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Summary: The fluorenyl-phosphazene ligéhtlas been pre-
pared and coordinated to the Rhbd) fragment. X-ray analyses
and DFT calculations substantiate the preference of the re-
sulting complex3 for «?-N,C aver n®>-fluorenyl coordination.
Despite the associated geometry constraint, the coordina-
tion of the short phosphazene sidearm is shown to enforce
n*-fluorenyl coordination.

Introduction
The coordination properties of 1-aza-2-phospha(V)allyl ligands

Chart 1. Structure of the Heteroallyl Ligands A—D
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a phosphazene sidearm, and the presence of this strongly do-
nating pendant grodpcan be expected to influence dramatic-

A have attracted considerable interest over the last 15 yearsally the bonding mode of the Cp-type ligand. Here we report

(Chart 1)1-¢ Compared with their 1,3-diaza-allyl (the so-called
amidinatesB, 1,3-diaza-2-phospha(V)ally, and 2-phospha-
(V)allyl D analogues, ligandd combine two different donor
atoms (N and C) and potentially induce electronic as well as
steric desymmetrization of the metal environment. Introduction
of functional groups on the central NPC skeleton can further
influence their coordination properties, as nicely illustrated by
the incorporation of an aryl grotipr a second phosphinimino
group at carbon or a methoxycarbonyl group at nitro§en.
With this in mind, we recently became interested in the incor-
poration of the carbon atom of ligandsinto a Cp-type ring
(such as cyclopentadienyl, indenyl, fluorenyl). The resulting lig-
andsA' can also be regarded as Cp-type derivatives featuring
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the synthesis and structural characterization of a fluorenyl-phos-
phazene ligand and its ensuing'Ribd) complex. X-ray analy-

ses and DFT calculations substantiate the preference of this sys-
tem for «>-N,C over n°-fluorenyl coordinatiort! Despite the
associated geometry constraint, the coordination of the short
phosphazene sidearm is shown to enfafeéluorenyl coordina-
tion.12

Results and Discussion

The Staudinger reaction appeared a straightforward and
efficient route to the desired bifunctional liga@dwhich was
obtained in 56% isolated yield by reacting the readily available
fluorenyl-diphenylphosphing!® with phenyl azidé*in toluene
at room temperature (Scheme 1). AccordingH@and3C NMR,
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Scheme 1. Synthesis and Coordination of the
Fluorenyl-phosphazene 2
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ligand 2 adopts in solution the tautomeric phosphazene form
(N=P—CH) rather than the P-ylide form (NHP=C).15 Indeed,

the CH signal observed at 49.8 ppm in*f& NMR spectrum

is attributed to the central C9 atom of the fluorenyl moiety and
associated in theH NMR spectrum to a doublet sign&lp =
24.0 Hz) at 5.09 ppm. Single crystals Bfwere obtained at
—25°C from a toluene/THF solution. X-ray diffraction analysis

Notes

Chart 2. CC Bond Lengths within the Central
Five-Membered Rings of the Fluorenyl Moieties in 2 and 3
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plex 3 was isolated in 90% yield following extraction with
dichloromethane. ThélP NMR spectrum of3 consists of a
doublet signal {prn = 16.2 Hz) deshielded by 16.3 ppm
compared to that oR. The 'H NMR spectrum features the
typical signals for the (FlIuPBNPh)™ and nbd ligands in a 1:1
ratio. While the mass anitH and3!P NMR spectra are consistent
with the general formula [(FIuPBNPh)Rh(nbd)], they do not
reveal the coordination mode of the (FIUBRRh)™ ligand. In

13C NMR, the C9 atom resonates at 33.9 ppm as a doublet of
doublets {Jcp = 109.3 andiJcry = 10.5 Hz), while the other
Flu quaternary carbon atoms appear as singlets at more than
130 ppm. This suggests a low Flu hapticity, which was
unambiguously confirmed by an X-ray diffraction study (Figure
1b). The rhodium center & adopts a square planar arrange-
ment, the (FlIuPPINPh)~ ligand being coordinated to the metal
center via the nitrogen and C9 atoms. The four-membered

indicated that the same form is adopted in the solid state, sincering NPCRh is nearly planar (maximum deviation from the
the hydrogen atom at C9 could be located and refined without best fit plane of 0.18 A for P). The RN and RrR-C9 bond

any constraint (Figure 1a).

The coordination properties of the (FIURRIPh) ligand
toward Rh(l) were then investigated. After deprotonation with
n-butyllithium, 2 was reacted with 0.5 equiv of [RIHCI)(nbd)L
(nbd = norbornadiene) in tetrahydrofuran. The resulting com-

Figure 1. Molecular views of2 (a) and3 (b) in the solid state

lengths (2.123 and 2.188 A, respectively) are comparable to
those observed for the related 1-aza-2-phospha(V)allyl complex
(H.CPPRNAr)Rh(cod)#a This «2-N,C coordination is accom-
panied by a contraction of the PC distance (from 1.856 & in
to 1.768 A in3), an elongation of the PN distance (from 1.567
Ato 1.620 A), and a noticeable decrease in the NPC bond angle
(from 116.7 to 100.5), revealing the delocalized character of
the anionic ligand and the geometry constraint of the ensuing
complex!é Notably, the CC bond lengths of the central five-
membered ring of the fluorenyl moiety do not equalize upon
coordination and remain very similar to those observed2for
(Chart 2). This observation suggests that the fluorengystem
remains fairly localized, in agreement with ahFlu coordina-
tion. This unusual bonding situation is further substantiated by
the noticeable pyramidalization of the C9 atomQ9, =
349.8)17 and by the remoteness of the othefy@Gtoms from
the rhodium center (RhC distances3 A). To the best of our
knowledge, comples is the firsty!-fluorenyl rhodium adduct
to be structurally characterized, and its selective formation over
the corresponding®complex3' (Figure 2) illustrates the ability
of the short phosphazene sidearm to enforce low Flu hapticity,
despite the associated geometry constreitit.

To gain further insight into the low hapticity of the fluorenyl
ring encountered in compley, ab initio calculation® were
performed at the DFT level of theory (Table 1). The full

(13) Baiget, L.; Bouslikhane, M.; Esclidi&; Cretiu Nemes, G.; Silaghi-
Dumitrescu, |.; Silaghi-Dumitrescu, [Rhosphorus, Sulfur, Silicoa003
178 1949-1961.

(14) Murata, S.; Abe, S.; Tomioka, H. Org. Chem1997, 62, 3055~
3061.

(15) The opposite situation was encountered
CpPMeNAd ligand1ib

(16) The disymmetric nature of the (FluPRiPh)~ ligand results in the

in the related

(hydrogen atoms are omitted for clarity). Selected bond lengths nonequivalence of the two nbd carbecarbon double bonds, which is

(A) and angles (deg)2: P1—-N1 1.5679(19); P+C9 1.856(2);
N1—-C9 1.394(3); N+ P1-C9 116.70(10); C16C9—C11 102.46-
(18); C16-C9—P1 109.99(15); C11C9—P1 113.89(15)3: Rh1-

N1 2.123(2); Rh+C9 2.188(3); PEN1 1.620(2); P+C9 1.768(3);
N1-Rh1-C9 74.40(9); N+P1-C9 100.51(12); C16C9-C11
105.2(2); C16-C9—P1 118.2(2); C1+C9—P1 126.4(2).

apparent both in NMR and in X-ray. As previously observed for the related
1-aza-2-phospha(V)allyl complex §8PPhNAr)Rh(cod)#2the higher trans
influence of the carbon compared to the nitrogen atom noticeably affects
the bond distances from the metal center to the midpoints of the CC double
bonds (RR-M of 2.040 and 1.981 A in trans position to the carbon and
nitrogen, respectively), but practically not those of the CC double bonds
(1.380 vs 1.388 A).



Notes

Figure 2. Optimized structure for thg>-complex3'.

substitution pattern of the NPC ligand was conserved in order

to reliably take into account electronic and steric factors.
Accordingly, the key features of this complex could be very
well reproduced (largest deviations of only 0.04 A for the NP
and PC bond lengths and Br the NPC angle), indicating the
capability of the method in describing this kind of system.
The bonding situation in?-N,C complexes derived from
1-aza-2-phosphaallyl ligands has been described by consider-
ing the two limiting structures andb (Chart 3)324a20n the
basis of the geometric data, compl8xis accordingly best
described by the phosphazene/alkyl strucayneith only minor
contribution of the amido/phosphorus ylide forlom A more

Organometallics, Vol. 25, No. 20, 20081929

To highlight the tendency of the (FluP®Ph)™ ligand to
favor low hapticity, the related>-complex3 has also been
optimized. Its structure is represented in Figure 2, and its key
geometrical parameters are listed in Table 1. Compared with
thenl-complex3, the phosphazene sidearm has rotated around
the C9P bond so that the nitrogen atom no longer interacts with
the metal center (NRh distance of 3.88 A). The C9Rh bond
length (2.180 A) is very similar to that calculated 8y and
the® coordination of the fluorenyl is unambiguously indicated
by the close contacts predicted between the metal center and
the four other carbon atoms of the central ring (Rfi dis-
tances ranging from 2.32 to 2.42 A). Notably, the change of
the fluorenyl hapticity fromy?® to #° is also accompanied by
noticeable strain relief of the NPC9 bond angle (105.By
the equalization of CC bond lengths within the central five-
membered ring (with a maximum deviation of 0.02 A from the
average value of 1.45 A), and by the planarization of the C9
environment } C9, = 355.9). In agreement with the experi-
mental observations, thg¢-complex3' has been calculated to
be significantly less stable than thy-complex3. The rather
large energetic difference predicted between the two isomeric
complexes (16.7 kcahol™) substantiates the strong influence
of the phosphazene sidearm introduced on the fluorenyl, the
phosphazenerhodium interaction apparently being strong
enough to compensate for the otherwise unfavoragbleoor-
dination.

Conclusion

In conclusion, a fluorenyl-phosphazene ligand has been
prepared and coordinated to the'@bd) fragment. Despite the
associated geometry constraint, the coordination of the short
phosphazene sidearm has been demonstrated by X-ray analyses
and DFT calculations to enforce low hapticity, giving thereby

precise description could be obtained from a natural bonding 4¢cess to unusuaf-fluorenyl coordination.

analysis (NBOY! especially regarding the nature of the RhC9

bond and the delocalization of the two nitrogen lone pairs
(referred to as irplane and out-of-plane, according to their

orientation relative to the NPCRh metallacycle). As expected
from the difference in electronegativity, the RE89 bond was

predicted to be polarized, but the 65%(C9)/35%(Rh) distribution L

Experimental Section

General ProceduresAll reactions were performed using stand-
ard Schlenk techniques under an argon atmosphere. NMR spectra
were recorded on Bruker Avance 300 or 400 spectrometd®s.

indicates noticeable covalent character, in agreement with form ‘H» and**C chemical shifts are expressed with a positive sign, in

a. At the second-order doneacceptor interaction level, the
nitrogen in-plane lone pair is predicted to be delocalized over
empty orbitals centered at both rhodium (50 keadl™t) and
phosphorus (20 kcahol™1). In addition, the nitrogen out-of-
plane lone pair is found to be delocalized into the phenyl ring
(roughly 50 kcaimol™), in agreement with the orientation of
the phenyl ring relative to the metallacycle (twist angle of 2)7.1
This NBO analysis clearly stresses the contribution of weak
donor-acceptor interactions in compl&xresulting in a rather
complicated bonding situation that is not comprehensively
represented by Lewis structurasandb.

(17) The ylidic carbon center is planar in fluorenylidenephosphoranes:
(a) Burford, N.; Clyburne, J. A. C.; Sereda, S. V.; Cameron, T. S.; Pincock,
J. A.; Lumsden, MOrganometallics1995 14, 3762-3767. (b) Brady, E.

D.; Hanusa, T. P.; Pink, M.; Young, V. G., Jnorg. Chem.200Q 39,
6028-6037.

(18) Introduction of a pendant phosphine sulfide has recently allowed
for the first structural characterization of gfindenyl rhodium complex:

(a) Wechsler, D.; McDonald, R.; Ferguson, M. J.; Stradiotto, ®iem.
Commun2004 2446-2447. (b) Wechsler, D.; Myers, A.; McDonald, R.;
Ferguson, M. J.; Stradiotto, Mnorg. Chem.2006 45, 4562-4570.

(19) For a rare example gf-fluorenyl rhodium complex, see: Doppiu,
A.; Englert, U.; Salzer, AChem. Commur2004 2166-2167.

(20) See Experimental Section and Supporting Information for details.

(21) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899-926.

parts per million, relative to external 85%P0, and TMS. Unless
otherwise stated, NMR was recorded at 293 K. Elemental analyses
were performed using a Perkin-Elmer 2400 (Il) elemental analyzer.
Mass spectra were recorded on a Hewlett-Packard 5989.
Materials and Methods. THF and toluene were dried under
sodium and distilled prior to use. All organic reagents were obtained
from commercial sources and used as received.//Ri)(nbd)L
was purchased from Strem Chemicals, stocked in a glovebox, and
used without further purification. The fluorenyl-diphenylphosphine
113 and phenyl azid¢ were prepared according to literature
procedures.
Preparation of 2 from 1. A degassed solution of PAN0.58 g,
4.8 mmol) in toluene (10 mL) was added at room temperature to
a degassed suspension of,PRlu (1.34 g, 4.4 mmol) in toluene
(30 mL). After stirring for 5 h, the solvent and excess of BhN
were eliminated under vacuum to yield a pale yellow solid. Cooling
a solution of2 in toluene/THF to—25 °C yielded 1.075 g of pale
yellow crystals (56%)3P{1H} NMR (121.4 MHz, GDe): 6 7.8
ppm;H NMR (300 MHz, GDg): ¢ 7.68 (d,3Jyn = 7.5 Hz, 2H,
Hig), 7.42 (M, 4H, Hs 19, 7.34 (d,3Jyn = 7.5 Hz, 2H, H ), 7.17
(m, 2H, HZZ,Z&: 7.10 (m, 2H, H,G): 7.05 (m, 2H, Hlyzf), 7.00 (m,
2H, H;7), 6.96 (m, 2H, Hy), 6.86 (M, 4H, Hgs 19, 6,79 (M, 1H,
H,3), 5.09 ppm (d, 1H2J4p = 24.0 Hz, H). 13C{H} NMR (75.5
MHz, CeDg): 6 151.7 (d,2Jcp = 3.0 Hz, Gp), 142.2 (d,3)cp =
4.5 Hz, Q_]_'l;), 139.7 (d,z‘Jc'p: 3.8 Hz, Qo,lg, 132.4 (d,z\]c‘p =
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Table 1. Selected Bond Lengths and Angles (in A and deg, respectively) for Derivatives 2, 3, and 3
N—Rh C9-Rh N—Rh—C9 N—P P-C9 N—P—C9 >C9%
2 (X-ray) 1.567(9) 1.856(2) 116.70(10) 326.3
3 (X-ray) 2.123(2) 2.188(3) 74.40(9) 1.620(2) 1.768(3) 100.51(12) 349.8
3 2.117 2.186 74.4 1.66 1.803 97.3 346.3
32 3.878 2.180 43.8 1.615 1.818 106.7 355.9

aPredicted at the DFT(B3PW91) level of theory.

Chart 3. Limiting Structures for k2-N,C Complexes
Derived from 1-Aza-2-phosphaallyl Ligands

crystal size 0.2x 0.2 x 0.5 mn?, 10 508 reflections collected
(3843 independenR;,; = 0.0423), 302 parameters, R13¥ 20(1)]

~ \ = 0.0440, wR2 [all data}= 0.1130, largest diff peak and hole
- /C\ML N //E:ML 0.314 and—0.302 e A3, 3 CzgHzaNPRh,M = 635.52, triclinic,
/P\/ n AN space grouP1, a= 9.6858(8) Ab = 11.6141(10) Ac = 13.6750-
. “|‘ . (11) A, o = 106.9820(10), = 94.884(23, y = 96.293(2), V

=1451.2(2) B, Z = 2, u(Mo Ka) = 0.672 mnil, crystal size
0.1 x 0.3 x 0.6 mn¥, 8573 reflections collected (5880 inde-
pendentRi,; = 0.0208), 370 parameters, R1¥ 20(1)] = 0.0353,
wR2 [all data]= 0.0835, largest diff peak and hole 0.603 and
—0.335 e A3,

Computational Details. Rhodium and phosphorus were treated
with a Stuttgart-Dresden pseudopotential in combination with their
adapted basis sétIn all cases, the basis set has been augmented
by a set of polarization functions (f for Rh and d for#®)Carbon,
nitrogen, and hydrogen atoms have been described with a 6-31G-
(d,p) doubleg basis set’ Calculations were carried out at the DFT
level of theory using the hybrid functional B3PW&1Geometry
optimizations were carried out without any symmetry restrictions;
the nature of theextrema(minimumn) was verified with analytical
frequency calculations. All these computations have been performed
with the Gaussian 98 suite of programs. The electronic density
has been analyzed using the natural bonding analysis (NBO)
techniquex!
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8.3 Hz, Gs19, 131.2 (d,4Jcp = 2.3 Hz, Gy), 128.8 (S, G222,
127.8 (d3Jcp= 11.3 Hz, Gg 19, 127.5 (S, Gg), 127.0 (d3Jcp=
1.5Hz,Gg), 126.4 (dJcp= 2.3 Hz, G ), 123.3 (d2Jcp=18.9
Hz, G129, 119.5 (s, Gs), 117.3 (S, Gy), 49.8 ppm (d,cp =
75.5 Hz, G). MS (El, 70 eV)m/z (%): 441 [M]", 276 [M — Flu]™,
165 [Flu]*. Mp: 243°C. Anal. Calcd for GiH,sNP: C, 84.35; H,
5.44; N, 3.17. Found: C, 83.80; H, 5.30; N, 3.10.

Preparation of 3 from 2. To a solution of2 (95.7 mg, 0.216
mmol) in THF (6 mL) was added at78°C 0.144 mL ofa 1.6 M
solution ofnBuLi in hexanes, and the solution was stirred 30 min
at room temperature. The reaction medium was cooled t€,0
and a solution of [Rh(-Cl)(nbd)}L (50 mg, 0.108 mmol) in THF
(3 mL) was added. After warming to room temperature and
subsequent stirring for 2 h, the solvent was eliminated under
vacuum. The yellow residue was extracted with,CH (10 mL)
and evaporated to dryness, yielding a yellow solid (123 mg, 90%).
Crystals suitable for X-ray crystallography were obtained from a
CHCI; solution at—25 °C. 3P{1H} NMR (202.5 MHz, CDC},
243 K): 0 24.1 ppm (d2Jp rn= 16.2 Hz).2H NMR (500.3 MHz,
CDCls, 243 K): 6 7.98 (d,3J4n = 7.6 Hz, 2H, H ), 7.85 (dd,
SJH,P =11.8 HZ,?’JH'H = 7.5 Hz, 4H, H5,1@, 7.63 (t,sJH,H =7.0
6.88 (d,SJHYH = 7.9 Hz, 2H, H_,S), 6.84 (t, 3\]H,H = 7.3 Hz, 1H,
Has), 6.66 (d,3Jyn = 7.8 Hz, 2H, B129, 4.08 (br s, 2H, b 27),
3.48 (br s, 2H, Ho3y), 1.47 (br s, 2H, s 29, 1.07 (d,2Jy = 8.6
Hz, 1H, |‘b2A), 0.83 ppm (d,?’JH'H = 8.6 Hz, 1H, I'ﬁzB). 13C{1H}
NMR (125.8 MHz, CDC}, 243 K): ¢ 149.5 (s, Gy, 141.4 (d,

Supporting Information Available: Cartesian coordinates for
the optimized complexe3 and3', atom numbering for the NMR
assignments, and crystallographic data for derivati2esnd 3
including cif files. This material is available free of charge via the
Internet at http://pubs.acs.org.

ZJCYPZ 10.1 Hz, Q()'l?), 134.1 (d,ZJC’p: 11.31 Hz, lelg), 132.60 OMO0605377

27— 17 _
(s, G), 132.0 (d,"Jcp = 10.7 Hz, Gs,9, 131.25 (dNcp = 74.8 (22) SADABS Program for data correction, version 2.10; Bruker-AXS,
Hz, Cuy), 129.1 (d3Jcp= 11.7 Hz, Gg 19, 128.9 (S, G229, 123.9 2003.
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