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Stable P-Heterocyclic Carbenes: Scope and Limitations
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Abstract: The  conjugate  acids
(PHCH's) of P-heterocyclic carbenes
(PHCs) are prepared by formal [342]
cycloaddition of a 1,3-diphosphaallyl or
1,3-phosphinophosphenium cation with
various nitriles. The effect of the phos-
phorus substituent on the fate of the
cyclization and on that of the counter-
anion and base in the subsequent de-

one of them, made from acetonitrile,
undergoes a facile [3+2] cyclorever-
sion, whereas the other, based on di-
methyl cyanamide, is stable, presuma-
bly owing to its zwitterionic structure,
which involves a tricoordinate pentava-
lent phosphorus atom. The reactivity of
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PHCs is strongly driven by the high
electrophilicity of the phosphorus cen-
ters, as demonstrated by their reactivity
with water and benzaldehyde. Al-
though both PHCs reported in this
paper are direct analogues of the least-
basic NHCs, their basicity is compara-
ble to those of the more strongly basic
NHCs (as determined by comparison

protonation reaction are reported. Two

of the carbonyl stretching frequencies

. < ; ligands - phosphorus - transition . . ’
PHGC:s that are indefinitely stable in the metals of their corresponding cis-[RhCl-
solid state are described. In solution, (CO),(L)] complexes).
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The ability to perform catalytic reactions more efficiently is & & R .
at the forefront of many research programs in academia and A B c
industry. In transition-metal-based catalysis, the choice of Ph
the metal is obviously limited, but the nature of the ligands Y=X 7=N\
can, in principle, be modified at will. Traditionally, many ho- R—P _P—R' Ph—N_ _N—Ph
mogeneous catalytic reactions have relied on the use of & &

D E

phosphines as ligands; their popularity is attributed to the
ease with which the electronic and steric environments
about the phosphorus atom can be tuned. In recent years,
stable carbenes!!! have become an attractive alternative to
traditional phosphine-based ligands. Among the stable car-
benes known thus far, the N-heterocyclic carbenes (NHCs)
AP have been by far the most frequently used (Scheme 1).
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Scheme 1. Schematic representation of NHCs A, CAACs B, cyclopro-
penylidene C, PHCs D, and the Enders carbene E.

Indeed, it was found that free acyclic carbenes are not only
more fragile than NHCs, but the ensuing complexes are also
less robust.”! It was suggested that the poor coordination
behavior of acyclic carbenes may be due to the larger car-
bene bond angle, typically 116-124° compared to 101-106°
for NHCs. Accordingly, we initiated a research program lim-
ited to stable cyclic carbenes. We have already shown that
cyclic (alkyl)(amino)carbenes (CAACs) B are very stable
and allow for the preparation of highly robust and active
palladium catalysts for the oa-arylation of carbonyl deriva-
tives.”! More recently, we also showed that even carbocyclic
carbenes, namely cyclopropenylidenes C, can be isolated,
and the catalytic properties of the ensuing complexes are
currently under investigation.
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NHCs A, CAACs B, and to a lesser extent cyclopropen-
ylidenes C are stabilized by m-donation from the lone pair
at the planar nitrogen atom(s) to the vacant orbital of the
carbene center. Interestingly, it was predicted that the m-
donor capabilities of heavier elements, especially phospho-
rus, can be the same as or greater than those of their
second-row cousins, providing that a planar configuration
can be achieved.! As there are several methods available
for inducing planarity at the phosphorus atom,® among
them being the inclusion of the heteroatoms in a ring
system accompanied by the presence of bulky substituents,
we decided to target P-heterocyclic carbenes (PHCs) D in
which the two nitrogen atoms of NHCs A are replaced by
phosphorus atoms.” ¥
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Scheme 2. Synthesis of PHCHs 3-5.

Table 1. Selected spectroscopic data and geometric parameters.

14
Results and Discussion 3 4 3 1 D2 22 23 Gl
3P NMR:
Synthesis of the Conjugate o [ppm] 104,85 106,80 113,12 85,73 14,65 101, 93 29,91
Acid of PHCs 2Top [Hz] 266 240 284 135 232 187 246
BC NMR:
The classical precursors for ¢ [ppm] 119 119 115 184 187 176 182
NHCs are the corresponding rc[Hz] . 51,44 62,57 65,7 147 153,127 8,2 12,3
. . + Zangles P1 [° 354 354 353 355
conjugate acids  (NHCHT), & b o] 348 336 348 339
which are readily available p_¢ (A] 1.693 1.646 1673 1.668
through well-established syn- P2-C1[A] 1.720 1.731 1.710 1756
thetic routes. However, these 7co[cm™] 1985,2059 1981, 2062 2009, 2089

methods cannot be extended to

the heavier congeners of NHCs

such as PHCH™*.">!81 Thus, we had to design an original syn-
thetic approach: a formal [3 +2] cycloaddition of the transi-
ent diphosphaallylic cation 2, which bears bulky 2,4,6-tris-
(tert-butyl)phenyl  substituents, with a dipolarophile
(Scheme 2). Addition (at —78°C) of gallium trichloride to a
solution of phosphaalkene 1! in dichloromethane in the
presence of a large excess of acetonitrile (3045 equiv) af-
forded cleanly the desired salt 3a, which was isolated as a
white crystalline solid in 67 % yield. Similarly, silver tri-
fluoromethane sulfonate can also be used to abstract the
chloride from 1, and the corresponding salt 3b was isolated
in slightly better yield (80 % ).

With a synthetic route in hand, we investigated the possi-
bility of varying 1) the substituents R at the imine carbon
atom of the ring, 2) the nature of the ring backbone, and
3) the substituents at the phosphorus atom.

With nitriles, the formal [3+2] cycloaddition approach
appears to be very general. Indeed, with benzonitrile and,
more importantly, dimethyl cyanamide (see below), clean
reactions occurred, and PHCH*s 4a, 4b, and 5b were iso-
lated in 76, 85, and 50% yields, respectively (Scheme 2).
Not surprisingly, the NMR spectroscopic data for the C-
phenyl derivatives 4 are very similar to those observed for
the C-methyl compounds 3 (Table 1). In contrast, whereas
the 3'P NMR spectra of derivatives 3 and 4 show similar AX
systems at 104 and 85ppm (Jpp=266Hz) and 106 and
80 ppm (Jpp=240 Hz), respectively, the C-amino derivative
5b gives signals at 113 and 12 ppm (Jpp =284 Hz). The high-
field signal for 5b suggests that the lone pair of one of the
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phosphorus centers does not interact significantly with the
electron-deficient carbon center. Moreover, the 'H NMR
spectrum reveals two methyl signals for the N(CHj;), frag-
ment, thus implying restricted rotation about the N—C bond.
These results as a whole suggest an important contribution
of a resonance structure featuring tricoordinate pentavalent
and tricoordinate trivalent phosphorus centers, as shown by
5b’ (Scheme 3). A single-crystal X-ray diffraction study con-

+
Me;N Me,N
7——N N

\ SR\
Ar—P\‘QC//P—Ar -~ Ar—P'\C//P—Ar

| |
TfO™ H 5b TfO~™ H 5b'

Scheme 3. Resonance structures for PHCH™ Sb.

firmed this hypothesis (Figure 1). The trigonal-planar config-
uration about N2 (sum of angles=360°) and an N2—C2
bond length of 1.314(5) A are both indicative of an imini-
um-like exocyclic nitrogen atom. Atom P1 is in a nearly
planar environment (sum of angles=354°), and P2 is signifi-
cantly pyramidalized (sum of angles=336°); these angles
have to be compared with those observed for 3b (354 and
348°, respectively; Table 1). Finally, the C1—P1 bond length
of 1.646 A is significantly lower than that of C1-P2
(1.731 A) and falls within the typical range for a P—C
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Figure 1. ORTEP view of the cationic part of PHCH* 5b (50% thermal
ellipsoids shown). Hydrogen atoms (except for H1) are omitted for clari-
ty. Selected bond lengths (A) and angles (°): P1-N1 1.636(3), P1-C1
1.646(4), P2—C1 1.731(4), P2—C2 1.832(5), N1-C2 1.347(5), N2—C2
1.314(5); N1-P1—C1 108.28(19), N1-P1—C3 118.17(19), C1-P1-C3
127.3(2), C1-P2—-C9 119.8(2), C1-P2—C2 96.9(2), C9—P2—C2 119.4(2),
C2-N2—-C39 121.8(3), C2—N2—C40 120.9(3), C39—N2—C40 117.3(3), P1—
C1-P2 107.1(2).

double bond; similarly, the short P1-N1 bond (1.636 A) sug-
gests some degree of P—N multiple-bond character.

To prepare PHCs with different backbones, we attempted
to trap the transient diphosphaallylic cation 2 with other di-
polarophiles (Scheme 4). However, the intermediate 2 ap-

2
ketones or l PhCCPhl cyclohexenel
imines

Ph Ph < >

a—p 8 Y

— v _ -
\\(+ tBu Ar F’\ R—Ar Ar P\/a Al
X~ H Bl 6 X" H 7 X" H 8

Scheme 4. Trapping reactions of diphosphaallyl cation 2.

peared inert towards both ketones and imines; it preferen-
tially undergoes an intramolecular insertion of the phosphe-
nium center into a C—H bond of a tert-butyl substituent,
quantitatively forming the cyclic phosphonium salt 6.1'7)
With diphenyl ethyne and cyclohexene, clean reactions oc-
curred, but instead of the desired five-membered heterocy-
clic adducts, phosphirenium 7 and phosphiranium 8 were
formed." These results clearly suggest that five-membered
heterocycles 3-5 do not result from concerted [3+2] cyclo-
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additions, but from the nucleophilic attack of the nitrogen
end of the nitrile on a positively charged phosphorus center,
followed by 1,5-ring closure.

As the double bond of the transient diphosphallylic cation
2 was not involved in the first step of the cyclization, we de-
veloped a second route to PHCH*s starting from the readily
available 1,3-dichloro-1,3-diphosphapropanes 9
(Scheme 5).'"™"! Addition of GaCl, to 9 led to the transient
phosphenium salt 10, which then reacted with excess benzo-
nitrile (10 equiv) to afford the five-membered heterocycle
11. Dehydrohalogenation with 1,8-diazabicyclo[5.4.0Jundec-
7-ene (DBU) gave rise to the desired gallium salt 4a in
83 % yield. This method seemed particularly promising for
easy variation of the substituents at the phosphorus center.
Indeed, diphosphaallyl chlorides of type 1 are only stable
when both phosphorus centers bear sterically bulky aryl sub-
stituents. In contrast, 1,3-dichloro-1,3-diphosphapropane de-
rivatives such as 9 are readily available with different sub-
stituents on phosphorus.”?”

Reaction of the fert-butyl derivative 12 with GaCl; in the
presence of an excess of benzonitrile in cold CH,Cl, gave
the desired phosphonium salt 14, analogous to 11, in moder-
ate yield. *'P and 'H NMR spectra revealed signals from in-
equivalent phosphorus centers at 103 and 106 ppm and two
magnetically distinct tBu groups. However, treatment of
cyclic phosphonium salt 14 with DBU did not induce the ex-
pected dehydrohalogenation reaction; rather, it resulted in
the formal loss of “HGaCl,” to give ylide 15, as shown by a
"H NMR signal at 2.26 ppm (dd, Jpy=25, 31 Hz). Clearly,
the tert-butyl groups are not bulky enough to protect the
phosphorus centers adequately or force their planarization,
a requirement of 1¢*30*-diphosphaallylic cation stability.!*"!
An attempt to abstract chloride from 15 with GaCl; resulted
in the formation of a highly unstable material with *'P NMR
signals at 81 and 154 ppm. However, a freshly prepared so-
lution of pentane cooled to —10°C gave single crystals suita-
ble for X-ray analysis, which allowed the structural charac-
terization of 16, the gallium trichloride adduct of 15
(Figure 2). Overall, the structure reveals two tBu groups on
the same side of the ring, with a GaCl; fragment pointing
toward the other side. Interestingly, the tricoordinate phos-
phorus atom P2 is highly pyramidalized (sum of angles=
301°), suggesting that rBu substituents would not fulfill the
requirements for the formation of a stable PHC.

Ph GaCly
=N
R A A—PAP—Ar
. Ph GacCl, C 4
cl cl ¢l GaCl =N | 4a
i |  GaCl i+ PhCN R pBU H
R—P, BP—R —>|R—P_ P—R | —> R—P_ %P
N/ N/ NA2T N\
PN PN AL\, © Ph Ph
H H H H R = tBu J=N tBu GaCl; =N Bu
9,12 10,13 11,14 —_— tBu-P\C//P\CI —  Bu-P tP\Cl
-
9-11: R = 24, 6-tBus-CgH,, 12-14: R = {Bu, 4a: Ar = 2,4,6-fBu;-CgH, 15 ,l, ClhGa H 4¢

Scheme 5. Alternative route to PHCH ™s: influence of the substituents.
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Figure 2. ORTEP view of 16 (50% thermal ellipsoids shown). Hydrogen
atoms (except for H1) are omitted for clarity. Selected bond lengths (A)
and angles (°): Gal—C1 2.019(2), C1-P1 1.778(2), C1-P2 1.872(2), P1—
N1 1.6588(18), N1-C2 1.308(3); P1—C1-P2 105.33(11), P1-C1-Gal
117.82(11), P2—C1—Gal 109.00(10), N1-P1—C1 106.14(9), N1-P1-C9
110.14(10), C1-P1-C9 119.42(10), N1-P1—CI1 104.21(7), C1-P1-CIl1
110.35(8), C9-P1—ClI1 105.61(7), C2-N1-P1 113.31(15), N1-C2—-C3
118.5(2), N1—C2-P2 120.20(16), C3—C2—-P2 121.28(16), C2—P2—C1
93.80(9), C2—P2—C13 102.19(10), C1-P2—C13 104.70(10).

Deprotonation of the Conjugate Acids of PHCs

Deprotonation of PHCH™* triflate 3b in THF at —78°C,
with lithium bis(trimethylsilyl)amide as base, cleanly led to
PHC D1 (Scheme 6). This carbene was isolated after recrys-
tallization from a concentrated solution of THF/toluene at
—30°C as light-yellow crystals (72 % yield). Similarly, depro-
tonation of §b can be performed with either lithium or po-
tassium bis(trimethylsilyl)amide in THF at —78°C. Upon
workup, carbene D2 was isolated in 66 % yield as a yellow
powder. The >C NMR signal for carbene for D2 appears at

R
—N R
\ (Me;Si)NLi —N
Ar—P{t P—Ar ———— \
N Ar—P_ _P—Ar
~ 1 3b,5b c
o 4 < DILR=Me
Me D2: R = Me,N
—N Me
At b KH/BUOK —N
r— —Ar —> \
~ Ar—P___P—Ar
- | 3a C
GaCly H | 17
GaCl,
Ph
N Ph
\ EtOK 7=N
Ar—P{t P—Ar ————— AT
<, SN
— | 4a
GaCl, H  OH
H 18

Scheme 6. Reactions of PHCH *s with various bases.
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187 ppm as a doublet of doublets (Jpc=127, 153 Hz), in a
similar region to that of D1 (184 ppm, tripletlike, Jpc=
147 Hz). However, the distinctly unsymmetrical PY/P™
nature of carbene D2 is reflected once again in the
P NMR spectrum with signals at 14 and 65 ppm (Jpp=
232 Hz), whereas for D1 both signals were found at relative-
ly low field (73 and 85 ppm, Jpp =135 Hz). Several X-ray dif-
fraction datasets of D2 were collected, but unfortunately all
were plagued with twinning and/or disorder problems, thus
precluding a reliable structure solution.

During our investigations, we found that the nature of the
counteranion/base combination has a crucial influence on
the fate of the deprotonation reaction. When 3a (GaCl,~ as
counteranion) was deprotonated with KH/fBuOK, the free
carbene was not formed; instead, its GaCl; adduct 17 was
obtained in 83% yield (Scheme 6). The *'P NMR spectrum
of 17 revealed two sets of doublets at 94 and 114 ppm (Jpp=
225 Hz) that were shifted to lower field compared to the sig-
nals of the free carbene (73 and 85 ppm). The single-crystal
X-ray structure (Figure 3) reveals GaCl; coordinated to the

Figure 3. ORTEP view of gallium—carbene complex 17 (50 % thermal el-
lipsoids shown). Hydrogen atoms are omitted for clarity. Selected bond
lengths (A) and angles (°): Gal—Cl 1.994(4), C1-P1 1.690(4), C1-P2
1.746(5), C2-N1 1.366(12), C2—C3 1.501(7), C2—P1 1.718(5), N1-P2
1.666(11); P1-C1-P2 100.7(2), P1-Cl—Gal 129.8(3), P2—Cl—Gal
126.4(2), N1-C2—C3 114.4(6), N1-C2—P1 114.1(5), C3—C2-P1 130.1(4),
C2-N1-P2 110.2(7), C1-P1-C2 105.2(2), C1-P1—C4 123.3(2), C2—P1—C4
131.3(2), N1-P2-C1 108.0(4), N1-P2—-C22 119.6(12), C1-P2—C22
121.6(11).

carbene center, with a gallium—carbon bond length of
1.99 A, which is significantly shorter than those of analogous
NHC complexes (2.079 A),?'*"l but longer than that ob-
served for a phosphinocarbene-GaCl; complex (1.978 A).'l
Interestingly, one of the phosphorus atoms is in a perfectly
planar environment (P1, sum of angles=360°), whereas the
second is slightly pyramidalized (P2, sum of angles=349°),
making the molecule chiral in the solid state. As the P1—Cl1
bond length (1.69 A) is significantly shorter than that of P2—
Cl (1.75 A), it is clear that the P1 atom interacts more
strongly than P2 with the electron-deficient carbene center.
The value of the P1-C1-P2 bond angle for 17 (100.7°) is
closer to that of the free carbene D1 (98.2°) than that of its
cationic precursor 3 (106.2°). Here again, a similar trend to
the case of NHCs was observed.[?
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When potassium ethoxide and 4a (GaCl,” as counteran-
ion) were used as base and cationic precursor, respectively,
the free carbene was again not formed. Elimination of
GaCl; and KCl occurred, and ylide 18 was obtained in 70 %
yield (Scheme 6). The presence of the ylidic CH fragment
was apparent from 'H and “CNMR signals at 2.40 (dd,
Jen=15, 35 Hz) and 27.7 ppm (dd, Jpc=7, 111 Hz), respec-
tively. This highlights a major discrepancy between the
chemistry of PHCH"s and NHCH"s, their nitrogen ana-
logues. Because phosphorus can be hypervalent and is more
electronegative than carbon, attack of ethoxide occurs at
the phosphorus center. This behavior parallels the chemistry
of methylenephosphonium®! and iminium salts. The former
react with nucleophiles at phosphorus, whereas the latter
react at carbon.

Stability, Reactivity, and Coordination Behavior of PHCs

Although in the solid state PHC D1 is indefinitely stable at
room temperature (m.p.: 123-127°C), it readily undergoes a
[3+42] retrocycloaddition in solution to afford the previously
described  1,3-diphosphaallene 19! and acetonitrile
(Scheme 7). This reaction clearly shows first-order kinetics

R
—N THF solution Ar\P c=p R—=n
—_— =C= - —
Ar P\C/P Ar 2590 \
< D1,D2 19

Scheme 7. Fragmentation of PHCs D1 and D2 in solution.

(monitored by *'P NMR spectroscopy), and the half-life of
D1 is about 5h at 16°C in THF. This behavior is very sur-
prising as the nitrogen analogue, namely the Enders carbene
E (Scheme 1),”7 seems to be very stable in solution. Impor-
tantly, there is no evidence of retrocycloaddition of PHC D2
after 24 h in THF at 25°C. This is presumably owing to the
zwitterionic resonance form analogous to 5b’ (with a tri-
coordinate pentavalent P center), which significantly stabil-
izes the system thermodynamically. Carbene D2 is, however,
very sensitive to moisture, and slowly gives rise to the phos-
phine oxide 20 (Scheme 8) when exposed to air. According
to the literature,”™ NHCs also react with water, but give the
corresponding amine/formamide. In both cases, the first step
is presumably the protonation of the carbene center. For

H,O
R—N_ _N—R —_— R—=N_ _N—R{ —> R—NH N—R
¢ N e}
H  OH H
Me,N Me,N Me,N
=N H,0 =N Ar 7:N Ar
\ —_— \/ — \/
Ar—P _P—Ar Ar—P 2PQ APl R
< <|3 OH L. 0
D2 b H H 20

Scheme 8. Comparative reactivity of PHCs versus NHCs with water.
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NHCs there is a nucleophilic addition of OH™ at carbon,
whereas for PHCs, attack occurs at the electrophilic phos-
phorus atom. Despite the bulkiness of the aryl groups,
3P NMR spectroscopy revealed the presence of two isomers
in solution (—8.1 and 56.8 ppm; —20.3 and 49.7 ppm) with a
ratio that is solvent-dependent; a 1:1 mixture is formed in
C¢Dg, whereas in CDCI; the ratio changes to 3:1. The solid-
state structure of the cis isomer was determined by a single-
crystal X-ray diffraction study. The phosphine oxide frag-
ment has a pseudotetrahedral geometry, and the phosphine
is highly pyramidalized (sum of angles=318°, Figure 4).
These results demonstrate that the very bulky 2,4,6-tris(fert-
butyl)phenyl substituent does not force the phosphorus
atom to be planar, but considerably reduces the inversion
barrier. We also note that the aryl groups become distorted
to accommodate the steric demands.

Figure 4. ORTEP view of 20 (50% thermal ellipsoids shown). Hydrogen
atoms are omitted for clarity. Selected bond lengths (A) and angles (°):
P1-01 1.485(4), P1-N1 1.661(4), P1—C1 1.842(5), P2—C1 1.834(5), P2—
C2 1.851(5), N1-C2 1.316(6), N2—C2 1.336(6); P2—C1-P1 105.5(2), C1—
P2-C9 116.2(2), C1-P2—C2 93.6(2), C9—P2—C2 108.3(2), C2—N2—C16
124.1(4), C2-N2—C15 120.1(4), C16—N2—C15 115.8(4), N1—C2-N2
120.6(4), N1—C2—-P2 117.6(4), N2—C2—-P2 120.8(4), C2-N1-P1 116.8(3).

It is known that NHCs such as the Enders carbene E
(Scheme 1) are catalysts for benzoin condensation.” In
marked contrast, reaction of PHC D1 with benzaldehyde
gave diphosphafulvene 21 (Scheme 9). Its *'P NMR chemical
shifts of 0 and 40 ppm are assigned to the P'" and PV atoms,
respectively. Also characteristic is the ethylenic hydrogen
atom, whose signal appears at 8.50 ppm as a doublet of dou-

o)
O NHC (cat.
(cat) OH
Ph H
PH H
Ph
Ar Ar
| P
N~ PhcHO | N7 + N :H
)l\ C )\ c )l\ /°
P P Ph
I I
Ar D1 Ar 21

Scheme 9. Comparative reactivity of PHCs versus NHCs with
benzaldehyde.
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blets (*Jpy; =13, 20 Hz) due to coupling with two magnetical-
ly distinct phosphorus centers. This type of reactivity was
observed with phosphinosilyl carbenes,?”! although as the
minor pathway;?¥ the major product is the epoxides that
result from a [241] cycloaddition process.”®! In relation to
NHCs, this difference in reactivity can be attributed to the
propensity of the oxophilic phosphorus center to be oxidised
to PY, whereas in the case of NHCs, this possibility is clearly
suppressed, allowing isomerization to the enolate and addi-
tion of a second equivalent of benzaldehyde.

To compare the ligand behavior of PHCs D1 and D2 with
analogous NHCs, the rhodium carbonyl complexes 22 and
23 were prepared by addition of half an equivalent of
[{RhCI(CO),},] to freshly prepared solutions of PHCs D1
and D2, respectively, in THF (22: 69% yield, m.p.: 175-
178°C; 23: 61 % yield, m.p.: 123-126°C) (Scheme 10). The

R R
=\ 1, {Rh(CO),Cl},] =N

\
Ar—P _P—Ar —————————— Ar—P__P—Ar
\C/ \C/

I
D1, D2 22,23 Rh(CO)CI

D1, 22: R = Me; D2, 23: R = MeyN

Scheme 10. Synthesis of [RhCI(CO),(PHC)] complexes 22 and 23.

BCNMR chemical shifts for the carbene and CO carbon
nuclei of 22 and 23 are comparable (C.,: 1759 (22),
182.1 ppm (23); CO: 183.9 and 185.9 (22), 183.7 and
185.5 ppm (23)), but here too the *'P NMR spectra of the
two complexes are quite different: 101 and 93 ppm (Jpp=
187 Hz) for 22 and 28.6 and 91.0 ppm (Jpp =246 Hz) for 23.
A single-crystal X-ray diffraction study of 23 (Figure 5) re-

Figure 5. ORTEP view of the rhodium complex 23 (50% thermal ellip-
soids shown). Hydrogen atoms are omitted for clarity. Selected bond
lengths (A) and angles (°): Rh1—C41 1.822(4), Rh1-C42 1.878(4), Rh1—
C1 2.111(3), P1-N1 1.629(3), P1-C1 1.668(4), P2—C1 1.756(3), P2—C2
1.827(4), O1-C41 1.148(5), 02—C42 1.144(5), N1-C2 1.337(5), N2-C2
1.344(5); C41-Rh1-C42 86.73(16), C41-Rh1—C1 95.87(15), C42—Rhl—
C1 177.11(15), C42—-Rh1—Clla 83.85(13), C1-Rh1—Clla 93.58(11), N1—
P1-C1 112.53(16), N1-P1—C3 116.07(16), C1-P1—C3 126.06(17), C1-P2—
C2 100.65(17), C1-P2—C9 125.30(16), C2—P2—C9 113.35(16), C2—-N1-P1
110.5(2), C2-N2—C16 120.3(3), C2-N2—C15 124.8(3), C16—N2—C15
114.2(3), P1-C1-P2 101.61(18).
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vealed a square-planar rhodium complex with a ligand struc-
ture reminiscent of resonance structure 5b’; the N2 and P1
atoms are both nearly planar (sum of angles=2359.3° and
354.7°, respectively), and P2 remains pyramidal (339.4°).
The carbonyl stretching frequencies of cis-[RhCI(CO),(L)]
complexes are generally recognized as an excellent measure
of the o-donor and m-acceptor properties of the ligand L.’
The observed values for both complexes 22 and 23 (2059,
1985 and 2062, 1981 cm™, respectively) are dramatically
lower than those observed for the analogous complex 24,
which features the Enders NHC E as ligand (2089 and
2009 cm™!) (Table 1). In fact, the observed values for 22 and
23 are as low as those reported for complexes that contain
the most-basic NHC and even acyclic bis(amino)carbene li-
gands.

Conclusions

PHCs and their conjugate acids (PHCH™s) can be prepared
and isolated only when the phosphorus atoms bear very
bulky substituents, such as the 2.4,6-tris(zert-butyl)phenyl
group; even fert-butyl groups do not allow for the prepara-
tion of the conjugate acids. The two synthetic routes de-
scribed herein are applicable to various nitriles, which
allows for some variation of the ring backbone. Of particu-
lar interest is dimethyl cyanamide, which can also be incor-
porated into the backbone, and the corresponding PHC has
a zwitterionic structure that involves a tricoordinate penta-
valent phosphorus atom. Both PHCs D1 and D2 are indefi-
nitely stable in the solid state. In solution, D2, which comes
from dimethyl cyanamide, is also stable in the absence of
moisture, but D1 made from acetonitrile undergoes a facile
[3+2] cycloreversion. The reactivity of PHCs is strongly
driven by the high electrophilicity of the phosphorus centers,
as shown by their reactivity with water and benzaldehyde.
PHCs D1 and D2 are direct analogues of the Enders car-
bene E, which is one of the less strongly basic NHCs. How-
ever, based on the carbonyl stretching frequencies of cis-
[RhCI(CO),(L)] complexes, the basicity of PHCs D1 and
D2 appears comparable to those of the more-basic NHCs.
Therefore, it is quite likely that saturated or even unsaturat-
ed PHCs without a nitrogen atom in the backbone would
push upward the electronic parameter scale that characteriz-
es NHC-type ligands.”"! Moreover, we would expect such
PHCs to be much less fragile than D1 and D2 because of
the absence of the relatively weak phosphorus—nitrogen
bond. The synthesis of such carbenes is under active investi-
gation.

Experimental Section

General

All manipulations were performed under an inert atmosphere of dry
argon by using standard Schlenk techniques. Dry, oxygen-free solvents
were employed. 'H, "F, PC, and *P NMR spectra were recorded on
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Bruker Avance 300 or Varian Inova 400 spectrometers. '"H and "C NMR
chemical shifts are reported relative to SiMe,. *'P and ’F NMR chemical
shifts are reported relative to 85% H,PO, and CFCl;, respectively. FTIR
spectra were recorded on a Bruker Equinox 55 spectrometer from KBr
pellets.

Syntheses

3a: Compound 1 (0.80 g; 1.3 mmol) was dissolved in a mixture of di-
chloromethane (10 mL) and acetonitrile (2 mL, 38 mmol). One equiva-
lent of GaCl; (0.235 g) in dichloromethane (2 mL) was added, with vigo-
rous stirring, at —78°C. The reaction mixture was then warmed to room
temperature. The solvents were removed under vacuum, and the crude
product was crystallized from CH,Cl,/Et,O at —30°C to give 3a as white
needles. Yield: 67%. M.p.: 173-175°C; 'HNMR (300 MHz, CDCl,,
298 K): 0=1.39 (s, 18H, CCH3), 1.45 (s, 36 H, CCHj;), 2.63 (dd, Jpy=2,
20 Hz, 3H, NCCH,), 7.73 (d, “Jpy=4 Hz, 2H, Ar), 7.75 (d, “Jpy=3 Hz,
2H, Ar), 8.60ppm (dd, 2py=7, 16 Hz, 1H, PCHP); “C{'H} NMR
(75 MHz, CDCl;, 298 K): 6=22.2 (dd, Jpc=25, 30 Hz, NCCHj,), 30.8 (s,
CH,,.), 30.9 (s, CHy,,,), 33.0 (s, CHs,,,), 33.4 (s, CHs,0), 38.5 (d, Jpc=
3Hz, CCH;), 38.6 (d, Jpc=8Hz, CCH;), 119.3 (dd, Jpc=44, 51 Hz,
PCHP), 1244 (d, Joc=16 Hz, Ar), 124.8 (d, Joc=14 Hz, Ar), 159.8 (d,
Jec=3 Hz, Ar), 160.3 (d, Jpc=4 Hz, Ar), 160.6 (dd, Jpc=3, 13 Hz, Ar),
160.6 (d, Jpc=10Hz, Ar), 1722 ppm (dd, Jpc=7, 29 Hz, NCCH,);
S'P{'H} NMR (81 MHz, CDCl,, 298 K): 6 =85 (3/pp=266 Hz), 104 ppm.
3b: A solid mixture of 1 (1.06 g, 1.7 mmol) and silver trifluoromethane
sulfonate (0.453 g, 1.7 mmol) was cooled to —78°C. Acetonitrile (4 mL,
76 mmol) and dichloromethane (10 mL) were then added with vigorous
stirring, and the reaction mixture was warmed to room temperature.
After 30 min, the mixture was filtered and the solvent removed under
vacuum. The crude product was crystallized from CH,Cl,/Et,O at —30°C
to give 3b as white needles. Yield: 80%. M.p.: 157-159°C. The NMR
data are identical to those of 3a.

4a: Method A: Prepared in an identical manner to 3a. The crude materi-
al was purified by crystallization from Et,0O cooled to —30°C. Yield:
76 % . Method B: One equivalent of DBU was added to a solution of 11
(see below) (3.8 mmol) in CH,Cl, (5 mL) cooled to —80°C. Upon warm-
ing to room temperature, the reaction was complete as ascertained by
S'PNMR  spectroscopy. M.p.: 186-188°C; 'HNMR (300 MHz, CDCl,,
298 K): 0=1.41 (s, 18H, CCH;), 1.42 (s, 9H, CCHy;), 1.43 (s, 9H, CCH,),
1.50 (d, *Jpu=1Hz, 18H, CCH,), 7.30 (m, “/p;=5 Hz, SH, Ar), 7.64 (d,
“Jon=5Hz, 2H, Ar), 7.80 (d, *Jpy=4 Hz, 2H, Ar), 8.70 ppm (dd, YJpy=
6, 18 Hz, 1H, PCHP); “C{'H} NMR (75 MHz, CDCl;, 298 K): 0 =31.6 (s,
CHipara)s 33.6 (8, CHsopno)s 342 (S, CHiguno), 36.7 (d, Jpc=2 Hz, CCH,),
39.4 (d, Jpc=8 Hz, CCHj), 39.5 (d, Jpc=9 Hz, CCHj;), 119.5 (dd, Jpc=57,
62 Hz, PCHP), 125.1 (d, Jpc=20Hz, Ar), 1262 (d, Jpc=18 Hz, Ar),
127.8 (d, Jpc=11 Hz, Ar), 130.0 (d, Jpc=2 Hz, Ar), 132.8 (d, Jpc=6 Hz,
Ar), 1345 (pt, Jpc=30Hz, Ar), 160 (m, Ar), 170.0 ppm (dd, Jpc=2,
44 Hz, NCPh); *'P{'H} NMR (121 MHz, CDCl,, 298 K): 6=80 (d, Jpp=
240 Hz), 106 ppm (d, %/pp =240 Hz).

4b: Prepared in an identical manner to 3b. The crude product was crys-
tallized from Et,0 at —30°C to give 4b. Yield: 85%. M.p.: 182°C
(decomp.). The NMR data are identical to those of 4a.

5b: A flask containing a solid mixture of 1 (500 mg, 0.832 mmol) and
silver trifluoromethane sulfonate (0.214 g, 0.832 mmol) was cooled to
—78°C. Dichloromethane (20mL) and dimethylcyanamide (680 uL,
8.32 mmol) were added, and the solution was warmed to room tempera-
ture with stirring. After being stirred overnight, the yellow solution was
filtered through a bed of celite to remove the AgCl precipitated, and the
filtrate was dried in vacuo. The flask was then placed in an oil bath at
70°C overnight to remove excess dimethylcyanamide under vacuum. The
remaining yellow powder was washed with hexanes (40 mL) and dried in
vacuo. The material was crystallized from Et,0 (10 mL) at —30°C to give
5b as yellow needles. Yield: 50%. M.p.: 118-122°C; '"H NMR (400 MHz,
CDCl;, 298 K): 0=1.31 (s, 9H, CCH,), 1.35 (s, 9H, CCHs;), 1.47 (s, 18H,
CCH,), 1.53 (s, 18H, CCH,), 2.40 (brs, 3H, N(CHa),), 3.22 (brs, 3H, N-
(CHy),), 7.56 (d, *Jp=4 Hz, 2H), 7.57 (d, Y/py=30 Hz, 1H, PC(H)P),
7.69 ppm (d, 2H, “Jpy=6 Hz, Ar-H); “C{'H} NMR (100 MHz, CDCl,,
298 K): d=31.0 (s, CCHj;), 31.1 (s, CCHj;), 33.5 (s, CCH3), 33.7 (s, CCH,),
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33.8 (s, CCH3), 35.7 (s, N(CH3)), 36.2 (s, N(CH,)), 39.0 (d, Jpc=3 Hz,
CCHj;), 39.3 (d, Jpc=4Hz, CCH,), 1154 (dd, Jpc=7,65Hz, PC(H)P),
121.0 (q, Jgc=320 Hz, CF;), 124.3 (Ar), 124.4 (Ar), 157.4 (d, Jpc=3 Hz,
Ar), 159.8 (brm, Ar), 160.7 (d, Jpc=4 Hz, Ar), 160.9 (d, Jpc=4 Hz, Ar),
178.9 (dd, Jpc=10, 24 Hz, NCN); FNMR (376 MHz, CDCl,, 298 K):
78.3 ppm (CF;SO;); *'P NMR (162 MHz, CDCl;, 298 K): 6=12.2 (dd,
%Jpp=84 Hz, *Jp;;=30 Hz), 113.2 ppm (d, */pp=284 Hz).

11: A solution of (Mes*PCl),CH, 9 (1.27 g, 2 mmol) in CH,Cl, (2mL)
and an excess of benzonitrile (2.06 g, 0.02 mol) was cooled to —80°C,
whereupon GaCl; (0.352 g, 2 mmol, 1 equiv) was added. Upon warming
to room temperature, the volatile solvents were removed in vacuo. Due
to the highly unstable nature of this compound, the crude material was
directly used in the next synthetic step, and complete spectroscopic char-
acterization was not possible. *'P{'H} NMR (121 MHz, CDCl,, 298 K):
two diastereomers: 0=71.1, 106.1 ppm (}/pp=44 Hz); 75.0, 109.5 ppm
(3Jpp=9 Hz).

14: A solution of 12 (992 mg, 3.8 mmol) in CH,Cl, (5 mL) and an excess
of benzonitrile (7.83 g, 76 mmol) was cooled to —80°C, whereupon GaCl,
(0.352 g, 2 mmol, 1 equiv) was added. Upon warming to room tempera-
ture, the mixture was stirred for six hours to yield a yellow solution. The
volatile solvents were removed, and diethyl ether (40 mL) was added.
Upon cooling to —30°C, a colorless powder precipitated. The powder
was filtered, exhaustively washed with diethyl ether, and dried under
vacuum to give 14. Yield: 60%. '"H NMR (200 MHz, CDCl,, 298 K): 6 =
1.27 (d, *Jpy=15Hz, 9H, PCCH,), 1.53 (d, *Jp;=22 Hz, 9H, PCCH,),
299 (m, 1H, PCH,P), 3.52 (m, 1H, PCH,P), 7.63 ppm (m, 5H, Ph);
S'P{'H} NMR (81 MHz, CDCl;, 298 K): 0 =103.2 (s), 105.9 ppm (s).

15: A solution of 14 (378 mg, 0.7 mmol) in CH,Cl, (5mL) was cooled
with stirring to —80°C, and DBU (1 equiv) was added. Upon warming to
room temperature, the solution turned deep red in color. The volatile sol-
vents were removed in vacuo, and the solids were extracted with pentane.
Removal of pentane gave 15 as a red powder. Yield: 66%. 'H NMR
(200 MHz, CDCls, 298 K): 6=0.94 (d, *Jp=13 Hz, 9H, PCCHj;), 1.43 (d,
*Jpu=20Hz, 9H, PCCH;), 2.26 (dd, *Jpy=25, 38 Hz, 1H, PCHP),
7.58 ppm (m, SH, Ph); *'P{'H} NMR (81 MHz, CDCl,;, 298 K): 6 =68.6
(d, 2Jpp=9 Hz), 112.7 ppm (d, *Jpp=9 Hz).

16: A stirred solution of 15 (730 mg, 2.5 mmol) in CH,Cl, (5 mL) was
cooled to —80°C, and GaCl; (440 mg, 1 equiv) was added. The reaction
mixture was warmed to room temperature to give an orange-yellow solu-
tion. The solution was cooled to —10°C to yield yellow crystals. Due to
the highly unstable nature of this compound, complete characterization
was not possible. *'P{'H} NMR (81 MHz, CDCl,, 298 K): 6=81.1 (d,
2Jpp=19 Hz), 153.8 ppm (d, Jpp =19 Hz).

D1: A solution of 3b (1g, 1.4 mmol) in THF (5mL) was cooled to
—78°C, and a solution of lithium bis(trimethylsilyl)amide (0.335 g,
1.4 mmol) in THF (3 mL) was added dropwise. After warming to room
temperature, the reaction was complete. The solvent was removed under
vacuum, and the solid was extracted with pentane. The resulting solution
was concentrated and cooled to —30°C to afford a yellow powder, which
was dried under vacuum. Single crystals of D1 suitable for X-ray analysis
were obtained from a concentrated solution in THF/toluene cooled to
—30°C. Yield: 72%. M.p.: 123-127°C; 'HNMR (400 MHz, [D4|THF;
263 K): 6=1.35 (s, 18H, CCH;), 1.40 (s, 18H, CCHj;), 1.41 (s, 18H,
CCH,), 2.26 (dd, Jpy=3, 13 Hz, 3H, NCCH,), 7.61 (d, “Jpy=4Hz, 2H,
Ar), 7.63ppm (d, “/py=4Hz, 2H, Ar); “C{'H}NMR (100 MHz,
[Dg]THEF, 263 K): 6=19.8 (dd, Jpc=30, 34 Hz, N=CCHj;), 30.6 (s, CH;),
32.0(s, CH3), 32.5(s, CHs), 35.3 (s, CCHj;), 38.3 (s, CCHj;), 121.1 (d, Jpc=
34 Hz, Ar), 121.3 (d, Joc=34 Hz, Ar), 122.3 (d, Jpc=12 Hz, Ar), 1225
(d, Joc=11Hz, Ar), 153.8 (d, Jpc=4 Hz, Ar), 153.9 (d, Jpc=3 Hz, Ar),
157.8 (m, Ar), 179.1 (dd, Jpc=16, 31 Hz, C=N), 184.4 ppm (pt, Jpc=
147 Hz, PCP); *'P{'H} NMR (162 MHz, [D4]THF, 263 K): 6=85, 73 ppm
(3Jpp=135 Hz).

D2: Salt 5b (324 mg, 0.408 mmol) and lithium bis(trimethylsilyl)amide
(68 mg, 0.408 mmol) were combined in a flask and cooled to —78°C,
whereupon THF (5 mL) was added. The mixture was warmed to room
temperature with stirring. After 30 min the solvent was removed in va-
cuo. The solids were extracted with hexanes (2x30 mL), and the hexane
fractions were dried in vacuo to give D2 as a light-yellow powder. Yield:
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66 %. Multiple crystals grown from a variety of solvents (THF, hexanes,
benzene) suffered from twinning or severe disorder issues when analyzed
by X-ray crystallography. '"H NMR (300 MHz, C¢Dg, 298 K): 0=1.30 (s,
18H, p-CCH,), 1.73 (s, 18 H, 0-CCHs), 1.77 (s, 18 H, 0-CCHs;), 2.49 (brs,
6H, N(CHs),), 7.65 (d, ¥pu=3 Hz, 2H, Ar-H), 7.74 ppm (d, *Jp;;=5 Hz,
2H, Ar-H); "C{'"H} NMR (100 MHz, C,Ds, 298 K): 6=31.6 (s, CCHs),
31.7 (s, CCHj;), 33.9 (s, CCH3), 39.4 (s, CCH3;), 39.7 (s, CCH3;), 40.4 (s, N-
(CHy)), 1229 (d, Jpc=11Hz, Ar), 123.1 (d, Jpc=12Hz, Ar), 153.6 (s,
Ar), 154.3 (s, Ar), 158.6 (brm, Ar), 159.2 (brm, Ar), 186.6 (dd, Jpc=52,
72 Hz, NCN), 187.3 ppm (dd, Jpc=127, 153 Hz, PCP); *'P{'H} NMR
(121 MHz, C¢Ds, 298 K): 6=13.7 (d, *Jpp=232 Hz), 64.9 ppm (d, *Jpp=
232 Hz).

17: THF (10 mL) was added to a solid mixture of 3a (500 mg, 0.6 mmol)
and KH//BuOK (80 mg, 1.6 mmol) (9:1). The reaction was monitored by
3P NMR spectroscopy until completion, whereupon the solution was fil-
tered and the volatile solvents removed in vacuo. The solid was crystal-
lized from a cold solution in toluene to give 400 mg of 17. Yield: 83 %.
M.p.: 253-255°C; 'HNMR (300 MHz, C¢Dy, 298 K): 6=1.18 (s, 9H,
CCHs;), 1.24 (s, 9H, CCH;), 1.50 (s, 18H, CCHs;), 1.54 (s, 18H, CCHs),
233 (dd, Jpy=2, 18 Hz, 3H, NCCH;), 7.70 (d, *Jpy=6 Hz, 2H, Ar),
7.72 ppm (d, “Jpy; =6 Hz, 2H, Ar); “C{'"H} NMR (75 MHz, C¢Ds, 298 K):
0=23.8 (dd, Jpc=24, 29 Hz, NCCHj;), 29.1 (s, CHs,,,), 31.6 (s, CH;,,,).
39.4 (d, Jpc=4Hz, CCH;), 39.6 (d, Jpc=4 Hz, CCHs;), 124.5 (d, Jpc=
16 Hz, Ar), 125.2 (d, Jpc=16 Hz, Ar), 157.9 (d, Jpc <1 Hz, Ar), 159.0 (d,
Jec<1Hz, Ar), 160.0 (dd, Jpc=5, 10 Hz, Ar), 160.5 (dd, Jpc<1, 9 Hz,
Ar), 174 ppm (d, Jpc=25 Hz, NCCH,) (the carbon atom attached to gal-
lium was not observed, possibly owing the adjacent quadrupolar gallium
nucleus); *P{'H} NMR (121 MHz, C4Dy, 298 K): 6 =94 (d, >/pp=225 Hz),
114 ppm (d, %/pp =225 Hz).

18: THF (10 mL) was added to a rapidly stirring solid mixture of EtOK
(89 mg, 1.1 mmol) and 4a (1.02 g, 1.1 mmol) cooled to —80°C. After 1 h
the mixture was warmed to room temperature, and the solution became
dark purple. The solvent was removed in vacuo, and the solids were ex-
tracted with pentane (3x10 mL). Removal of pentane in vacuo gave 18
as an aquamarine powder. Yield: 600 mg, 70%. 'HNMR (300 MHz,
C¢Dg, 298 K): 6=1.03 (s, 18H, CCHs), 1.17 (t, Juz=7 Hz, OCCHj), 1.29
(s, 9H, CCH;), 1.31 (s, 9H, CCH;), 1.80 (brs, 18H, CCHj;), 2.40 (dd,
Jen=15, 35Hz, 1H, PCHP), 3.73 (dq, Jpy=57 Hz, Jyyuy=7Hz, 2H,
OCH,), 7.0-8.0 ppm (m, 9H, Ar); “C{'H} NMR (75 MHz, C,D, 298 K):
0=15.6 (s, OCCH,), 27.7 (dd, Jp=7, 111 Hz, PCHP), 31.0 (s, CH;), 31.1
(s, CH3;), 33.0 (m, CHj3), 34.5 (m, CCH,), 39.0 (d, Jpc=7 Hz, CCH3;), 59.0
(d, Jpc=8 Hz, OCH,), 119.3 (s, Ar), 122.0 (d, Jpc=15 Hz, Ar), 123.0 (s,
Ar), 127.8 (d, Jpc=2Hz, Ar), 129.3 (d, Jpc=5Hz, Ar), 1299 (s, Ar),
131.9 (s, Ar), 137.9 (dd, Jpc=19, 30 Hz, Ar), 149.2 (d, Jpc=5Hz, Ar),
152.0 (d, Jpc=3 Hz, Ar), 157.0 (d, Jpc=9 Hz, Ar), 160.4 (s, Ar), 160.8 (s,
Ar), 1934 ppm (dd, Jpc=67, 144 Hz, N=C); *'P{'H} NMR (121 MHz,
C¢Dy, 298 K): 6=44 (d, ’Jpp=57 Hz), 70 ppm (d, */pp=57 Hz).
Hydrolysis of D2: H,O (1 mL) was added to a freshly prepared solution
of D2 (3.82 mmol) in THF (10 mL) cooled to 0°C. After the mixture was
stirred overnight, the volatile solvents were removed under vacuum. Di-
chloromethane (30 mL) was added, and the solution was dried with
MgSO, and filtered. Removal of solvent in vacuo gave a yellow solid.
Washing the solid with acetonitrile (2x5 mL) gave 20 as a white powder.
Yield: 88%. Single crystals suitable for X-ray diffraction were obtained
from a cooled solution in hexane. M.p.: 174-178°C; '"H NMR (300 MHz,
CHCl,, 298 K, major isomer): 6=0.67 (s, 9H, CCHj,), 1.20 (s, 9H, CCHs,),
1.29 (s, 9H, CCHs;), 1.56 (s, 18 H, CCHs;), 1.61 (s, 9H, CCH,), 1.84 (s, 3H,
NCH,), 2.99 (s, 3H, NCHj;), 3.04-3.22 (m, 2H, CH,), 7.16-7.33 ppm (m,
4H, Ar); *P{'H} NMR (121 MHz, CHCl,;, 298 K): major isomer: 0=
—8.1, 56.8 ppm; minor isomer: 6 = —20.3, 49.7 ppm (d, >Jpp=11 Hz).
Reaction of D1 with benzaldehyde: An excess of benzaldehyde (143 uL,
14 mmol) was added to a rapidly stirring solution of D1 (0.850 g,
1.4 mmol) in THF (10 mL) cooled to —78°C. Upon warming to room
temperature, the solvent was evaporated invacuo. The residue was
washed with pentane (5 mL) and then extracted with toluene (3x5 mL).
Upon removal of toluene, 21 was obtained as a yellow powder. Yield:
37%. M.p.: 156-158°C; 'HNMR (300 MHz, C¢Ds, 298 K): 0=1.13 (s,
9H, CCHs), 1.14 (s, 9H, CCHs;), 1.29 (s, 9H, CCHs;), 1.58 (s, 9H, CCHs),
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1.58 (s, 18 H, CCHs), 2.18 (d, *Jpy=7 Hz, 3H, NCCHj;), 6.72 (m, 3H, Ar),
7.00 (m, 2H, Ar), 7.30 (d, /py=4 Hz, 2H, Ar), 7.51 (d, *Jp;;=5 Hz, 2H,
Ar), 8.50 (dd, Jpy=13, 20 Hz, 1H, PC=CH); "“C{'H} NMR (75 MHz,
CsDg, 298 K): 0=26.7 (dd, Jpc=23, 27 Hz, N=CCHj;), 30.8 (s, CCH;),
30.9 (s, CCH3;), 33.1 (s, CCH,), 33.8 (s, CCH;), 34.2 (s, CCH;), 34.5 (s,
CCHs;), 39.3 (d, Jpc=8 Hz, CCH,;), 1185 (d, Jpc=8 Hz, Ar), 119.1 (d,
Joc=T7Hz, Ar), 122.3 (d, Jpc=13 Hz, Ar), 122.8 (d, Jp=8 Hz, Ar), 128.1
(dd, Jpc=10 Hz, Jpc=25 Hz, HC=CP), 130.0 (Ar), 134.4 (dd, Jpc=4 Hz,
Jpc=17 Hz, Ar), 141.1 (dd, Jpc=48 Hz, Jp=84 Hz, PCP), 146.6 (m, Ar),
151.3 (d, Jpc=4 Hz, Ar), 1523 (d, Joc=3 Hz, Ar), 157.5 (d, Jpc=8 Hz,
Ar), 160.2 (dd, Jpc=3 Hz, Jpc=38 Hz, Ar), 160.2 (d, Jpc=9 Hz, Ar),
193.5 ppm (d, Jpc=41 Hz, N=C); *'P{'"H} NMR (121 MHz, C,D,, 298 K):
0=0 (d, *Jpp=77 Hz), 48 ppm (d, 2Jpp=77 Hz); MS (EI) (70 eV): m/z =
711 [M*], 670 [M—-NCCH;]*, 613 [M—NCCH;—Bu]*, 557
[M—NCCH;—2/Bu]*, 425 [M—NCCH;—Ar]*, 57 [Bu]*.

22 and 23: A solution of D1 or D2 (0.8 mmol) in THF was added to a so-
lution of the corresponding [{(CO),RhCl},] complex (0.5 equiv) in THF
at —78°C. After the mixture was warmed to room temperature and stir-
red overnight, the solvent was removed, and the remaining solids were
extracted with hexanes (2x40 mL). The solvent was removed from the
extracts in vacuo to give a light-brown powder. Crystallization from pen-
tane/toluene at —30°C afforded 22 as yellow crystals, whereas crystalliza-
tion from cooled toluene gave 23 as yellow crystals. 22: Yield: 69 %.
M.p.: 175-178°C; IR (KBr):9ico=1985, 2059 cm™'; 'H NMR (300 MHz,
CsDs, 298 K): 6=1.23 (s, 9H, CCH;), 1.26 (s, 9H, CCHy;), 1.60 (s, 18H,
CCHs;), 1.62 (s, 18H, CCHs;), 2.33 (dd, Jpy=4, 17 Hz, 3H, NCCH,), 7.71
(d, *Jpy=5Hz, 2H, Ar), 7.74 ppm (d, “Jp;;=6 Hz, 2H, Ar); *C{'H} NMR
(75 MHz, C¢Dg, 298 K): 6=22.2 (dd, Jpc=25, 330 Hz, N=CCH;), 31.5 (s,
CHs;), 31.8 (s, CH;), 34.6(s, CH;), 34.8 (s, CH3), 36.2 (s, CCHjs), 36.0 (s,
CCHs;), 40.0 (d, Jpc=4 Hz, CCH3;), 40.6 (d, Jpc=4 Hz, CCH;), 116.3 (dd,
Jec=11, 39 Hz, C,p), 118.6 (dd, Jpc=4, 58 Hz, C,on), 124.6 (d, Jpc=
14 Hz, C,.om), 125.7 (dd, Jpc=1, 14 Hz, C,.y), 156.2 (d, Jpc=4 Hz, C,.on),
157.1 (d, Jpc=3Hz, C,on), 159.0 (dd, Jpc=5, 9Hz, C,0pn), 159.9 (dd,
Jpc=3, 9Hz, Cpom), 175.9 (ddd, Jpc=2, 8 Hz, 'Jg, =24 Hz, CRh), 183.9
(ddd, Jgyc=75Hz, Jpc=3, 6 Hz, RhCO), 1859 ppm (dt, Jg, =86 Hz,
Jpc=3Hz, RhCO); *P{'H}NMR (121 MHz, CD,, 298K): 6=93,
101 ppm (YJpp=187Hz). 23: Yield: 61%. M.p.: 123-126°C; IR
(KBr):7co=1981, 2062 cm™"; '"H NMR (400 MHz, C(Ds, 298 K): 6=1.22
(s, 9H, p-CCH;), 1.25 (s, 9H, p-CCH;), 1.73 (s, 18H, 0-CCHj;), 1.74 (s,
18H, 0-CCHj;), 2.43 (brs, 6H, N(CH,),, 7.64 (d, “/py=4Hz, 2H, Ar),
7.72ppm (d, “Jpy=5Hz, 2H, Ar); “C{'H}NMR (100 MHz, C,D,,
298 K): 0=31.1 (CCHj;), 34.0 (CCHj;), 34.9 (CCHj;), 39.5 (d, Jpc=3 Hz,
NCH,), 39.7 (CCHj;), 40.4 (d, Jpc=3 Hz, NCHj;), 123.6 (d, Jpc=14 Hz,
Carom)s 1251 (d, Jpc=12 Hz, C,), 154.0 (d, Jpc=3 Hz, C,,y), 156.0 (d,
Jpc=3Hz, Cpom), 1584 (m, C,op), 182.1 (ddd, Yp, =38 Hz, Jpc=3,
12 Hz , PCP), 183.7 (dd, Jx,c=72 Hz, *Jpc=4Hz , RhCO), 185.5 (dd,
Ygnc=58 Hz, *Jpc=6 Hz, RhCO) (N—C=N carbon signal not detected
possibly owing to adjacent quadrupolar nitrogen atoms and multiple P—C
couplings); *'P{'H} NMR (162 MHz, C¢Dg, 298 K): 0=28.6 (dd, %Jpp=
246 Hz, *Jg,p=>5 Hz), 91.0 (d, >Jpp=246 Hz).

Crystal-Structure Determination

A Bruker X8-APEX X-ray diffraction instrument with Mo radiation was
used for data collection for 5b, 20, and 23. Data frames were collected at
low temperature (100 K) by using the w-, ¢-scan modes (0.3° w-scan
width, hemisphere of reflections). A Bruker SMART-1000 X-ray diffrac-
tion instrument with Mo radiation was used for data collection for 16 and
17 at 133 and 193 K, respectively. All data frames were collected with the
w-scan mode (—0.3° w-scan width, hemisphere of reflections). Intensity
data were corrected for Lorentzian polarization, and absorption correc-
tions were performed with the SADABS program. Data integration was
performed with the Bruker SAINTPLUS software package ver-
sion 7.21 A for 5b, 20, and 23 and version 5.02 for 16 and 17. The SIR92
program was used for direct methods of phase determination for solu-
tions of 5b, 20, and 23, and the Bruker SHELXTL software package was
used for 16 and 17. Bruker SHELXTL software package version 6.14 for
5b, 20, and 23 and version 6.10 for 16 and 17 were used for structure re-
finement and difference Fourier maps. Atomic coordinates and isotropic
and anisotropic displacement parameters of all non-hydrogen atoms were
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refined by means of a full-matrix least-squares procedure on F°. All H
atoms were included in the refinement in calculated positions riding on
the C atoms, with Uy, fixed at 20 % higher than the isotropic parameters
of the carbons atoms to which they were attached. Ortep diagrams were
produced with Ortep 3. CCDC-619517 (5b), -619518 (16), -619519 (17),
-619520 (20), and -619521 (23) contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_
request/cif.
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