,6-xylyl, neopentyl),24

[B(pyrazolyl)4]Rh(cod),25 and Tp′Rh(PMe3)(CO),26 or
pseudo-trigonal-bipyramidal (η3-Tp′)Rh(CNR)(propy-
lene), as seen in the X-ray structure of (η3-Tp′)Rh-
(CNtolyl)(η2-tolyl-NdCdN-xylyl).18 A recent structure
determination of hydridotris(3,5-diisopropylpyrazolyl)-
borate-rhodium(norbornadiene) shows both η2- and η3-
Tp groups in two distinct molecules within the asym-
metric unit.27 The former possible structure would be
associated with a d8 Rh(I) configuration, whereas the
latter would be associated with a d6 Rh(III) configura-
tion. While neither 4 nor the ethylene complex Tp′Rh-
(CNCH2CMe3)(C2H4) provided X-ray-quality crystals,
the derivative Tp′Rh(CN-2,6-xylyl)(C2H4) did, and it was
able to be structurally characterized. The complex was
isolated by thermal ligand exchange of 2,6-xylyl isocya-
nide with Tp′Rh(C2H4)2.

Tp′Rh(CN-2,6-xylyl)(C2H4) crystallizes in space group
P1h (Z ) 2) with one molecule in the asymmetric unit.
The structure shows an η3-Tp′ ligand occupying one

axial and two equatorial sites of a trigonal bipyramid
in which one pyrazolyl ring is trans to the axial
isocyanide and the remaining two pyrazole rings are
trans to the ethylene carbons (Figure 2). The compound
could also be described as containing significant d6 Rh-
(III) character. Selected distances and angles are given
in Table 4. The IR spectrum shows a strong band at
2110 cm-1 in KBr, which shifts only slightly in hexane
solution (2105 cm-1), indicating similar solid-state and
solution structures. On the basis of this structure, 4 is
also believed to contain an η3-Tp′ ligand.

(23) 1H NMR (C6D6): δ 1.540 (dt, J ) 6.2 and 1.6 Hz, 3 H, CH2-
CHCH3), 4.929 (dm, 1 H, CH2CHCH3), 5.000 (dm, 1 H, CH2CHCH3),
5.708 (dd, Jcis ) 10 Hz, Jtrans ) 17 Hz, 1 H, CH2CHCH3).

(24) Jones, W. D.; Hessell, E. T. Inorg. Chem. 1991, 30, 778-783.
(25) Cocivera, M.; Ferguson, G.; Kaitner, B.; Lalor, F. J.; O’Sullivan,

D. J.; Parvez, M.; Ruhl, B. Organometallics 1982, 1, 1132-1139.
(26) Chauby, V.; Serra Le Berre, C.; Kalck, P.; Daran, J.-C.;

Commenges, G. Inorg. Chem. 1996, 35, 6354-6355.
(27) Akita, M.; Ohta, K.; Takahashi, Y.; Hikichi, S.; Moro-oka, Y.

Organometallics 1997, 16, 4121-4128.

Table 3. Summary of Crystallographic Data for Tp′Rh(CNCH2CMe3)(C3H6) and Tp′Rh(CN-2,6-xylyl)(C2H4)
Tp'Rh(CNCH2CMe3)(C3H6), (2) Tp'Rh(CN-2,6-xylyl)(C2H4)

Crystal Parameters
chem formula C24H39BN7Rh C26H35BN7Rh
fw 539.33 559.33
cryst syst monoclinic triclinic
space group (No.) P21/n (14) P1h (2)
Z 4 2

a, Å 9.828(21) 8.178(5)
b, Å 25.995(11) 10.465(4)
c, Å 10.986(12) 16.348(10)
R, deg 90 77.61(4)
â, deg 106.00(15) 84.23(3)
γ, deg 90 84.88(3)
vol., Å3 2698(6) 1356.3(13)
Fcalcd, g cm-3 1.328 1.370
cryst dimens, mm 0.34 × 0.26 × 0.23 0.02 × 0.04 × 0.08
temp, °C -30 -90

Measurement of Intensity Data
diffractometer Enraf-Nonius CAD4 Siemens SMART
radiation (λ, Å) Mo (0.710 73) Mo (0.710 73)
2θ range, deg 4-50 4-46.5
data collected +h,+k,(l -7 e h e 9, -11 e k e 11, -18 e l e 14
no. of data collected 5153 5541
no. of unique data 5071 3565
agreement between equiv data 0.0502 0.0499
no. of obsd data 2453 (I > 3σ(I)) 2633 (I > 2σ(I))
no. of params varied 298 316
µ, cm-1 6.56 6.57
abs cor differential (DIRDIF) empirical (SADABS)
range of transmission factors 0.46-1.00 0.81-0.93
R1(Fo), wR2(Fo2) (I > 2σ(I)) 0.0788, 0.1401
R1(Fo), wR2(Fo2) (all data) 0.1133, 0.1576
R1(Fo), Rw (Fo) (I > 3σ(I)) 0.06448, 0.06325
goodness of fit 1.842 1.082

Figure 2. ORTEP drawing of Tp′Rh(CN-2,6-xylyl)(C2H4).
Ellipsoids are shown at the 30% probability level. Hydrogen
atoms have been omitted for clarity.
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In addition, the recent paper by Akita et al. demon-
strated that the frequency of the B-H stretch could be
used to reliably assign the hapticity of the trispyra-
zolylborate ligand.27 η3-Coordination was associated
with νB-H > 2500 cm-1, whereas η2-coordination was
associated with νB-H < 2500 cm-1. We have found a
similar trend for Tp′Rh(CNR) complexes for which we
have X-ray structural data. The η2-Tp′-containing
complexes Tp′Rh(CNR)2 (R ) 2,6-xylyl, methyl) both
display a νB-H value of 2471 cm-1 in their IR spectra
(benzene solution). The complexes Tp′Rh(CNR)(C2H4)
(R ) neopentyl, 2,6-xylyl) display νB-H values of 2519
and 2521 cm-1, respectively, indicating η3-Tp′ coordina-
tion in hexane solution. The propylene complex 4
displays a νB-H of 2520 cm-1 in hexane solution, again
consistent with η3-Tp′ coordination. It is likely, how-
ever, that the η3-Tp′ complex is involved in a facile,
uphill equilibrium with the η2-Tp′ form, as has been
seen in other cases.28

The experimental observation of inequivalent amounts
of two isomers of 4 is consistent with an η3-Tp′ complex
with a static (nonrotating) propylene ligand. Were the
olefin rotating rapidly, one would expect to observe only
one isomer (Scheme 1). By comparison, several other
TpM(olefin) complexes are believed to be static.29,30

Ghosh and Graham have reported that thermolysis

of the related complex Tp′Rh(CO)(CH2CH2CH2) in C6D6

at 75 °C yields the η2-propylene complex Tp′Rh(CO)(η2-
CH2dCHCH3) and free cyclopropane in a 3:1 ratio.5a

Only one isomer of the propylene complex was reported,
which showed nine pyrazolyl resonances at -60 °C. On
the basis of NMR and IR data they suggest that at
ambient temperature the propylene complex is square
planar (sp) and that the pyrazolyl ring resonances are
averaged by a rapid fluxional process. Additionally,
they have proposed that at low temperature the flux-
ional process is slowed to allow for the intermediacy of
a trigonal-bipyramidal structure. The production of the
η2-propylene complex was proposed to occur by way of
an unobserved propylenyl hydride complex, which is
known to be thermally unstable and to rearrange to the
η2-propylene complex.5a They also report that ther-
molysis of the methyl substituted rhodacyclobutane

complex Tp′Rh(CO)(CH2CHMeCH2) yields an η2-isobu-
tylene complex (not observed but assumed due to the
presence of free isobutylene) and free methylcyclopro-
pane in a ratio of 1:4. The â-methyl group appears to
block â-hydride elimination from the face of the ring
containing the methyl group. Reductive elimination
thus becomes the preferred pathway.

The formation of olefins and olefin complexes13a from
thermolysis of metallacycles is well-known. Olefin
formation is generally thought to occur by abstraction
of a â-hydrogen from the ring to give an allyl hydride
complex which reductively eliminates olefin, commonly
referred to as â-hydride elimination. Whitesides and
co-workers have provided evidence for â-hydride elimi-
nation from Pt(II) metallacyclopentanes following phos-
phine association.12a Johnson and Cheng found that
alkyl-substituted platinacyclobutanes (Pt(IV)) form
olefins via â-hydride elimination following ligand
dissociation.13b While allyl hydride species have been
proposed as intermediates in the above systems, they
have not been observed.

The above results from the thermolysis of 2 suggest
that if â-hydride elimination is occurring to form the
η2-propylene complex 4, it proceeds much faster than
reductive elimination of cyclopropane. Thus, the pro-
pylenyl hydride complex 5 is implicated as an interme-
diate in a â-hydride elimination to form the olefin
complex.22

Reaction of 2 with Isocyanide. Thermolysis of a
C6D6 solution of 2 in the presence of 2 equiv of neopentyl
isocyanide between 55 and 90 °C gives the first ex-
amples of insertion of neopentyl isocyanide into a Rh-C
bond of a complex of the type Tp′Rh(CNCH2CMe3)(R)-
(R′), where R ) H or alkyl and R′ ) alkyl. The
rhodacyclobutane complex is almost fully reacted after
2.5 h of heating at 55 °C. Two products are observed
initially by 1H NMR spectroscopy, and with continued
heating one of the products is fully converted to the
other with the simultaneous disappearance of free
isocyanide (eq 3). The 1H NMR spectrum of the final
product exhibits resonances for the Tp′ ligand in a 2:1
pattern, which indicates that two of the three pyrazolyl
rings are equivalent. The singlets at δ 0.623 and 0.999
in a 9:18 ratio are assigned to the tert-butyl group of a
rhodium-bound neopentyl isocyanide ligand and those
of two neopentyl isocyanide ligands which have inserted
into the R-Rh-C bonds of 2, respectively. The structure
of the metallacyclohexane complex 6 contains a plane

(28) Oldham, W. J.; Heinekey, D. M. Organometallics 1997, 16, 467-
474.

(29) Oldham, W. J. Ph.D. Thesis, University of Washington, Seattle,
Washington, 1996.

(30) Ciriano, M. A.; Fernández, M. J.; Modrego, J.; Rodrı́guez, M.
J.; Oro, L. A. J. Organomet. Chem. 1993, 443, 249-252.

Table 4. Selected Bond Angles (deg) and
Distances (Å) for Tp′Rh(CN-2,6-xylyl)(C2H4)

C1-Rh-N4 176.2(4) C10-Rh-N4 95.2(4)
C10-Rh-N6 164.9(4) C11-Rh-N4 95.7(4)
C11-Rh-N2 151.4(4) C11-Rh-N6 123.9(4)
C1-Rh-N6 92.9(4) C10-Rh.N2 110.3(4)
C1-Rh-N2 94.3(4) C1-Rh-C11 84.9(4)
C10-Rh-C11 41.1(4) C1-Rh-C10 87.7(4)

Rh-N2 2.195(7) Rh-C10 2.098(10)
Rh-N4 2.178(7) Rh-C11 2.088(10)
Rh-N6 2.187(8) C10-C11 1.469(14)
Rh-C1 1.845(11)

Scheme 1
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of symmetry which accounts for the equivalence of two
of the three pyrazolyl rings. An AB quartet of doublets
at δ 1.722 which is integrated as four protons relative
to the singlet at δ 0.623 is assigned to the pairs of
diastereotopic methylene protons of the inserted iso-
cyanide ligands. The doublet has a coupling constant
of 2 Hz, which corresponds to a four-bond Rh-H
coupling. The 1H NMR data for the intermediate mono-
inserted compound indicate that all three pyrazolyl
rings of its Tp′ ligand are inequivalent. The spectrum
also shows two singlets at δ 0.592 and 1.056 in a ratio
of 1:1, which are assigned to the rhodium-bound and
inserted neopentyl isocyanide groups, respectively. Con-
tinued heating at 90 °C for 12 h leads to decomposition
of 6 and generation of Tp′Rh(CNCH2CMe3)(C6D5)D as
the dominant organometallic species (30%). No organic
product(s) of the reaction could be identified. The

related rhodacyclobutane complex Tp′Rh(CO)(CH2-

CH2CH2) inserts CO to give the mono-inserted rhoda-
cyclopentane complex after 1 week at ambient temper-
ature under 950 psi of CO.5a The di-inserted rhodacyclo-
hexane complex results after heating the mono-inserted
product to 75 °C under 1000 psi of CO for 8 days. No
organic products via reductive elimination of the cy-
cloalkane rings were observed for this system.

Mechanistic Considerations for the Rearrange-
ment of 1 to 2. It was stated earlier that the rear-
rangement of 1 to 2 was intramolecular in nature. To
more rigorously examine this process, the rearrange-
ment of Tp′Rh(CNCH2CMe3)(c-C3H5)D (1-d; prepared
from the reaction of 3 with Cp2ZrD2 in C6H6) to the
labeled rhodacyclobutane complex 2-d was monitored
by 1H NMR (with presaturation of the solvent reso-
nance) and 2H{1H} NMR spectroscopy at 22 °C. The
metallocyclobutane products formed in ∼98% yield
(NMR).

In the rearrangement of 1-d to 2-d the deuterium
label is found to reside in both the R- and â-carbon

positions of 2-d. The ratio of Tp′Rh(CNCH2CMe3)-

(CHDCH2CH2CH2) (2-d-R) to Tp′Rh(CNCH2CMe3)(CH2-

CHDCH2) (2-d-â) was 2.2:1 as determined by the ratio
of the integral values of the multiplets at δ 1.63
and 2.05 (HR) to the multiplets at δ 3.34 and 3.60 (Hâ)
in a 1H NMR spectrum of the sample. Only a minor
amount of isomerization of 1-d to Tp′Rh(CNCH2CMe3)-

(CDCH2CH2)H is indicated by the observation of a
doublet at δ -14.9. This process is extremely slow
compared to the ring-opening reaction as Tp′Rh(CNCH2-

CMe3)(CDCH2CH2)H constitutes no more than 2% of the
total mixture.

Periana and Bergman have presented results of an
experiment using the related 13C-labeled cyclopropyl

hydride complex Cp*Rh(PMe3)(13CHCH2CH2)H, which
gave insight into the mechanism of C-C bond cleavage
of cyclopropane via the cyclopropyl hydride complex.1
In their study they found that the 13C label resided
predominantly at the R-carbon position in the rhoda-
cyclobutane complex. The ratio of R- to â-labeled
compounds was 5.6:1, which is greater than the statisti-
cal value of 2:1 predicted by random scrambling of the
label, suggesting that the rearrangement proceeded by
regiospecific insertion of the C-C bond R to the rhodium

atom. Isomerization of Cp*Rh(PMe3)(13CHCH2CH2)H

to Cp*Rh(PMe3)(CH13CH2CH2)H, which would then
rearrange to the â-labeled rhodacyclobutane, was de-
termined to be a slow process compared to the ring-
opening reaction. This result further supported the
predominance of the R-13C-labeled metallacyclobutane
complex.

Periana and Bergman considered a number of mech-
anisms to account for the results from their study of

the rearrangement of to Cp*Rh(PMe3)(13CHCH2CH2)H

to (C5Me5)Rh(PMe3)(13CH2CH2CH2). These are ap-
plicable to the discussion of the results from the present
study; the intermediates for each mechanism are de-
picted in Scheme 2, which is an adaptation from their
work.1 Each intermediate could rearrange to give
metallocyclobutane 2. A value for 2-d-R/2-d-â of 2.0
would be expected for random scrambling of the deu-

Scheme 2
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terium label, as shown for intermediate A of Scheme 2.
The intermediate is a “symmetrically coordinated” cy-
clopropane complex in which random C-C bond inser-
tion can occur. This type of coordination is thought to
occur on metal surfaces,1,5e but there is no precident in
homogeneous solution. Given that the experimental
value of 2-d-R/2-d-â is ∼2, mechanism A cannot be ruled
out.

Intermediate B, a π-allyl hydride complex, could form
by the labilization of one of the Tp′ pyrazolyl rings,
generating a bidentate Tp′ complex. This type of
labilization has been implicated in the mechanism of
reductive elimination of benzene from Tp′Rh(CNCH2-
CMe3)(C6H5)H31 and of methane from Tp′Rh(CNCH2-
CMe3)(CH3)H.22 Formation of the rhodacyclobutane
complex would then occur by hydride attack at the
â-carbon of the π-allyl ligand, and the expected value
of the ratio of 2-d-R/2-d-â would be close to zero.
Periana and Bergman have shown that the π-allyl
cation Cp*Rh(PMe3)(η3-CH2CHCH2)+, which is formed
by halide abstraction from Cp*Rh(PMe3)(Ι)(c-C3H5), is
attacked by hydride preferentially at the â-carbon of the
π-allyl ligand. Independent studies show that halide
abstraction from Tp′Rh(CNCH2CMe3)(Br)(c-C3H5) fol-
lowed by chloride addition yield only unrearranged
Tp′Rh(CNCH2CMe3)(Cl)(c-C3H5), (3).17 The results from
the present labeling study are not consistent with
intermediate B. The 2-d-R/2-d-â ratio of ∼2 indicates
that a substantial quantity of the deuterium label
resides at the R-position.

Formation of a metal-carbene species by R-elimina-
tion, intermediate C, requires coordinative unsaturation
of the metal, which could be achieved by detaching one
of the three arms of the Tp′ ligand. Arguing against
intermediate C, however, is the fact that deuterium
should only appear at the R-carbon of 2. The observed
ratio of ∼2 for 2-d-R/2-d-â is therefore inconsistent with
this pathway.

Intermediate D invokes the intermediacy of an alkane
complex in which a C-H or C-C bond of cyclopropane
interacts weakly with a rhodium(I) metal center. In-
dependent evidence convincingly argues for the exist-
ence of alkane intermediates in the reductive elimina-
tion of methane from Tp′Rh(CNCH2CMe3)(CH3)H in
benzene and the isomerization of Tp′Rh(CNCH2CMe3)(i-
Pr)H to Tp′Rh(CNCH2CMe3)(n-Pr)H in benzene,22 and
in alkane activation by Tp′Rh(CO)2.32 Furthermore, if
the migration from the σ-C-H bond to the σ-C-C bond
is reversible, then incorporation of label into the â-car-
bon positions of 2 can be accommodated by a series of
reversible migrations. The observed ratio for 2-d-R/2-
d-â of 2.2 indicates that the rate of C-C insertion in
the σ-C-C complex must be slower than back-migration
to the σ-C-H complex, unlike the example studied by
Periana and Bergman. Intermediate D best explains
the observed results in a consistent and simple manner.

Is the Ring-Opening Mechanism General for
Other Strained Hydrocarbons? Given that C-H

activation of cyclopropane was followed by C-C activa-
tion, it was of interest to determine if this process was
general for other strained-ring hydrocarbons such as
cyclobutane. Photolysis (λ > 345 nm) of a cyclobutane
solution of the Rh-carbodiimide complex for 30 min at
-15 °C followed by evaporation of the solvent gives a
red solid. The 1H NMR spectrum of a C6D6 solution of
the solid shows a doublet at δ -15.531 with a RhH
coupling constant of 25 Hz. The chemical shift and
coupling constant are characteristic of known cycloalkyl
hydride complexes.33 The pattern and relative intensi-
ties of the resonances for the Tp′ and neopentyl isocya-
nide ligands are consistent with an octahedral chiral
Rh(III) complex containing a tridentate Tp′ ligand. This
complex is identified as the cyclobutyl hydride complex
Tp′Rh(CNCH2CMe3)(c-C4H7)H (7). At 22 °C 7 in C6D6
does not rearrange to the C-C bond-cleaved rhodacy-
clopentane complex but rather reductively eliminates
cyclobutane with a first-order rate constant of [5(1)] ×
10-4 s-1; growth of a singlet at δ 1.881 for free cyclobu-
tane is observed in the 1H NMR spectrum of this
sample. This rate constant corresponds to a half-life of
approximately 23 min, which is intermediate between
that for reductive elimination of cyclopentane from
Tp′Rh(CNCH2CMe3)(c-C5H9)H (7 min at 23 °C in C6H6)
and that for reductive elimination of pentane from
Tp′Rh(CNCH2CMe3)(n-C5H11)H (54 min at 23 °C in
C6H6).33

Conclusions

The reaction of Tp′Rh(CNCH2CMe3)(c-C3H5)Cl (3) and
Cp2ZrH2 in C6D6 gives Tp′Rh(CNCH2CMe3)(c-C3H5)H
(1) in quantitative yield. The cyclopropyl hydride
complex rearranges to the rhodacyclobutane complex

Tp′Rh(CNCH2CMe3)(CH2CH2CH2) (2) with a half-life of
1.6 h at 22 °C in C6D6. A single-crystal X-ray analysis
of 2 confirms the characterization of 2 as a metallacycle.
A deuterium labeling study in which 1-d rearranges to
2-d shows that rhodium inserts randomly into the C-C
bonds of cyclopropane following deuteride migration
from the metal to the ring. The rhodacyclobutane
complex is thermally unstable and rearranges to the
photolabile propylene complex, (η3-Tp′)Rh(CNCH2CMe3)-
(η2-H2CdCHCH3) (4). Neopentyl isocyanide inserts into
both Rh-CR bonds of 2 when a C6D6 solution of 2 is
heated in the presence of neopentyl isocyanide. The
cyclobutyl hydride complex 7 in C6D6 does not undergo
a rearrangement similar to 1; rather, it reductively
eliminates cyclobutane.

Experimental Section

General Considerations. All reactions, recrystallizations,
chromatography, and routine manipulations, unless otherwise
noted, were carried out at ambient temperature under a
nitrogen atmosphere, either on a high-vacuum line using
modified Schlenk techniques or in a Vacuum Atmospheres
Corp. Dri-lab. All hydrocarbon solvents were distilled under
nitrogen or vacuum from dark purple solutions of sodium
benzophenone ketyl. Chlorinated solvents were distilled under
vacuum from calcium hydride suspensions. Silica gel (200-
400 mesh, 60 Å) for column chromatography was purchased

(31) Jones, W. D.; Hessell, E. T. J. Am. Chem. Soc. 1992, 114, 6087-
6095.

(32) Bromberg, S. E.; Yang, H.; Asplund, M. C.; Lian, T.; McNamara,
B. K.; Kotz, K. T.; Yeston, J. S.; Wilkens, M.; Frei, H.; Bergman, R.
G.; Harris, C. B. Science 1997, 278, 260-263. Lian, T.; Bromberg, S.
E.; Yang, H.; Proulz, G.; Bergman, R. G.; Harris, C. B. J. Am. Chem.
Soc. 1996, 118, 3769-3770.

(33) Jones, W. D.; Hessell. E. T. J. Am. Chem. Soc. 1993, 115, 554-
562.
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from Aldrich Chemical Co. and dried under vacuum at 200
°C. Silica gel plates (2 mm) used in preparative thin-layer
chromatography contained a fluorescent indicator and were
purchased from Analtech. Cyclopropane (CP grade) was
purchased from Matheson and used as received. Cyclobutane
was prepared according to a literature method.34 Tp′Rh(CNCH2-
CMe3)(PhNdCdNCH2CMe3),18 Cp2ZrH2,35 3,17 neopentyl iso-
cyanide,36 and Tp′Rh(C2H4)2

37 were prepared as described in
the literature.

1H (400 MHz), 2H (61 MHz), and 13C (100 MHz) NMR
spectra were recorded on a Bruker AMX-400 spectrometer. All
chemical shifts are reported in ppm (δ) relative to tetrameth-
ylsilane and referenced to the chemical shifts of residual
solvent resonances (C6D6, δ 7.15). Chemical shifts for 13C NMR
were measured in ppm relative to the deuterated solvent
resonance (C6D6, δ 128.0). Chemical shifts for 2H NMR were
measured in ppm relative to the deuterated solvent resonance
of added C6D6, δ 7.15. Elemental analyses were performed
by Desert Analytics. An Enraf-Nonius CAD4 diffractometer
and a Siemens SMART (CCD) diffractometer were used for
X-ray crystal structure determination of complexes 2 and
Tp′Rh(CN-2,6-xylyl)(C2H4), respectively. Infrared spectra were
recorded by a Mattson Instruments 6020 Galaxy Series FTIR
and processed with First:Aquire v1.52 software. Photolysis
experiments were performed using a 200 W Hg(Xe) arc lamp
(Oriel). High-resolution MS were obtained by the UIUC mass
spec laboratory.

Synthesis of Tp′Rh(CNCH2CMe3)(CH2CH2CH2) (2) via
Rearangement of Tp′Rh(CNCH2CMe3)(H)(c-C3H5) (1).
Method 1. A 5 mL quartz bomb containing a stirbar was
charged with 60 mg (0.088 mmol) of Tp′Rh(CNCH2CMe3)-
(PhNdCdNCH2CMe3). The bomb was sealed under nitrogen
with an O-ring joint containing a valve and vacuum line
adapter. The bomb was evacuated and filled with approxi-
mately 2 mL of cyclopropane by condensation at 77 K. The
sample was warmed to -50 °C and was irradiated (λ > 345
nm) for 45 min while being stirred constantly. Removal of the
cyclopropane at low temperature gave an orange-yellow solid.
This solid was dissolved in cyclohexane, and a 1H NMR
analysis of an aliquot of the solution showed two products in
an approximate ratio of 2:1. The dominant product was the
cyclopropyl hydride 1. Approximately 1 mL of CCl4 was added
to the cyclohexane solution at -20 °C to convert 1 to the
cyclopropyl chloride complex 3. Preparative TLC using 9:1
hexanes-THF as the mobile phase gave two bands which were
extracted with THF. The upper band gave 10 mg of 2 as a
pale yellow solid, and the lower band gave 15 mg of 3. The
combined yield based on starting material was 52%. 1H NMR
for 1 (C6D6): δ -14.892 (d, JRhH ) 25 Hz, 1 H), 0.592 (s, 9 H,
C(CH3)3), 0.890 (m, 2 H, RhC3H5), 1.153 (m, 1 H, RhC3H5),
1.913 (m, 1 H, RhC3H5), 2.116 (m, 1 H, RhC3H5), 2.213 (s, 3
H, pzCH3), 2.225 (s, 3 H, pzCH3), 2.295 (s, 3 H, pzCH3), 2.306
(s, 3 H, pzCH3), 2.578 (s, 2 H, NCH2), 2.779 (s, 3 H, pzCH3),
2.800 (s, 3 H, pzCH3), 5.655 (s, 1 H, pzH), 5.679 (s, 1 H, pzH),
5.872 (s, 1 H, pzH). The instability of 1 precluded obtaining
satisfactory analytical data.

Method 2. To a solution of 95 mg (0.166 mmol) of 3 in 20
mL of C6H6 was added 34 mg (0.146 mmol) of Cp2Zr(H)2. The
suspension was stirred for 45 min and flash-chromatographed
through silica gel in a glass frit funnel using 9:1 hexanes-
THF as the eluent. The pale brown filtrate was allowed to
stand for 5 h to allow for complete conversion of 1 to 2.
Benzene was removed to yield 67 mg (74%) of a pale brown-

yellow solid. The solid was dissolved in a minimum volume
of diethyl ether. Evaporation at ambient temperature pro-
ceeded to the point at which crystals were just beginning to
form, after which the solution was cooled to - 20 °C for 24 h
to promote further crystallization. The white-yellow needlelike
crystals were washed three times with hexanes at -20 °C,
dried under vacuum, and stored under nitrogen. Data for 2
are as follows. 1H NMR (C6D6): δ 0.680 (s, 9 H, C(CH3)3), 1.626
(m, 2 H, RhCH2CH2CH2), 2.050 (m, 2 H, RhCH2CH2CH2), 2.234
(s, 3 H, pzCH3), 2.251 (s, 6 H, pzCH3), 2.459 (s, 6 H, pzCH3),
2.612 (s, 2 H, NCH2), 2.683 (s, 3 H, pzCH3), 3.340 (m, 1 H,
RhCH2CH2CH2), 3.620 (m, 1 H, RhCH2CH2CH2), 5.630 (s, 1
H, pzH), 5.719 (s, 2 H, pzH). 13C{1H} NMR (C6D6): δ -16.39
(d, JRhC ) 16 Hz, RhCH2CH2CH2), 12.50, 13.34, 13.44, 14.11
(s, pzCH3), 26.50 (s, C(CH3)3), 31.44 (s, C(CH3)3), 35.61 (d, JRhC

) 5 Hz, RhCH2CH2CH2), 55.90 (s, NCH2), 105.76, 108.32 (s,
pzCH), 142.32, 143.31, 149.35, 150.76 (s, pzCq). IR (KBr):
2518 (B-H), 2161 cm-1 (CNR). Anal. Calcd (found) for C24H39-
BN7Rh: C, 53.45 (53.06); H, 7.29 (7.19); N, 18.18 (17.93).

Thermolysis of 2 in C6D6. Characterization of Isomers
of Tp′Rh(CNCH2CMe3)(η2-H2CdCHCH3) (4). A resealable
5 mm NMR tube was charged with 5 mg (0.009 mmol) of 2,
and C6D6 was vacuum-distilled into the tube. After an initial
1H NMR spectrum was acquired, the sample was heated to
55 °C for 2.5 h. The solution changed from colorless to light
green-yellow. Two products were observed in a 2:1 ratio by
1H NMR spectroscopy. The sample was heated to 90 °C for
2.25 h to complete the reaction. The sample was heated at 90
°C for an additonal 12 h, and periodic 1H NMR analysis of the
sample showed very little decomposition and no change in the
ratio of the two products. 1H NMR for the major product
(C6D6): δ 0.501 (s, 9 H, C(CH3)3), 2.166 (s, 3 H, pzCH3), 2.179
(s, 3 H, pzCH3), 2.305 (s, 3 H, pzCH3), 2.323 (s, 3 H, pzCH3),
2.621 (s, 3 H, pzCH3), 2.649 (s, 3 H, pzCH3), 5.302 (s, 1 H,
pzH), 5.885 (s, 1 H, pzH), 5.916 (s, 1 H, pzH). 1H NMR for
the minor product (C6D6): δ 0.416 (s, 9 H, C(CH3)3), 2.066(s, 3
H, pzCH3), 2.109 (s, 3 H, pzCH3), 2.270 (s, 3 H, pzCH3), 2.377
(s, 3 H, pzCH3), 2.404 (s, 3 H, pzCH3), 2.413 (s, 3 H, pzCH3),
5.205 (s, 1 H, pzH), 5.885 (s, 1 H, pzH), 5.952 (s, 1 H, pzH).
Unassigned 1H NMR resonances for the methylene protons of
the neopentyl isocyanide ligand and all protons of the η2-
propylene ligand: δ 1.482 (dt, J ) 8, 2 Hz), 1.952 (dd, J ) 7,
2 Hz), 2.556 (s), 2.839 (bm), 2.920m (bd), 3.579 (bdt), 4.095
(bm), 4.227 (bm). IR (hexanes): 2520 (B-H), 2135 cm-1 (C-
N).

Thermolysis of 2 in the Presence of Neopentyl Isocya-

nide. Characterization of Tp′Rh(CNCH2CMe3)(C(NR)CH2-

CH2CH2) and Tp′Rh(CNCH2CMe3)(C(NR)CH2CH2CH2C-
(NR)) (6), R ) CH2CMe3. A resealable 5 mm NMR tube was
charged with 5 mg (0.009 mmol) of 2, and C6D6 was vacuum-
transferred into the tube. After an initial 1H NMR spectrum
was acquired, 2 µL of neopentyl isocyanide was added to the
sample under inert conditions. No reaction was observed after
the sample had remained at room temperature for 1 h. The
sample was heated to 55 °C for 3.5 h and then to 90 °C for 1
h to complete the reaction. Spectra were acquired periodically,
and an intermediate, assigned as the mono-isocyanide inser-
tion derivative, was observed to appear and then decay as a
final product appeared. The color of the solution changed from
colorless to a fluorescent pale orange. 1H NMR for the
intermediate (C6D6): δ 0.592 (s, 9 H, RhCNCH2C(CH3)3), 1.056
(s, 9 H, RhC(NCH2C(CH3)3), 1.722 (dd, JHH ) 15 Hz, JRhH ) 2
Hz, 2 H, RhC(NCH2C(CH3)3), 2.245 (s, 3 H, pzCH3), 2.288 (s,
3 H, pzCH3), 2.360 (s, 3 H, pzCH3), 2.400 (s, 3 H, pzCH3), 2.499
(s, 3 H, pzCH3), 3.116 (m, 2 H, RhC(NR)CH2CH2CH2), 3.440
(m, 2 H, RhC(NR)CH2CH2CH2), 5.618 (s, 1 H, pzH), 5.678 (s,
1 H, pzH), 5.801 (s, 1 H, pzH). The resonances for the
remaining Tp′ methyl protons, the methylene protons of the
isocyanide ligand, and the methylene protons of rhodium-
bound ring carbon were not identified due to their overlap with

(34) Connor, D. S.; Wilson, R. E. Tetrahedron Lett. 1967, 49, 4925-
4929.

(35) Shriver, D. F. Inorg. Synth. 1979, 19, 223-226.
(36) (a) Schuster, R. E. Organic Synthesis; Wiley: New York, 1973;

Collect. Vol. 5., p 772. (b) Ugi, I.; Fetzer, U.; Eholzer, U.; Knupfer, H.;
Offermann, K. Angew. Chem., Int. Ed. Engl. 1965, 4, 472-484.

(37) Pérez, P. J.; Poveda, M. L.; Carmona, E. Angew. Chem., Int.
Ed. Engl. 1995, 34, 231.
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each other. 1H NMR for 6 (C6D6): δ 0.623 (s, 9 H, RhCNCH2C-
(CH3)3), 0.999 (s, 18 H, RhC(NCH2C(CH3)3)), 1.722 (ABqd, JRhH

) 2 Hz, 4 H, RhC(NCH2C(CH3)3)), 2.196 (s, 3 H, pzCH3), 2.249
(s, 6 H, pzCH3), 2.297 (s, 6 H, pzCH3), 2.306 (s, 3 H, pzCH3),
2.498 (s, 2 H, RhCNCH2C(CH3)3), 3.292 (tm, 2 H, RhC(NR)CH2-
CH2CH2C(NR)), 3.661 (dm, 2 H, RhC(NR)CH2CH2CH2C(NR)),
5.575 (s, 1 H, pzH), 5.723 (s, 2 H, pzH). The resonances for
the methylene protons of the metallacycle carbon were not
identified due to their overlap with each other. High-resolu-
tion FABS MS: calcd (found) for C36H62BN9Rh, 734.42763
(734.4276).

Photolysis of Tp′Rh(CNCH2CMe3)(PhNdCdNCH2CMe3)
in Neat Cyclobutane: Characterization of Tp′Rh-
(CNCH2CMe3)(c-C4H7)H (7). Cyclobutane (0.6 mL) was
condensed into a resealable 5 mm NMR tube that had been
charged with approximately 5 mg of Tp′Rh(CNCH2CMe3)-
(PhCdNdCCH2CMe3) at 77 K. The sample was warmed to
-15 °C using a MeOH/dry ice slurry and photolyzed (λ > 345
nm) for 30 min. After removal of cyclobutane under vacuum
C6D6 was condensed into the tube, giving a clear red solution.
1H NMR (C6D6): δ -15.531 (d, JRhH ) 25 Hz, 1 H), 0.683 (s, 9
H, C(CH3)3), 2.197 (s, 6 H, pzCH3), 2.308 (s, 3 H, pzCH3), 2.357
(s, 3 H, pzCH3), 2.609 (s, 3 H, pzCH3), 2.677 (s, 3 H, pzCH3),
2.702 (s, 2 H, NCH2), 5.627 (s, 1 H, pzH), 5.653 (s, 1 H, pzH),
5.869 (s, 1 H, pzH). The compound was not isolated due to its
instability.

Synthesis of Tp′Rh(C2H4)(CN-2,6-xylyl). A solution of
Tp′Rh(C2H4)2 (67 mg, 0.147 mmol) in 25 mL of THF was cooled
to -40 °C. To the stirred yellow-orange solution was added a
solution of 2,6-xylyl isocyanide (19.4 mg, 0.148 mmol in 20 mL
of THF) over 15 min. The resulting pale yellow solution was
stirred for 1.5 h at -40 °C. Removal of solvent at room
temperature afforded a pale yellow solid. The solid was
dissolved in hexanes and filtered through glass wool. The
solution was evaporated to dryness, yielding 56 mg (0.101
mmol, 68%) of pale yellow solid. 1H NMR (C6D6): δ 1.90 (s,
6H, (CH3)2C6H3), 2.13 (s, 3H, pzCH3), 2.18 (s, 3H, pzCH3), 2.31
(s, 6H, pzCH3), 2.51 (s, 6H, pzCH3), 2.70 (bd, 2H, C2H4), 3.50
(bd, 2H, C2H4), 5.31 (s, 1H, pzH), 5.82 (s, 2H, pzH), 6.53 (d,
JHH ) 7.6 Hz, 2H, (CH3)2C6H3), 6.63 (t, JHH ) 7.6 Hz, 1H,
(CH3)2C6H3). 13C{1H} NMR (C6D6): δ 12.20, 12.29, 13.35, 15.12
(s, pzCH3), 18.10 (s, (CH3)2C6H3), 20.99 (d, JRh-C ) 15 Hz, Rh-
(C2H4)), 105.10, 108.20 (pzCH), 126.54, 127.68, 133.54 (s,
(CH3)2C6H3), 142.10, 143.00, 149.36, 151.81 (s, pzCq). IR
(KBr): 2520 (νB-H), 2110 cm-1 (νC-N). IR (hexane): 2520 (νB-H),
2105 cm-1 (νC-N). Anal. Calcd (found) for C26H35N7BRh: C,
55.83 (56.02); H, 6.31 (6.29); N, 17.53 (17.49).

X-ray Structural Determination of 2. Yellow prisms of
2 were obtained from a diethyl ether solution at -20 °C. A
single crystal having approximate dimensions of 0.34 × 0.26
× 0.23 mm3 was mounted on a glass fiber with epoxy. Lattice
constants were obtained from 25 centered reflections with
values of ø between 5 and 70°. Cell reduction revealed a
primitive monoclinic crystal system. Data were collected at
-30 °C in accord with the parameters found in Table 3. The
intensities of three representative reflections which were
measured after every 60 min of X-ray exposure time remained
constant throughout the data collection, indicating crystal and
electronic stability. The Molecular Structure Corp. TEXSAN
analysis software package was used for data reduction, solu-
tion, and refinement.38 The space group was uniquely assigned

as P21/n on the basis of systematic absences. A Patterson map
solution of the structure was used to locate the rhodium atom.
The structure was expanded with the DIRDIF program to
reveal all non-hydrogen atoms. An absorption correction was
applied using the program DIFABS following isotropic refine-
ment. Anisotropic refinement of all non-hydrogen atoms
allowed for the use of a difference Fourier map for the location
of the hydrogen atoms, whose coordinates were subsequently
idealized. Full-matrix least-squares anisotropic refinement of
the non-hydrogen atoms (with hydrogen atoms attached to
carbon and boron atoms in idealized positions) was executed
until convergence was achieved.

X-ray Structural Determination of Tp′Rh(CN-2,6-xylyl)-
(C2H4). Crystals of Tp′Rh(CN-2,6-xylyl)(C2H4) were grown by
slow evaporation from cyclohexane. A pale yellow fragment
of approximate dimensions 0.02 × 0.04 × 0.08 mm was cut
from a cluster of plates under Paratone-8277, mounted under
the oil on a glass fiber, and immediately placed in a cold
nitrogen stream at -90 °C on the X-ray diffractometer. The
X-ray intensity data were collected on a standard Siemens
SMART CCD Area Detector System equipped with a normal
focus molybdenum-target X-ray tube operated at 2.0 kW (50
kV, 40 mA). A total of 1321 frames of data (1.3 hemispheres)
were collected using a narrow frame method with scan widths
of 0.3° in ω and exposure times of 60 s/frame using a detector-
to-crystal distance of 5.094 cm (maximum 2θ angle of 56.52°).
The total data collection time was approximately 26 h. Frames
were integrated to a maximum 2θ angle of 46.54° with the
Siemens SAINT program to yield a total of 5541 reflections,
of which 3565 were independent (Rint ) 4.99%, Rsig ) 11.87%)39

and 2633 were above 2σ(I). Laue symmetry revealed a triclinic
crystal system, and the final unit cell parameters (at -90 °C)
were determined from the least-squares refinement of three-
dimensional centroids of 1939 reflections.40 The space group
was assigned as P1h and the structure was solved by using
direct methods and refined by full-matrix least squares on F2

(Siemens, SHELXTL, version 5.04). It should be noted that
the intensity statistics provided in the XPREP program
strongly suggested the chiral space group P1; however, suc-
cessful solution and refinement in P1h. proved to be the correct
choice. For a Z value of 2, there is one independent molecule
in the asymmetric unit. All non-hydrogen atoms were refined
anisotropically with hydrogens included in idealized positions,
giving a data to parameter ratio of approximately 11:1. The
structure was refined to a goodness of fit (GOF) of 1.082 and
final residuals41 of R1 ) 7.88% (I > 2σ(I)) and wR2 ) 14.01%
(I > 2σ(I)).
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(38) R1 ) (Σ||Fo| - |Fc||)/Σ|Fo| and wR2 ) [Σw(|Fo| - |Fc|)2]1/2/Σw|Fo|2,
where w ) [σ2(Fo) + (FFo

2)2]1/2 for the non-Poisson contribution
weighting scheme. The quantity minimized was Σw(|Fo| - |Fc|)2. Source
of scattering factors fo, f ′, and f ": Cromer, D. T.; Waber, J. T.
International Tables for X-ray Crystallography; Kynoch Press: Bir-
mingham, England, 1974; Vol, IV, Tables 2.2B and 2.3.1.

(39) Rint ) ∑|Fo
2 - Fo(mean)2|/∑[Fo

2]; Rsigma ) ∑[σ(Fo
2)]/∑[Fo

2].
(40) It has been noted that the integration program SAINT produces

cell constant errors that are unreasonably small, since systematic error
is not included. More reasonable errors might be estimated at 10 times
the listed value.

(41) GOF ) [∑[w(Fo
2 - Fc

2)2]/(n - p)]1/2, where n and p denote the
number of data and number of parameters, respectively. R1 ) (∑||Fo|
- |Fc||)/∑|Fo|; wR2 ) [∑[w(Fo

2 - Fc
2)2]/∑[w(Fo

2)2]]1/2, where w ) 1/σ2-
(Fo

2) + (aP)2 + bP) and P ) [f(Max 0, Fo
2) + (1 - f)Fc

2].
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