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/Abstract: Reactions of the hydrido-butenylcarbyne complex
[OsHCI,(=CC(PPh;)=CHEt)(PPh;),IBF, (1) with nitriles RC=N
(R=2-cyclopropyl-2-oxopropyl, 3-amino-2-oxobutyl) lead to
six-membered cyclic vinylidene complexes 3 and azavinyl-
idene complexes 4, that is, iso-osmapyridiniums. Treatment
of 1 with excess 2-formylbenzonitrile at reflux temperature
in CHCl; in the presence of air produces a fused
osmapyridinium 8, which is first oxidized to the tricyclic iso-
osmapyridinium derivative 7, then to iso-osmapyridinium 9,
which contains a fused naphthalenone fragment. The con-

version of iso-osmapyridinium 9 (with a vinylidene segment)
to the iso-osmapyridinium compounds 10 and 11 (with aza-
vinylidene segments) was achieved in the presence of a hy-
drogen halide, such as HCl or HI. The molecular structures of
the complexes synthesized were confirmed by X-ray studies.
Moreover, the aromatic stabilization energy and nucleus-in-
dependent chemical-shift values of the osmapyridiniums
and the strain in the iso-osmapyridinium rings were investi-
gated by DFT calculations.

/

Introduction

In the form of the simplest unsaturated carbene, vinylidenes
have been extensively investigated by both experimentalists
and theoreticians.!" After the discovery of the first terminal vi-
nylidene-metal complex in 1972,” vinylidene complexes of
various metals have been shown to be key intermediates for
the catalytic conversions of alkynes® and active substrates in
a number of stoichiometric reactions.”” However, the linear ge-
ometry of vinylidene-metal structures makes incorporation of
the units into small-ring systems particularly difficult. The first
reported cyclic vinylidene-metal complexes (I, Scheme 1) were
prepared by Esteruelas and co-workers in 2004,5¥ and were
described as iso-metallabenzenes in the literature. Other exam-
ples of iso-metallabenzenes have been synthesized by formal
[343] cycloaddition reactions.*™ We have recently verified the
existence of the first five-membered metallacycles that contain
a metal-vinylidene moiety (lll) and the conversion of these
compounds to their analogous six-membered metallacycles
(1. So far, reported examples of cyclic vinylidene-metal com-
plexes are limited to these three types.

As depicted in Scheme 1, ketimide ligands are unsaturated
ligands that contain a C=N double bond, which can be classi-
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Scheme 1. Vinylidene-metal complexes and azavinylidene-metal complexes.

fied into two bonding modes depending on the number of
electrons donating to the metal center. In the literature,”’ the
most common bonding mode of ketimide ligands is the 2e~
type. In contrast, well-characterized complexes of ketimide li-
gands with the 4e~ bonding type (also described as azavinyl-
idene complexes) are much less prevalent, although the syn-
thesis of such species has been demonstrated by using differ-
ent transition metals.”® Additionally, azavinylidene complexes
have been involved as crucial intermediates in the ammoxida-
tion of propene®™ and the catalytic and stoichiometric reduc-
tion of nitriles."” Similar to the above-mentioned vinylidene
complexes, the linear structural feature also hindered the syn-
thesis of cyclic azavinylidene-metal complexes. To the best of
our knowledge, there is only one such metallacyclic example
that contains an azavinylidene fragment (i.e., Zr=N=C) inside
a seven-membered ring.®

In 2009, we demonstrated an unprecedented formal [4+2]
cycloaddition between the hydrido alkenylcarbyne complex
[OsHCI,(=CC(PPh;)=CHPh)(PPh,),IBF, and acetonitrile, which af-
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Scheme 2. Proposed osma-azacyclohexadiene intermediate.

forded the first known late-transition-metal-containing metalla-
pyridine complex." As shown in Scheme 2, an osma-azacyclo-
hexadiene complex was proposed as the key reaction inter-
mediate. These results encouraged us to synthesize other inter-
esting heteroatom-containing metallacycles by this novel
[44-2] synthetic strategy.

We now report the reactions of hydrido-butenylcarbyne
complex [OsHCI,(=CC(PPh;)M=CHEt)(PPh,),]BF, (1) with nitriles
to form rather unusual osmacycles that contain cumulative
double bonds. In the course of this research, metallacycles
closely related to IV and V (Scheme 1) have been isolated and
characterized, and the strain differences between the isomers
have been investigated by DFT calculations. In addition, as an
extension to this unique strategy, fused metallacycles with cu-
mulative double bonds have been achieved by using function-
alized nitrile starting materials.

Results and Discussion
Reactions of hydrido-butenylcarbyne complex 1 with nitriles

Treatment of hydrido-butenylcarbyne complex 1'% with 3-cy-
clopropyl-3-oxopropanenitrile (2 equiv) in CHCl; at reflux tem-
perature primarily yielded complex 2a, along with a small
amount of complex 3a (Scheme 3). When a solution of 1 in
CHCI; was heated at reflux temperature for 12 h 2a was the
dominant product. Compound 2a was isolated as a yellow
solid in 71 % yield and was characterized by multinuclear NMR
spectroscopy and HRMS.

The structure of the product was further determined by
single-crystal X-ray diffraction. The crystallographic details are

[Os] = OsCly(PPhg), + BFs + BFy
BF4 PPh PPh
H, PP, o < : ®
[Os]= — [Os] Et + [Os
\ CHClI5, reflux ]\ [ l\
HCI or without HCI |
H R
3a
\ HCl or
PPh3 without HCI
CHCl3, RT CHCl reflux
[Os]
R= )\q NN=
R
4a
+ BFs BF4
PPhg PPh;
=
[Os]\ [Os]
'T‘_
H
3a

Scheme 3. Reactions of 1 with nitriles.
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given in Table 1, and selected bond lengths and angles are
given in Table 2. The X-ray structure (Figure 1) clearly shows
that complex 2a contains an essentially planar six-membered

Figure 1. Molecular structure of 2a. The hydrogen atoms of PPh; are omit-
ted for clarity.

metallapyridinium unit. The structural features associated with
the metallacycle of 2a are similar to those of our previously re-
ported osmapyridinium."""® The mean deviation from the
least-squares plane through Os1, N1, and C1-C4 is 0.0584 A,
and the sum of the angles of the six-membered ring is 718.2°,
which is very close to the ideal value of 720°. The bond distan-
ces within the metallacycle all fall within the range typically
observed for other metalla-aromatic complexes."¥ The struc-
tural data and the planar nature of 2a indicate a delocalized
structure.

It is interesting that complex 3a was obtained as the major
product and was isolated as a yellow solid in 63% yield when
the reaction was performed in the presence of excess HCI.
Compound 3a was characterized by NMR spectroscopy and
HRMS. The 'HNMR spectra of 3a displayed only two ring
proton signals at 6 =3.8 and 12.4 ppm, which represented the
protons on C3 and N1 of the metallacycle, respectively. The
BC NMR spectra displayed the Os=C1 signal at 6 =271.3 ppm
and the signals for the remaining carbon atoms of the metalla-
cycle at 6=173.0 (C4), 122.3 (C2), and 41.3 ppm (C3).

The structure of complex 3a was also confirmed by X-ray
diffraction (Figure 2). Complex 3a contains an essentially
planar six-membered metallacycle, and the sum of the angles
in the six-membered ring is 718.8°. The mean deviation from
the least-squares plane through Os1, N1, and C1-C4 is
0.0433 A. The 0s1=C1 bond length (1.780(7) A) is at the low
end of the range for typical Os=C=CRR’ bonds (1.762-
1.946 R),"" which indicates the dominance of the resonance
form 3A (Scheme 3). The Os1—-N1 bond length (2.082(6) A) is
within the range of reported values for Os—N single bonds
(1.635-2.543 R)."¥ The other C-C and C-N bond lengths in the
ring are similar to typical double- or single-bond lengths. The
structural data indicate that 3a is the first iso-metallapyridini-
um with form IV (Scheme 1), which is closely related to the
iso-metallabenzenes. It is worth noting that the Os1-C1-C2
angle (150.5(6)°) deviates considerably from linearity and is
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Table 1. Crystal data and structure refinement for 2a, 3a, 4a, 4b, and 5.
2a-0.5CH,Cl, 3a-2CH,CICH.CI 4a-2CH,Cl, 4b-CH,CICH.CI 5-2.5CH,Cl,
formula CesHsoBCI,F,NOOsP, CesHsoBCI,F,NOOsP, CgsHsoBCI,F,NOOsP, Ce,Hs6BCI,F,N200OsP, Ce;Hs,BCI,F,NOOsP,
+0.5CH,Cl, 2CH,CICH,CI 2CH,Cl, CH,CICH,CI +2.5CH,Cl,
M, 1353.41 1508.86 1480.80 1384.86 1499.23
color yellow yellow yellow-green green yellow
T K] 173(2) 173(2) 173(2) 173(2) 173(2)
radiation (Moy,) [A] 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic monoclinic monoclinic
space group C2/c P21/c P-1 P21/n P21/c
alAl 46.106(9) 20.932(4) 11.461(2) 12.256(3) 13.7362(3)
bIA] 11.724(2) 11.285(2) 16.474(3) 20.869(4) 26.8114(8)
c[A] 24.024(5) 28.041(6) 17.603(4) 23.522(5) 17.7918(5)
al’] 90.00 90.00 92.47(3) 90.00 90.00
B 111.59(3) 99.18(3) 100.28(3) 93.64(3) 98.656(2)
y [] 90.00 90.00 101.12(3) 90.00 90.00
v A 12074(4) 6539(2) 3198.5(11) 6004(2) 6477.8(3)
z 8 4 2 4 4
Peaica [gem ] 1.489 1.533 1.538 1.532 1.537
wImm™] 2.380 2.324 2.374 2.438 2.386
F(000) 5448 3040 1488 2784 3008
crystal size [mm] 0.25%0.15%0.1 0.2x0.15%0.05 0.2x0.1x0.05 0.5%0.3x0.2 0.5%0.4x0.4
reflns collected 45262 45829 25175 41018 31770
independent reflns 10606 11481 11228 10367 11398
observed reflns (I > 20(1)) 7242 9003 8217 8593 8750
data/restraints/parameters 10606/0/731 11481/12/755 11228/12/743 10367/6/721 11398/9/766
GOF on F? 0.877 1.141 1.150 1.094 1.151
Ry/WR, [l > 20(I)] R,=0.0741, R,=0.0520, R,=0.0710, R,=0.0413, R,=0.0637,
WR,=0.1853 WR,=0.1295 WR,=0.1683 wR,=0.0863 WR,=0.1452
R,/WR, (all data) R,=0.1161, R,=0.0721, R,=0.1101, R,=0.0586, R,=0.0886,
WR,=0.2517 WR,=0.1571 WR,=0.2265 WR,=0.1040 WR,=0.1548

Largest peak/hole [e A~%] 2.248 and —3.436 1.984 and —1.912

2.235 and —3.055 0.817 and —1.082 2.001 and —1.288

Table 2. Selected bond lengths [A] and angles [°] for 2a, 3a, 4a, 4b, and
5
2a 3a 4a 4b 5

Os1-C1 1.962(10) 1.780(7) 2.095(11) 2.074(4) 1.978(7)
Os1-N1 1.918(11) 2.082(6) 1.806(10) 1.812(4) 2.053(6)
c1-C2 1.417(15) 1.365(10) 1.350(16) 1.349(6) 1.356(9)
Cc2-C3 1.447(16) 1.547(10) 1.533(15) 1.534(6) 1.546(9)
cG3-c4 1.460(15) 1.518(10) 1.550(15) 1.504(6) 1.491(9)
C4=N1 1.299(16) 1.272(9) 1.261(15) 1.267(6) 1.278(9)
C1-Os1-N1 85.3(4) 79.0(3) 79.2(5) 78.43(17) 84.2(2)
0Os1-C1-C2 128.6(8) 150.5(6) 128.8(9) 130.7(3) 133.1(5)
C1-C2-C3 125.8(10) 115.2(6) 127.2(10) 127.0(4) 123.5(6)
C2-C3-C4 118.1(10)  114.7(6) 109.0(9) 111.5(4) 112.9(6)
C3-C4-N1 121.0(11) 124.3(7) 116.7(10) 119.0(4) 123.5(6)
C4-N1-Os1 139.4(9) 135.1(5) 152.5(8) 152.9(3) 134.8(5)

even smaller than those of reported six-membered iso-metalla-
benzenes (155.1(8)°*" and 158.5(3)°* and iso-metallabenze-
nones (152.7(5)° and 151.1(2)°)." This is further support that
resonance form 3 A is an important contribution to the overall
structure of complex 3a.

To understand the mechanistic aspects of the formation of
2a and 3a, we initially performed the same experiment at RT
to capture the reaction intermediates. As shown in Scheme 3,
when a solution of 1 and excess 3-cyclopropyl-3-oxopropane-
nitrile in CHCl; was stirred at RT for 1 h, 1 was completely con-
sumed to afford 4a as the dominant product. Experimentally,
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Figure 2. Molecular structure of 3a. The hydrogen atoms of PPh; are omit-
ted for clarity.

4a can be converted to 2a or 3a, thus supporting 4a as the
key reaction intermediate. When a solution of 4a in CHCl; was
stirred at reflux temperature for 12 h, complex 2a was isolated
in 73% yield. When a solution of 4a in CHCl; was heated at
reflux temperature in the presence of added HCl the conver-
sion was complete within 3 h and 3a was the major product
(Scheme 3).

Complex 4a was isolated as a green solid in 70% vyield. It
was characterized by HRMS, multinuclear NMR spectroscopy,
and single-crystal X-ray diffraction analysis. A view of the com-
plex cation is shown in Figure 3. The X-ray indicates that 4a

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Molecular structure of 4a. The hydrogen atoms of PPh; are omit-
ted for clarity.

contains a metal-azavinylidene moiety (Os=N=C) inside a six-
membered osmacycle. The Os1=N1 bond length (1.806(10) A)
is within the typical range of bond lengths for azavinylidene-
osmium complexes (1.777-1.881 A)B*m ™16 and the N1=C4
bond length (1.261(15) A) is in the expected range for C=N
double-bond lengths. The Os1—C1 (2.095(11) &) and C1=C2
(1.350(16) A) bond lengths are similar to those found in other
osmium-vinyl metallacycles®'*'”"® and support the presence
of a vinyl moiety. In contrast to the metallacycles in 2a and
3a, that in complex 4a clearly deviates from planarity, which is
reflected by the sum of the angles in the six-membered ring
(713.4°). The mean deviation from the least-squares plane
through the chain of five atoms (C2, C1, Os1, N1, and C4) is
0.0321 A. The C3 atom is out of the plane of the other metalla-
cyclic atoms by 0.385 A.

Taking into account all of the above observations, we pres-
ent a plausible mechanism (Scheme 4). A 1,2-hydrogen-atom
shift from the osmium center to the carbyne carbon atom of
1 leads to the formation of alkenylcarbene intermediate A. The
transformation of the hydrido-alkenylcarbyne to an alkenylcar-
bene and the influence of the co-ligands on the transformation
have been thoroughly studied by Esteruelas et al."” Coordina-
tion of a nitrile molecule to A gives B, which can undergo

BF4 BFy

+ BF,
" PPhs H  PPhy H PPh,"
\ — p——
sZ N —— [Os])—% N=—"R, (0] \/v‘ (\
, B Et ,Q Et
_ A N
[Os] = OsCly(PPhs), B g
BF, l BF,
PPhs PPh PPhy
[03@51 ~HBFa [Os])§—Et<7-— [0s]
Ny=
4
2
+ BFy + 2BFy HBF“l 2BF,
PPh, H PPh; H Y PPh
= 2=
mQEt 4_(_[031/_}& ~— [OsI] Et
N HBF, N=
R R 1
H H H R
3 E D

Scheme 4. Proposed mechanism for the formation of 2-4.
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formal [4+2] cyclization to form the six-membered iso-metalla-
pyridinium 4. Subsequent dissociation of H* from the y-
carbon atom affords the aromatic osmapyridine C, which can
instantly combine with the HBF, byproduct to give osmapyridi-
nium 2. Protonation of the nitrogen atom of 4 and spontane-
ous proton loss from C1 with (or without) migration to the
metal atom in subsequent steps leads to the formation of iso-
osmapyridinium 3. The similar conversion of alkenyl complexes
to hydride-vinylidene complexes by o-elimination is a well-
known process.” Under these reaction conditions, it is likely
that excess HCl can promote the formation of 3. Consistent
with the proposed mechanism, the addition of excess HCI
could suppress the formation of 2 and thus facilitate the for-
mation of 3 (Scheme 3).

Reactions of hydrido-butenylcarbyne complex 1 with 2-cya-
noacetamide

We previously demonstrated that hydrido-butenylcarbyne
complex 1 can convert to a metallabenzene by three hydrogen
eliminations in the presence of air and excess 2-cyanoaceta-
mide at reflux temperature.'? Heating a mixture of 1 and
excess 2-cyanoacetamide in CHCl; at reflux temperature in the
presence of HCl produced a red-brown solution. The '"H NMR
spectrum recorded in situ indicates that the reaction generat-
ed a complex mixture of species. However, the reaction in the
presence of HI led to the formation of paramagnetic complex
5 (Scheme 5), which could be isolated from the reaction mix-
ture as a yellow solid in 55 % yield.

[Os] = OsCly(PPhs), R = CH,CONH,

BF,
BF I PPh
H + 3
N\ PRy N:JJ\NH2 05—
[0s]= 5 Et
N\ HI, CHCl5, RT =
9h, 55% |
Et H R

1

CHCl3, Hy0, RT
15 min, 98%

CHCl3, HI,RT
5 min, 98%

HCI or without HCI
H0, CHCI3, reflux

BF4
PPh3 CHCl, PPh3 PPh;

[Os]/} _reflux [Os]%}Et . [Os]/j?f
HCl o
without HCI |

Scheme 5. Reactions of 1 with 2-cyanoacetamide.

Complex 5 was characterized by single-crystal X-ray diffrac-
tion analysis, HRMS and elemental analysis. The crystallograph-
ic details are given in Table 1 and selected bond lengths and
angles are given in Table 2. The X-ray indicates that 5 also con-
tains a six-membered metallacycle (Figure 4). The metallacycle
of 5 differs from the metallacycle of 4a in that the Os—N bond
length in 5 (2.053(6) &) is considerably longer than in 4a
(1.806(10) A). Nevertheless, we were not able to detect the
signal of an analogue of 4a by in situ '"H NMR spectroscopy. It
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Figure 4. Molecular structure of 5. The hydrogen atoms of PPh; are omitted
for clarity.

appears that addition of HI facilitates the formation of para-
magnetic complex 5.

Interestingly, conversion of 5 to the six-membered azavinyli-
dene-osmium complex 4b was assisted by the oxidant H,O,
(Scheme 5). The structure of 4b was confirmed by X-ray dif-
fraction (Figure 5) Complexes 4b and 5 have similar overall

Figure 5. Molecular structure of 4b. The hydrogen atoms of PPh; are omit-
ted for clarity.

structural features, except for the bonding pattern between
the metal center and nitrogen atom. Experimentally, 4b is
easily reduced in the presence of HI to generate the reduction
product 5 (Scheme 5). We have also carried out the reactions
of 4b with HCl or without HCI at reflux temperature in CHCl,.
As shown in Scheme 5, the conversion of 4b to 2b and 3b
was observed. Complexes 2b and 3b can also be formed by
addition of H,0, to 5. Complexes 2b, 3b, and 4b were charac-
terized by NMR spectroscopy (in part), elemental analysis, and
HRMS. The attempt to obtain full NMR spectroscopic character-
ization of these complexes failed due to their poor solubility in
ordinary organic solvents. The similarity of their observable
NMR spectroscopic data suggests that complexes 2b, 3b, and
4b have structures similar to those of 2a, 3a, and 4a.
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Reactions of hydrido-butenylcarbyne complex 1 with 2-for-
mylbenzonitrile

After the successful preparation of osmapyridinium 2b and
iso-osmapyridinium 3b from the reaction of hydrido-butenyl-
carbyne complex 1 with 2-cyanoacetamide, we next examined
the reaction of 1 with 2-formylbenzonitrile. Treatment of
1 with excess 2-formylbenzonitrile in CHCl;, followed by addi-
tion of HI, produced paramagnetic complex 6 with isolated
yields of 30% (Scheme 6). Paramagnetic complex 6 is also reac-

[Os] = OsCly(PPhs),

BF, N_=© bpm ¢
+ 3
H PPh; 29 = CH;
[Os]= [Os] H
\ HI, CHCI, RT “N= OH
, E 15 h, 30% X H
N H "
\ =0 CHCI- refiux CHCls, air
2eq 3, rs ux , DMF, H, || DMF, O,, RT
7 h, 50% RT,48h || 10 h, 99%
- 99% BE-
N 4 + 4
PPh; CHCl;, air PPhs
CH;3 reflux 5 h, 95%
517 oH——————
N=— 1eq HNO3‘CHC|3
|

RT, 10 h, 50%

Scheme 6. Reactions of 1 with 2-formylbenzonitrile.

tive to oxidant treatment. Due to its poor solubility in
common organic solvents, we stirred a solution of 6 in DMF
under an O, atmosphere and found that 6 can be almost com-
pletely converted to 7 at RT within 10 h (Scheme 6). Complex
7 was identified as the expected product derived from the oxi-
dation reaction of 6. Additionally, the conversion of 7 to 6 pro-
ceeds smoothly by stirring a solution of 7 in DMF under an H,
atmosphere for 48 h.

The structures of 6 and 7 have been confirmed by X-ray dif-
fraction. The crystallographic details are given in Table 3 and
selected bond lengths and angles are given in Table 4. As
shown in Figures 6 and 7, both complexes contain a tricyclic
skeleton composed of three fused six-membered rings. The
two Os-N bond lengths in each of the complexes are clearly
different: the Os=N bond in 7 (1.808(8) A) is shorter than that
the Os—N bond in 6 (2.000(7) A). The X-ray study also confirms
the cis orientation of the methyl and hydroxyl groups in the
rings. The metallacycles in 6 and 7 are similar to those in para-
magnetic complex 5 and iso-osmapyridinium 4. It appears that
the ethyl substituents of the starting carbyne complex 1 react
with the formyl group of 2-formylbenzonitrile to form the final
fused six-membered ring of 6, although the exact mechanism
is still not clear to us. It is possible that the stability of the final
product is important to induce formation of the fused metalla-
cycle.

As expected, when 6 was stirred in DMF under a nitrogen
atmosphere no appreciable formation of 7 was observed. How-
ever, heating 6 at reflux temperature in CHCI; in the presence

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Crystal data and structure refinement for 6-11.
6-2CH,Cl, 7-:2CH,Cl, 8:2CH,Cl, 9-CeHg 10-3CH.Cl, 11-0.5CH,CICH,CI-4H,0

formula Ce;HssBCI,F,NO C¢,Hs,BCI,F,NO C¢,Hs,BCI,F,NO Ce,Hs3BCI,F,NO C,4oH35CIsNO C,4oH35CLINOOSP,
OsP;+2CH,Cl, OsP;-2CH,Cl, OsP;-2CH,Cl, OsP;+CgHg OsP,:3CH,Cl, 0.5CH,CICH,CI-4H,0

M, 1503.82 1502.81 1502.81 1407.03 1270.07 1228.28

color yellow yellow-green yellow yellow purple purple

T K] 173(2) 173(2) 173(2) 143(2) 173(2) 173(2)

radiation (Moy,) [A] ~ 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic

space group P21/n P21/n P21/n P21/n P21/c P21/c

alAl 16.418(3) 16.133(3) 16.1571(5) 16.0143(5) 16.797(3) 16.997(3)

bIA] 20.562(4) 20.592(4) 20.5748(6) 20.1135(8) 12.911(3) 13.101(3)

c[A] 18.999(4) 19.352(4) 18.9779(6) 19.1984(8) 24.930(5 25.517(5)

al’] 90.00 90.00 90.00 90.00 90.00 90.00

B 91.77(3) 94.64(3) 91.985(2) 94.590(3) 106.81(3) 107.66(3)

y [] 90.00 90.00 90.00 90.00 90.00 90.00

VA% 6411(2) 6408(2) 6305.0(3) 6164.0(4) 5175.5(18) 5414.4(19)

z 4 4 4 4 4 4

Peaica [gem ] 1.558 1.558 1.583 1516 1.630 1.485

u, Imm™] 2.371 2.372 2410 2.292 3.030 3.172

F(000) 3020 3016 3016 2832 2520 2380

crystal size [mm] 0.2x0.15x0.05 0.1x0.1x0.05 0.5%0.4x0.3 0.25%0.15x0.1 0.2x0.15x0.1 0.2x0.1x0.05

reflns collected 47676 59829 30267 31672 37384 30383

independent reflns 11262 11027 11088 10829 9087 9388

observed reflns 7754 7869 6763 7733 5689 6936

(I>20()

data/restraints/pa- 11262/6/821 11027/48/775 11088/182/811 10829/48/763 9087/0/584 9388/60/584

rameters

GOF on P 1.157 0.990 0. 865 1.046 1.044 1.069

Ry/wWR, [I > 20(1)] R,=0.0547, R,=0.0696, R, =0.0469, R,=0.0670, R,=0.0652, R,=0.0659,
WR,=0.1279 WR,=0.1879 WR,=0.0911 WR,=0.1447 WR,=0.1513 WR,=0.2051

R;/wR, (all data) R,=0.0926, R,=0.1019, R,=0.0874, R,=0.1044, R,=0.1093, R,=0.0931,
wR,=0.1786 wR,=0.2043 wR,=0.0981 wR,=0.1620 wR,=0.1777 wR,=0.2255

Largest peak/hole 1366 and —1.589  2.777 and —1.612  2.070 and —1.846  2.264 and —1.349 1470 and —1.877  2.675 and —1.589

[eA™]

Figure 6. Molecular structure of 6. The phenyl groups of PPh; and some of
the hydrogen atoms are omitted for clarity.

of air led to the formation of complex 8 after efficient aromati-
zation of the six-membered metallacycle. Complex 8 was also
obtained as the major product after heating hydrido-butenyl-
carbyne complex 1 and excess 2-formylbenzonitrile in CHCl,.
Complex 8 has been fully characterized by NMR spectroscopy,
elemental analysis, HRMS, and single-crystal X-ray diffraction.
The molecular structure of complex 8 is shown in Figure 8.
Complex 8 contains an essentially planar six-membered osma-
pyridinium ring. The mean deviation from the least-squares
plane through Os1, C1-C4, and N1 is 0.0155 A. The maximum
deviation from the least-squares plane through Os1, C1-C4,
and N1 is 0.0280 A for C3. As shown in Table 3, the C-C bond

Figure 7. Molecular structure of 7. The phenyl groups of PPh; and some of
the hydrogen atoms are omitted for clarity.
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Figure 8. Molecular structure of 8. The phenyl groups of PPh; and some of
the hydrogen atoms are omitted for clarity.
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most likely due to the repulsive interaction between
Table 4. Selected bond lengths [A] and angles [°] for 6-11. . . K

the methyl and phosphonium substituents. The ring

6 7 8 9 10 C-C bond lengths are in the range of 1.341-1.527 A

0s1-C1 1984(8) 20720100 1.9226) 20780) 177709) 1.765(10) | With a clear alternation between double and single
Os1-N1 2.000(7)  1.808(8)  1.946(5)  1.747(8)  1.994(8)  2.025(7) bonds, which suggests poor electron delocalization
a1-C2 1357(10)  1383(13) 1.408(8)  1350(13) 1380(11) 1394(13) |  within the tricyclic rings of 9.
2-C3 1523(12)  1.527(13)  1.4109)  1.527(12)  1.503(11)  1.466(12) . . o .
C3-C4 1.484(12)  1.549(13) 1.441(9)  1.505(12) 1.471(11)  1.504(13) A“md'”_g, to the reaction conditions des_c“bEd
C4=N1 130409) 1256(12) 13108)  1268(11) 1.297(10) 1.308(12) above, addition of HCl could promote conversion of
3-C5 1.566(10)  1.566(13)  1.522(9)  1.372(13) 1.340(11)  1.369(13) iso-osmapyridinium 4 to iso-osmapyridinium 3. We
C5-C13 1.528(12) 1.556(14)  1.554(9) 1.474(12) 1.500(12) 1.459(15) also reacted 9 with hydrogen ha|ide5l such as HCI
C13-C12 1.504(12)  1.502(14) 1.513(9)  1.459(14)  1.466(14)  1.474(16) o L )
C12=C7 1398(11) 1400014) 14060) 1346013 1395012 1371014 | 2nd Ml under similar conditions. As shown in
C7-C4 1462(11)  1485(13) 1478(9)  1485(11) 1469(11) 1453(13) | Scheme 7, conversion of iso-osmapyridinium 9 to iso-
C12-CN 1.390(12)  1.372(14) 1.389(9)  1.420(12) 1.393(11)  1.398(15) osmapyridinium 10 proceeded in the presence of HCl
Cc11-C10 1.386(13) 1.399(16) 1.365(10) 1.345(15) 1.377(14) 1.410(19) at RT, and 10 was isolated as a purp|e solid in 70%
C10-C9 1373(12)  1.388(17) 1.383(10) 1.393(15) 1.384(16)  1.390(18) . . o e
C9-C8 1379(12)  1.379(14) 1.364(9)  1.341(12) 1.382(14)  1.370(16) y'ew' We ;Sda.ted the analogous 'S_‘O Osmapy”d.m'um
c8-c7 1398(12) 1416(14) 13949) 1400(13) 1386(13) 1388015 | 11 in 40% yield from the reaction of 9 with HI
C1-0s1-N1 84.4(3) 80.4(4) 87.0(2) 77.73) 784(3) 79.1(3) (Scheme 7).
0s1-C1-C2 132.3(6)  129.0(7)  129.8(5)  1303(7)  148.1(6)  148.5(7) The two complexes were characterized by X-ray
C1-C2-C3 123.5(7)  1260(8)  125.1(6)  1254(8)  1155(7)  115.3(7) : : < (Fi _
C2-C3-C4 116.9(7)  110.1(7)  120.5(6)  111.9(8)  115.1(7)  117.4(8) diffraction ar.\aly5|s.(F|gures 10 ar’ld . BOth .c?m
C3-C4-N1 120000 1182(8)  1220(6) 1169(7)  1217(7)  1203(®) | Plexes contain a six-membered iso-osmapyridinium
C4-N1-Os1 1382(6)  1509(7)  1355(5)  155.7(6)  138.3(6)  137.1(6) ring fused with a naphthalenone segment. The data
C3-C5-C13 1103(7)  111.38)  1088(5)  120.7(9)  121.09)  122.0(9) . .
C5.C13C12 101(6) 1056  1086() 12110 118s©) 1o | Cared with the metallacycles of complexes 10 and 11
C13-C12-C7  175(7)  1159(9)  1183(6)  120.3(9)  120.5(8)  120.3(9) are similar to those of iso-osmapyridinium 3a. The
C12-C7-C4 117.2(8)  118.0(9)  119.06)  1189(9)  118.1(8)  118.8(9) Os=C bond lengths in each of the complexes are
C7-C4-C3 1209(7)  1204(8)  120.0(6)  121.4(8)  1209(7)  120.9(8) only very slightly different. Notably, the Os=C bond
C7-C12:CIT  1192(7)  1194(10)  1198()  1200(9) ~ 1206(10) 1208(11) | 94 (1 765(10) A) is shorter than for most reported
C12-C11-C10 1202(8)  119.6(10) 120.0(7)  1189(10) 119.7(9)  120.2(11) . e 0s)
CI-CI0-Co  121.08)  1216(10) 1208(7) 1204(9) 1197(9) 117.8011) | ©smium-vinylidene complexes (1.762-1.946 A)." The
C10-C9-C8 119.5(9)  119.5(11)  119.7(7)  121.0(10)  120.9(11)  121.1(12) 0Os1-C1-C2 angles in 10 and 11 deviate from linearity
C9-C8-C7 1207(9)  1190(10) 1212(7)  119.3(10) 1200(10) 1213(11) | (148.1(6)° in 10 and 148.5(7)° in 11) by a smaller
€8-C7-C12 119.5(8)  120.9(9)  1183(6)  120.4(8)  119.0(8)  118.8(9) amount than in iso-osmapyridinium 3a. The dihedral

lengths in the osmapyridinium ring also support a predomi-
nantly delocalized electronic arrangement. The bond length of
the bridging carbon atoms (C3—C4 1.441(9) A) is slightly longer
than other C—C bonds in the metallacycle.

Structurally, the dehydration reaction of osmapyridinium 8
should afford a benzo-osmaquinoline complex. However, 8 is
unreactive to treatment with acids such as H,SO,, HBF,, and
HCI at RT. The reaction of 8 with other dehydration agents also
failed to achieve the desired dehydration product. For exam-
ple, the reaction with acetic anhydride only led to the alcohol-
ysis product. Interestingly, osmapyridinium 8 was converted
into iso-osmapyridinium 7 after stirring with HNO; (1 equiv) at
RT for several hours (Scheme 6). When treated with HNO,
(4 equiv), the hydroxyl group of 8 was oxidized to produce iso-
osmapyridinium 9 with a fused naphthalenone fragment
(Scheme 7); the structure of 9 was confirmed by X-ray analysis.

As shown in Figure 9, a bonding pattern similar to that de-
picted for V (Scheme 1) was found for the iso-osmapyridinium
ring of complex 9. Similar to iso-osmapyridiniums 4 and 7, the
metallacycle of 9 also shows little deviation from planarity,
which is reflected by the mean deviation from the least-
squares plane through the six atoms of the metallacycle
(0.0672 R). The dihedral angle of the metallacycle with respect
to the fused naphthalenone fragment in complex 9 is 14.6°,
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angles between the planes of the metallacycles and
naphthalenone segments are 17.5° and 17.7° for
complexes 10 and 11, respectively. The considerable distortion
of the tricyclic rings in 10 and 11 may be attributed to the Ii-

PPh PPhs PPh;  PPh,
CI\ // CI\| e CHs
T pmo
Cl H
oa " w0 Y
CHCls, 5 eq HCI
reflux, 7.5 h BE,
709 4
PPh % PPhy
CHs  4eqHNO = CH
a7 = ST, °

S,
OHCHCI CHCl,, RT, 610 O ]»}N—
7%

©o

[Os] = OsCIz(PPh3)2 CHCh, 5 eq HI

reflux, 2 h
40%

PPh3

Cl\l CI\ = CHa
Phg,P H Ph3 H
W
Scheme 7. Conversions of osmapyridinium 8 to the iso-osmapyridiniums 9-

11.
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Figure 9. Molecular structure of 9. The phenyl groups of the PPh; groups
and some of the hydrogen atoms are omitted for clarity.

Figure 10. Molecular structure of 10. The phenyl groups of the PPh; groups
and some of the hydrogen atoms are omitted for clarity.

Figure 11. Molecular structure of 11. The phenyl groups of PPh; and some
of the hydrogen atoms are omitted for clarity.

gands attached to the metal center. We think that the unsym-
metrical ligand environments above and below the metallacy-
cles may create an unsymmetrical steric effect and increase the
distortion of the tricyclic rings in 10 and 11.

DFT studies of aromaticity and strain in the metallacycles

We carried out DFT calculations to evaluate the aromaticity of
the metallapyridinium ring of complex 2. The optimized struc-
ture of the model complex 2’, in which the PPh; groups were
replaced with PH; and the R groups were replaced with CH,,
effectively reproduces the structural features of 2 described
above. The nucleus-independent chemical shift (NICS) values
were computed for the metallapyridinium ring. The calculated
NICS values are 6 =-—7.7 (NICS(0)) and —11.5 ppm (NICS(1)).
These values are comparable to those reported for other met-
alla-aromatic complexes.™ The aromatic stabilization energy
(ASE) was also evaluated by employing the isomerization
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method introduced by Schleyer and Piihlhofer.?” An ASE of
33.7 kcalmol™" was obtained for model complex 2’
(Scheme 8a). The calculated ASE is higher than for other metal-
la-aromatic complexes."™ The negative NICS values and the
calculated ASE indicate that the metallapyridium ring in com-
plex 2 is aromatic.

[Os]'=0sCl,(PH3),

a) PHj PHs
. ASE =337
Os1 et —LEEBL gl Mgy
N= N
Ho CH b CH,
2 22
b)
129.7 PHs PH, PH, .
N gt s Me AE==357 SR+ /='=<PH3
Hy= HN= HN= HN- Me
| Me 12 Me Il
& 1-3 1-4
1472 £ 5 PH
(150.5) PHs P 3 +
— AE=-12.1 e PHg
o177 Mgt +OST e IOSJQB + ogr=—=_
N TSN=ch ) DN*CH °
H Me H H Me —Lh2
3 3'-2 3.3 3.4
+ + + +
PH; PHs PH3 PH3
(0s] N g+ OS] - . AE=-31_ (0s] Et + o /I_*N_C/Me
XN= N=c’ s IosF=N=C
. 1 e
(12;2) e o Me HoMe
& 42 43 44

Scheme 8. a) The calculated aromatic stabilization energies [kcal mol~'] for
complex 2; b) the calculated strain energies [kcalmol~'] of the cations of
iso-metallapyridiniums 3’ and 4’ on the basis of the isodesmic reactions. The
selected calculated and experimental (in parentheses) bond angles [°] are
marked for I, 3’, and 4.

Model DFT calculations were also used to estimate the strain
differences between the isomers that contained organometallic
cumulene, iso-metallapyridinium derivatives 3 and 4, on the
basis of an isodesmic reaction.”” The optimized structures of
model complexes 3’ and 4’, in which the PPh; groups were re-
placed with PH; and the R groups were replaced with CH,, ef-
fectively reproduce the structural features of 3 and 4 described
above. The angle of the cumulative double bonds in the
parent six-membered iso-pyridinium [CH=C=C(PH;)C(Et)C(Me)—
NH]>* was calculated to be 129.7°. This value is much smaller
than the angle in model complex 3’ (147.2°). The strain energy
of the parent six-membered iso-pyridinium was estimated to
be 35.7 kcalmol™. In sharp contrast, the computationally de-
rived strain energy of model complex 3’ is significantly smaller
(12.1 kcalmol™"). Furthermore, in the case of model complex
4, the strain energy was calculated to be 3.1 kcalmol .
These DFT results agree well with previous reports, which
showed that introduction of a transition-metal atom or a main-
group heteroatom is an efficient strategy to reduce the inher-
ent ring strain in cycloallenes.’®*"

Conclusion

The reaction of hydrido-butenylcarbyne complex 1 with nitriles
revealed the formation of six-membered osmacycles that con-
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tained vinylidene and azavinylidene moieties. These metallacy-
cles may be also described as the first examples of iso-metalla-
pyridinium complexes. The formal [44+2] synthetic strategy de-
scribed can be extended to produce iso-metallapyridiniums
with a fused naphthalenone fragment by the reaction of hydri-
do-butenylcarbyne complex 1 with 2-formylbenzonitrile. Fur-
ther theoretical studies of the iso-metallapyridinium derivatives
suggest that the incorporation of transition-metal moieties can
effectively reduce ring strain in the six-membered rings that
contain cumulative double bonds.

Experimental Section
General comments

All manipulations were performed at RT under a nitrogen atmos-
phere by using standard Schlenk techniques unless otherwise
stated. Solvents were distilled from sodium/benzophenone
(hexane and diethyl ether) or calcium hydride (dichloromethane
and CHCI;) under a nitrogen atmosphere prior to use. Other re-
agents were used as received from commercial sources without
further purification. NMR spectroscopic experiments were per-
formed with a Bruker AVIII- 500 ("H: 500.2 MHz; '*C: 125.8 MHz;
31P: 202.5 MHz) or Bruker AV-400 spectrometer ('H: 400.1 MHz; *C:
100.2 MHz; *'P: 162.0 MHz). 'H and *C NMR chemical shifts are re-
ported relative to TMS, and *'P NMR chemical shifts are reported
relative to 85% H;PO, in H,0. When required HSQC, HMQC, and
DEPT-135 experiments were used to assist the characterization. Ele-
mental analyses were performed with a Vario EL lll elemental ana-
lyzer. HRMS experiments were performed with a Bruker En Apex
Ultra 7.0T FT-M instrument.

Complex 2a

Method a: In a Schlenk tube, a solution of 1 (200 mg, 0.166 mmol)
and 3-cyclopropyl-3-oxopropanenitrile (32 uL, 0.33 mmol) in CHCl;
(10 mL) was heated at reflux temperature for approximately 12 h
to produce a yellow solution. The solution was concentrated under
vacuum to a volume of approximately 1 mL. Addition of diethyl
ether (20 mL) to the solution afford-
ed a yellow precipitate, which was
collected by filtration, washed with
diethyl ether (2x15mL), and then
washed with dichloromethane (2 mL)
and diethyl ether (20 mL) three
times. The yellow solid was dried
under vacuum to give 2a (155 mg,
71%).

Method b: In a Schlenk tube, a solution of 4a (197 mg,
0.150 mmol) in CHCl; (10 mL) was heated at reflux temperature for
12 h to produce a yellow solution. The solution was concentrated
under vacuum to a volume of approximately 1 mL. Addition of di-
ethyl ether (20 mL) to the solution afforded a yellow precipitate,
which was collected by filtration, washed with diethyl ether (2x
15 mL), and then washed with dichloromethane (2 mL) and diethyl
ether (20 mL) three times. The yellow solid was dried under
vacuum to give 2a (144 mg, 73%). '"H NMR (500.2 MHz, CD,Cl,):
0=39.0 (d, JPH)=19.4 Hz, 1H; C'H), 24.4 (s, 1H; NH), 7.7-6.9 (m,
45H; Ph), 2.9 (br, 2H; C’H), 1.7 (br, 1H; C°H), 1.2 (br, 2H; C°H), 0.9
(br, 2H; C'°H), 0.8 (br, 2H; C"'H), 0.2 ppm (m, J(H,H)=6.9 Hz, 3H;
C°H); "*C NMR: poor solubility of 2a prevented characterization by
BCNMR spectroscopy; *'P NMR (202.5 MHz, CD,Cl): 6=17.2 (s;
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C(PPhy)), 1.1 ppm (s; OsPPhy); HRMS (ESI): m/z calcd for
[CesHsoClLNOOSP;1*: 1224.2796 [M]™, found: 1224.2788; elemental
analysis calcd (%) for CgsHsoCl,NOP;BF,Os: C 59.55, H 4.54, N 1.07;
found: C 59.46, H 4.41, N 1.10.

Complex 3a

Method a: HCl (66 uL, 0.80 mmol)
and 3-cyclopropyl-3-oxopro-
panenitrile (30 uL, 0.31 mmol) were
added to a solution of 1 (192 mg,
0.160 mmol) in CHCl; (10 mL). The
mixture was heated at reflux temper-
ature for 4 h under a nitrogen atmos-
phere. The reaction mixture was concentrated under vacuum to
a volume of approximately 1 mL. Addition of diethyl ether (20 mL)
to the residue afforded a yellow precipitate, which was collected
by filtration, washed with diethyl ether (2x15mL), and then
washed with methanol (2x2 mL) The yellow solid was dried under
vacuum to give 3a (132 mg, 63 %).

Method b: HCl (62 uL, 0.75 mmol) was added to a solution of 4a
(197 mg, 0.150 mmol) in CHCl; (10 mL). The mixture was heated at
reflux temperature for 3 h under a nitrogen atmosphere. The reac-
tion mixture was then concentrated under vacuum to a volume of
approximately 1 mL. Addition of diethyl ether (20 mL) to the resi-
due afforded a yellow precipitate, which was collected by filtration,
washed with diethyl ether (2x15mL), and then washed with
methanol (2x2 mL). The yellow solid was dried under vacuum to
give 3a (128 mg, 65%). '"H NMR (500.2 MHz, CD,Cl,): 6=12.4 (s,
1H; NH), 7.7-6.9 (m, 45H; Ph), 3.8 (br, TH; CH), 3.1 (d, JHH)=
22.0Hz, TH; C’H), 2.8 (d, JHH)=22.0Hz, TH; C’H), 1.8 (m, 1H;
C°H), 1.0 (m, 2H; C'°H), 0.9 (m, 2H; C"'H), 0.8 (m, 1H; C°H), 0.3 (m,
TH; C°H), —0.1ppm (t JHH)=7.4Hz 3H; C°H); “CNMR
(125.8 MHz, CD,Cl,): 6=2713 (br; C"), 208.0 (s; C%, 173.0 (d,
JIPC)=5.1 Hz; C*, 135.5-128.5 (m, Ph), 1223 (d, J(C)=83.6 Hz;
), 45.9 (s; C'), 41.3 (d; JPQ)=11.2 Hz; C3), 30.8 (s; C°), 22.1 (s; C°),
13.1 (s; €9, 13.0 (s; C"), 12.9 ppm (s; C°; *'P NMR (202.5 MHz,
CD,Cl): 6=3.6 (s; C(PPh;)), —12.4 (s; OsPPh;), —12.5 ppm (s;
OsPPh;); HRMS (ESI): m/z calcd for [CgsHseCLLNOOSP;]1*: 1224.2796
MI*; found: 1224.2791; elemental analysis caled (%) for
CysHsoCl,NOP,BF,Os: C 59.55, H 4.54, N 1.07; found: C 59.51, H 4.43,
N 1.15.

Complex 4a

A mixture of 1 (481 mg, 0.400 mmol)
and  3-cyclopropyl-3-oxopropaneni-
trile (78 uL, 0.80 mmol) in CHCI;
(20 mL) was stirred at RT for 1h
under a nitrogen atmosphere. The re-
action mixture was concentrated
under vacuum to a volume of ap-
proximately 2 mL. Addition of diethyl
ether (20 mL) to the residue afforded
a yellow precipitate, which was collected by filtration, washed with
methanol (2 mL) and diethyl ether (25 mL) three times. The green
solid was dried under vacuum to give 4a (367 mg, 70%). 'H NMR
(500.2 MHz, CD,Cl,): 6=12.0 (d, JRH)=31.5Hz, 1H; C'H), 7.8-6.9
(m, 45H; Ph), 6.5 (br, TH; CH), 5.2 (d, JH,H)=18.9 Hz, 1H; C’H),
3.8 (d, J(HH) =189 Hz, TH; C’H), 1.7 (m, TH; C°H), 1.0 (m, 1H; C°H),
0.9 (m, 2H; C'°H), 0.7 (m, 2H; C"'H), 0.6 (m, TH; C°H), 0.1 ppm (t,
J(H,H)=7.1 Hz, 3H; C°H); 3'P NMR (202.5 MHz, CD,CL,): 6=17.1 (s;
C(PPh,)), —25.0 (d, J(PP)=387.8 Hz; OsPPh,), —28.7 ppm (d, J(P,P)

387.8 Hz; OsPPh,); *C NMR (125.8 MHz, CD,Cl,): 6=207.4 (s; C

)
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180.9 (br; C'), 140.0 (d, J(PC)=11.0 Hz; C*%, 134.8-119.8 (m; Ph),
109.5 (d, JPC)=71.5Hz; C?, 35.4 (d, JIPC)=23.6 Hz; C°), 34.2 (s;
), 30.2 (s; €7), 20.1 (s; C°), 12.8 (s; C°), 12.5 (s; C'), 11.8 (s; C");
HRMS (ESl): m/z calcd for [CgHsoCLNOOSP,]1™: 12242796 [M]™;
found: 1224.2785; elemental analysis caled (%) for
CgsHsoCl,NOP;BF,Os: C 59.55, H 4.54, N 1.07; found: C 59.48, H 4.68,
N 1.19.

Complex 2b
Method a: In a Schlenk tube, a solu-
tion of H,0, (76 uL, 0.75 mmol) was
PPhy . PPhy BFZ added to a solution of 5 (197 mg,
o | 1/ 2\3 5 6 0.154 mmol) in CHCl; (10 mL). The re-
~os CH,CH, action mixture was heated at reflux

C'/‘ H4Y temperature for approximately 7 h to
PPhs .
o8 produce a yellow solution. The solu-
tion was concentrated under vacuum
to a volume of approximately 1 mL. Addition of diethyl ether
(20 mL) to the solution afforded a yellow precipitate, which was
collected by filtration, washed with diethyl ether (2x15 mL), and
then washed with dichloromethane (5mL) and diethyl ether
(15 mL) three times. The yellow solid was dried under vacuum to
give 2b (79 mg, 40%).
Method b: In a Schlenk tube, a solution of compound 4b (201 mg,
0.156 mmol) in CHCl; (10 mL) was heated at reflux temperature for
6 h to produce a yellow solution. The solution was concentrated
under vacuum to a volume of approximately 1 mL. Addition of di-
ethyl ether (20 mL) to the solution afforded a yellow precipitate,
which was collected by filtration, washed with diethyl ether (2x
15 mL), and then washed with dichloromethane (5 mL) and diethyl
ether (15mL) three times. The yellow solid was dried under
vacuum to give 2b (110 mg, 55%). 'H NMR (500.2 MHz, CD,Cl,):
0=37.2 (d, JPH)=19.0 Hz, 1H; C'H), 24.0 (s, 1H; NH), 7.7-7.0 (m,
45H; Ph); 6.1 (s, 1H; NH,), 5.9 (br, 2H; C’H), 5.6 (s, 1H; NH,), 1.2 (br,
2H; C°H), 0.02 ppm (t, J(H,H)=7.6 Hz, 3H; C°H); *C NMR: poor sol-
ubility of 2b prevented characterization by *C NMR spectroscopy;
3P NMR (202.5 MHz, CD,Cl,): 6 =184 (s; C(PPh,)), —0.5 (d, J(P.P)=
354.1 Hz; OsPPh,), —15.9 ppm (d, J(PP)=354.1 Hz; OsPPh,); HRMS
(ESl): m/z caled for [CeHsCI,N,OOsP5]*: 1199.2592 [M]*; found:
1199.2587; elemental analysis calcd (%) for Cg,HscCl,N,P;BF,00s: C
57.91, H 4.39, N 2.18; found: C 57.86, H 4.02, N 2.12.

NH,

Complex 3b
. Method a: HClI (68 pL, 0.83 mmol)
PPr113 , PPhs BF4 and H,0, (84 },LL,‘ 0.82 mmol) were
CI\(|)s/_ 38H20H3 added to a '?'olutlon of 5 (228 mg,
C|/| \H_4 7 O.?77 mmol) in CHCl; (10 mL). The
PPy JeNH, mixture was heated at reflux for 2 h

under a nitrogen atmosphere. The re-
action mixture was concentrated
under vacuum to a volume of ap-
proximately 1 mL. Addition of diethyl ether (20 mL) to the residue
afforded a yellow precipitate, which was collected by filtration,
washed with diethyl ether (2x5 mL), and then washed with ace-
tone (2x2 mL). The yellow solid was dried under vacuum to give
3b (139 mg, 61%).

Method b: HCl (66 pL, 0.80 mmol) was added to a solution of 4b
(210 mg, 0.163 mmol) in CHCl; (10 mL). The mixture was heated at
reflux temperature for 5 h under a nitrogen atmosphere. The reac-
tion mixture was concentrated under vacuum to a volume of ap-
proximately 1 mL. Addition of diethyl ether (20 mL) to the residue
afforded a yellow precipitate, which was collected by filtration,
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washed with diethyl ether (2x5 mL), and then washed with ace-
tone (2x2 mL). The yellow solid was dried under vacuum to give
3b (143 mg, 68%). 'HNMR (500.2 MHz, CD,Cl,): =129 (s, 1H;
NH), 9.0 (s, TH; NH,), 7.8-7.0 (m, 45H; Ph), 5.3 (s, TH; NH,), 3.9 (br,
TH; CH), 3.3 (d, J(HH)=19.7 Hz, 1H; C’H), 2.5 (d, J(HH)=19.7 Hz,
1H; C’H), 1.1 (m, 1H; C°H), 0.5 (m, 1H; C°H), 0.05 ppm (t, J(H,H)=
7.6 Hz, 3H; C°H); "*C NMR: poor solubility of 3b prevented charac-
terization by *C NMR spectroscopy; *'P NMR (202.5 MHz, CD,Cl,):
0=3.5 (s; C(PPh;)), —12.1 (s; OsPPh;), —12.6 ppm (s; OsPPh,);
HRMS (ESI): m/z calcd for [Co,HsCl,N,00sP,]": 1199.2592 [M]*;
found: 1199.2569; elemental analysis caled (%) for
CeHssCl,N,PsBF,00s: C 57.91; H 4.39; N 2.18; found: C 57.96, H
4.02, N 2.39.

Complex 4b

A solution of H,0, (195 pL, 1.9 mmol) PPh;  PPhy BF4
was added to a suspension of 5 c|\| — 5 6
(502mg, 0390 mmol) in CHC, C,/TS\\N—‘1  Crechs
(20 mL). The reaction mixture was PPh; SE N,

stirred at RT for 30min to give
a green solution, which was concen-
trated under vacuum to a volume of approximately 1 mL. Addition
of diethyl ether (20 mL) to the residue produced a green precipi-
tate, which was collected by filtration, washed with diethyl ether
(2x5 mL), and dried under vacuum to give (492 mg, 98%). '"H NMR
(500.2 MHz, CD,Cl,): 6=11.9 (d, JPH)=39.3 Hz, 1H; C'H), 7.7-6.9
(m, 45H; PPh,), 6.4 (br, TH; CH), 6.1 (s, 1H; NH,), 5.1 (d, JHH)=
21.6 Hz, TH; C’H), 5.0 (s, 1H; NH,), 3.7 (d, J(H,H)=21.6 Hz, TH; C’H),
0.9 (m, 1H; C°H), 0.4 (m, 1H; C°H), 0.04 ppm (t, J(H,H)=8.8 Hz, 3H;
C°H); "*C NMR: poor solubility of 4b prevented characterization by
BCNMR spectroscopy; *'P NMR (202.5 MHz, CD,CL): 6=16.6 (s;
CPPh;), —24.4 (d, J(PP)=484.0 Hz; OsPPh;), —29.4 ppm (d, J(PP)=
484.0 Hz; OsPPh,); HRMS (ESI): m/z calcd for [Cg,HssCl,N,00sP;]*:
199.2592 [M]*; found: 1199.2599; elemental analysis calcd (%) for
Ce,Hs6CIL,N,P;sBF,00s: C 57.91, H 4.39, N 2.18; found: C 57.77, H
4.37, N 1.89.

Complex 5

Method a: A solution of HI (128.uL, —_ I+3Ph3 BF;
0.80 mmol) was added to a solution o 35 6
of 1 (481 mg, 0.40 mmol) and 2-cya- /OS‘N- CHzCHs
noacetamide (81.7 mg, 0.79 mmol) in %HPL H4Y7

CHCl; (10 mL). The reaction mixture * e N

was stirred at RT for 9 h under a nitro-

gen atmosphere, and then concen-

trated under vacuum to a volume of approximately 1 mL. Addition
of diethyl ether (20 mL) to the residue produced a yellow precipi-
tate, which was collected by filtration and washed with dichloro-
methane (2x2 mL) to obtain an insoluble yellow solid that was
dried under vacuum to give 5 (283 mg, 55 %).

Method b: A solution of H,0, (73 uL, 0.72 mmol) was added to
a suspension of 4b (184 mg, 0.143 mmol) in CHCI; (10 mL). The re-
action mixture was stirred at RT for 15 min to give a yellow solu-
tion, which was concentrated under vacuum to a volume of ap-
proximately 1 mL. Addition of diethyl ether (20 mL) to the residue
produced a green precipitate, which was collected by filtration,
washed with diethyl ether (2x5 mL) and dried under vacuum to
give 5 (180 mg, 98 %). Paramagnetism of 5 prevented characteriza-
tion by NMR spectroscopy. HRMS (ESI): m/z caled for
[Ce,Hs,CI,N,00sP5] " 1200.2670 [M]7; found: 1200.2644; elemental
analysis calcd (%) for C¢,Hs,ClLN,P;BF,00s: C 57.86, H 4.46, N 2.18;
found: C 57.60, H 4.58, N 2.48.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

Complex 6

Method a: A solution of HI (400 pL,
2.5 mmol) was added to a solution of
1 (1.50g, 1.25 mmol) and 2-cyano-
benzaldehyde (328 mg, 2.50 mmol)
in CHCl; (10 mL). The reaction mix-
ture was stirred at RT for 5h under
a nitrogen atmosphere to give
a yellow suspension. The yellow solid
was collected by filtration, washed
with  diethyl ether (2x10 mL),
washed with dichloromethane (2x2 mL), and dried under vacuum
to give 6 (500 mg, 30%).

Method b: A solution of compound 7 (180 mg, 0.135 mmol) in
CHCI; (15 mL) was stirred at RT under a H, atmosphere for 48 h to
give a yellow solution, The solution was concentrated under
vacuum to a volume of approximately 2 mL. Addition of diethyl
ether (20 mL) to the solution gave a yellow precipitate, which was
collected by filtration, washed with diethyl ether (2x5 mL), and
dried under vacuum to give 6 (178 mg, 99 %). Paramagnetism of 6
prevented characterization by NMR spectroscopy. HRMS (ESI): m/z
caled for [CeHgCLNOOSP;1*: 12472718 [M+H]*; found:
1247.2685; elemental analysis calcd (%) for Cg;Hs5CI,NPsBF,0O0s: C
60.32, H 4.38, N 1.05; found: C 60.55, H 4.63, N 1.32.

[0s] = OsCly(PPhs),

Complex 7

Method a: A solution of compound
6 (187 mg, 0.140 mmol) in CHCI,
(15 mL) was stirred at RT under an O,
atmosphere for 10 h to give a yellow
solution, The solution was concen-
trated under vacuum to a volume of
approximately 2 mL. Addition of di-
ethyl ether (20 mL) to the solution
gave a green precipitate, which was
collected by filtration, washed with
diethyl ether (2x5mL), and dried under vacuum to give 7
(185 mg, 99 %).

Method b: A solution of HNO; (10.3 pL, 0.152 mmol) was added to
a suspension of 8 (200 mg, 0.150 mmol) in CHCl; (15 mL). The reac-
tion mixture was stirred at RT for 10 h to give a yellow-green sus-
pension. The green solid was collected by filtration, washed with
diethyl ether (2x10 mL), then washed with dichloromethane (2x
2 mL), and dried under vacuum to give 7 (100 mg, 50%). 'H NMR
(500.2 MHz, DMSO): 6=12.6 (d, JPH)=30.0 Hz, 1H; C'H), 9.2 (br,
TH; CH), 7.6-6.8 (m, 49H; Ph), 5.3 (br, TH; OH), 4.2 (br, 1H; C"H),
1.9 (br, 1H; CH), —0.6 ppm (br, 3H; C°H); *C NMR (125.8 MHz,
DMSO): 6 =180.5 (br; C), 139.6 (s; C'?), 136.8 (d, J(P,C) =8.3 Hz; C*),
135.3-122.6 (m, Ph), 112.4 (d, J(P.C)=75.9 Hz; C?), 66.3 (s; C), 39.5
(s; C), 37.8 (d, JPC)=213Hz; C), 146 ppm (s; C°; 3'P NMR
(202.5 MHz, DMSO): 6=17.0 (s; CPPh;), —32.7 (d, J(P,P)=385.2 Hz;
OsPPh;), —35.1 ppm (d, J(P,P)=385.2 Hz; OsPPh,); HRMS (ESI): m/z
calcd for [Cy,Hs,CI,NOOsP,1*: 1246.2645 [M]*; found: 1246.2624; el-
emental analysis calcd (%) for C4,Hs,CI,NP;BF,00s: C 60.37, H 4.31,
N 1.05; found: C 60.41, H 4.51, N 1.31.

[Os] = OsCl,(PPh3),

Complex 8

Method a: A mixture of 1 (505 mg, 0.42 mmol) and 2-cyanobenzal-
dehyde (110 mg, 0.84 mmol) in CHCl; (10 mL) was heated at reflux
temperature for about 7 h in the presence of air to give a yellow
solution. The solution was concentrated under vacuum to
a volume of approximately 2 mL. Addition of diethyl ether (20 mL)
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to the solution gave a yellow precipi-
tate, which was collected by filtra-
tion, washed with diethyl ether (2x
5mL), and dried under vacuum to
give 8 (280 mg, 50%).

Method b: A solution of 6 (211 mg,
0.158 mmol) in CHCl; (15 mL) was
heated at reflux temperature in the
presence of air for 5 h to give a yellow solution. The solution was
concentrated under vacuum to a volume of approximately 2 mL.
Addition of diethyl ether (20 mL) to the solution gave a yellow pre-
cipitate, which was collected by filtration, washed with diethyl
ether (2x5 mL), and dried under vacuum to give 8 (200 mg, 95 %).

Method c: A solution of 7 (220 mg, 0.165 mmol) in CHCI; (15 mL)
was heated at reflux temperature under an air atmosphere for 5 h
to give a yellow solution. The solution was concentrated under
vacuum to a volume of approximately 2 mL. Addition of diethyl
ether (20 mL) to the solution gave a yellow precipitate, which was
collected by filtration, washed with diethyl ether (2x5 mL), and
dried under vacuum to give 8 (209 mg, 95%). 'H NMR (500.2 MHz,
DMSO):  =41.5 (d, JPH)=19.4 Hz, 1H; C'H), 24.2 (s, TH; NH), 7.9-
6.9 (m, 49H; Ph), 5.8 (br, TH; OH), 5.1 (br, TH; C"*H), 4.0 (br, 1H;
C°H), 0.4 ppm (br, 3H; C°H); *C NMR (128.5 MHz, DMSO): 6 =210.9
(s; @), 207.7 (br; C'), 150.7 (s; C%), 136.5-123.5 (m; Ph), 122.5 (d,
JIPC)=69.7 Hz; C?), 82.9 (s; C), 354 (s; C%, 33.1ppm (s; C);
3P NMR (202.5 MHz, DMSO): 6 =19.5 (d, J(PP)=289.5 Hz; OsPPh,),
15.3 (s; CPPh,), —8.1 ppm (d, J(P,P) =289.5 Hz; OsPPh.); HRMS (ESI):
m/z caled for [CeHs,CILNOOSP;1™:  1246.2645 [M]F; found:
1246.2603; elemental analysis calcd (%) for Cg,Hs,Cl,NP;BF,0O0s: C
60.37, H 4.31, N 1.05; found: C 60.74, H 4.15, N 1.12.

[Os ]= OsCly(PPhs),

Complex 9

A solution of HNO; (103 pL,
1.52 mmol) was added to a suspen-
sion of 8 (507 mg, 0.380 mmol) in
CHCl; (15 mL). The reaction mixture
was stirred at RT for 6 h to give
a yellow solution. The solution was
concentrated under vacuum to
a volume of approximately 1 mL. Ad-
dition of diethyl ether (20 mL) to the
residue produced a yellow precipi-
tate, which was collected by filtration, washed with diethyl ether
(2x5mL), and dried under vacuum to give 9 (490 mg, 97 %).
'H NMR (500.2 MHz, CD,Cl,): §=12.9 (d, JIPH)=30.6 Hz, 1H; C'H),
8.1-6.6 (m, 49H; Ph), 2.5 ppm (s, 3H; C°H); *CNMR (125.8 MHz,
CD,Cl,): 6=195.9 (br; C'), 189.7 (s; C%), 178.1 (s; C'®), 146.3 (s; C°),
136.2-122.1 (m; Ph), 118.7 (d, J(R,C)=19.3 Hz; C°), 110.8 (d, JP.O) =
76.8 Hz; C%), 19.9 ppm (s; C°); 3'P NMR (202.5 MHz, CD,Cl,): 6 =27.8
(s; CPPhy), —249 ppm (s; OsPPh;); HRMS (ESI): m/z calcd for
[Ce,Hs3CILNOOSP,1*: 1242.2326 [M1*; found: 1242.2312; elemental
analysis calcd (%) for Cg;Hs;CILNOP;BF,Os: C 60.55, H 4.02, N 1.05;
found: C 60.54, H 4.06, N 1.43.

[Os] = OsCly(PPhs),

Complex 10

A solution of HCI (65 pL, 0.75 mmol) was added to a solution of 9
(200 mg, 0.15 mmol) in CHCl; (15 mL). The reaction mixture was
heated at reflux temperature for about 7.5 h to give a purple solu-
tion. The solution was concentrated under vacuum to a volume
approximately of 1 mL. Addition of diethyl ether (20 mL) to the res-
idue produced a purple precipitate, which was collected by filtra-
tion, washed with diethyl ether (2x5 mL), and dried under vacuum
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to give 10 (107 mg, 70%). 'H NMR
(400.1 MHz, CDCL): 6=12.6 (s, 1H;
NH), 8.0-7.1 (m, 34H; Ph), 1.3 ppm (s,
3H; C°H); "“CNMR (100.6 MHz,
CDCly): 6=281.2 (br; C"), 180.5 (s;
), 157.2 (s; C%, 141.1 (s; C°), 135.1-
123.1 (m; Ph), 130.2 (s; C%), 1224 (d,
J(P,C)=90.8 Hz; C?), 16.6 ppm (s; C%);
3P NMR (162 MHz, CDCl,): 6 =5.8 (s; CPPh,), —4.9 ppm (s; OsPPh.);
HRMS (ESI): m/z caled for [CooHssClsNOOSP, +Nal*: 1038.1007 [M+
Na]"; found: 1038.0977; elemental analysis caled (%) for
CyoHs5ClsNOP,Os: C 57.96, H 3.77, N 1.38; found: C 57.74, H 3.65, N
1.52.

[Os] = OsCl;PPhy

Complex 11

A solution of HI (120 pL, 0.75 mmol)
was added to a solution of 9
(200mg, 0.15mmol) in CHCl
(15mL). The reaction mixture was
heated at reflux temperature for
about 2 h to give a purple solution.
The solution was concentrated under
vacuum to a volume of approximate-
ly 1 mL. Addition of diethyl ether
(20mL) to the residue produced
a purple precipitate, which was collected by filtration, washed with
diethyl ether (2x5mL), and dried under vacuum to give 11
(66 mg, 40%). 'H NMR (400.1 MHz, CD,CL): =123 (s, TH; NH),
8.0-6.9 (m, 34H; Ph), 1.2 ppm (s, 3H; C°H); *C NMR: poor solubility
of 11 prevented characterization by ">CNMR spectroscopy;
'PNMR (162.0 MHz, CD,Cl,): 6=59 (s; CPPh;), —5.8ppm (s;
OsPPh,); HRMS (ESI): m/z calcd for [ChoHsCl,NOOSP,]1": 980.1420
[M—11*; found: 980.1393; elemental analysis caled (%) for
CyoHs5Cl,INOP,Os: C 53.17, H 3.46, N 1.27; found: C 52.80, H 3.23, N
1.49.

[Os] = OsCl,IPPh;

Crystallographic details

Single-crystal X-ray diffraction data were collected with an Oxford
Gemini S Ultra or a Rigaku R-AXIS SPIDER IP CCD area detector by
using graphite-monochromated Moy, radiation (1=0.71073 A).
Multiscan absorption corrections (SADABS) were applied. All struc-
tures were solved by direct methods, expanded by difference Four-
ier syntheses, and refined via a full-matrix least-squares method on
F? by using the Bruker SHELXTL-97 program package. Non-hydro-
gen atoms were refined anisotropically unless otherwise stated.
Hydrogen atoms were introduced at their geometric positions and
refined as riding atoms unless otherwise stated. CCDC 970569 (2 a),
970570 (3a), 970567 (4a), 1428315 (4b), 1428316 (5), 1428317 (6),
1428318 (7), 1428319 (8), 1428320 (9), 1428321(10), and
1428322 (11) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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