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/Abstract: Bulky substituents play important roles in control-
ling the reaction pathways or producing selected products.
This work reports that the shift of metallafuran rings in a
metallapentalenofuran complex can be promoted by the
substituent effect via a reversible C—H bond reductive elimi-
nation and oxidative addition. The starting osmapentalyne, a
so-called 7-carbon carbolong complex, was produced by the

oxidation of a metallapentalenofuran with FeCls. It was then\
allowed to react with nucleophiles, followed by a C—H acti-
vation, to give the aforementioned metallapentalenofuran
complex. This work enriches the family of carbolong com-
plexes and reveals a new strategy to promote, but not pre-
vent reactions by the bulky substituents.

/

Introduction

Conjugated metallacycles, such as metallabenzenes,? metalla-
benzynes,®** metallaannulenes,” or others,”” are very interest-
ing organometallic complexes due to their highly conjugated
frameworks. Such frameworks should provide them with excel-
lent stability, because they may exhibit Hiickel” or Mébius® ar-
omaticity. Recently, metallacycles with spiro-aromaticity' have
also been reported. As the first Craig-type Mobius metallacy-
cle,"” osmapentalyne (1, Scheme 1) is a 7-carbon “carbolong
complex”™ with novel reactivity and unique properties. For ex-
ample, osmapentalyne 1 can undergo an electrophilic addition
reaction with H' to give the 16e osmapentalene (2),"? or with
X, to give complexes 3 and 4."¥ The cycloaddition of com-
plex 1 with terminal alkynes in the absence or presence of
water can occur to give cycloaddition products such as cyclo-
butametallapentalenes  (5)" or o-metallapentalenofurans
(6)," respectively. It is interesting to note that osmapentalyne
1 can also react with nucleophiles™ (e.g., alkoxides) to give
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Scheme 1. Chemical reactivity of osmapentalyne 1.

addition products. This reaction is followed by a C—H oxidative
addition to give B-metallapentalenofurans (8), when the nucle-
ophile was an aryloxy anion (Scheme 1).1'7

Unlike most reported carbolong complexes, in which the
metallacyclic frameworks are composed of a metal and carbon
atoms, metallapentalenofurans are oxygen-containing metalla-
cycles, and can be viewed as a Craig-type Md&bius aromatics
derived from 11-center-12-electron d,—p, m-conjugation. In our
efforts to develop carbolong chemistry, we have reported that
o-metallapentalenofuran (6) can show J-aggregates behavior
and display photothermal properties."® However, the chemis-
try of -metallapentalenofurans (8) has still been under stud-
ied." In this work, we report the reverse of reductive elimina-
tion and oxidative addition between -metallapentalenofurans
and metallapentalynes, which enriches the reactivity of carbo-
long complexes. The reaction mechanism was also studied
with the help of DFT calculations.
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Results and Discussion

Synthesis of osmapentalynes

In our previous study, the nucleophilic attack of the cyclic
metal carbyne of osmapentalyne 1 followed by a C—H bond
oxidative addition led to a complex 8, which was isolated in
47 % yield, when the nucleophile was the PhO™ generated in
situ from PhOH in the presence of Cs,CO; at room tempera-
ture."”

Treatment of osmapentalenofuran 8 with FeCl; in air quickly
produced osmapentalyne 9, the structure of which was as-
signed on the basis of NMR and HRMS data. The *'P{'"H} NMR
spectrum of the complex 9 shows two resonances at d =4.85
(t, Jop=5.0 Hz, CPPh;) and 1.14 ppm (d, Jp,,=5.0 Hz, OsPPh,),
which are similar to those reported for osmapentalynes."® In
the *C{"H} NMR spectrum of 9, the peak corresponding to the
metal-carbyne (C1) was located at 0 =328.8 ppm. The other
signals of carbon atoms in the metallacycle appear at 0=
135.4, 151.4, 173.6, 160.2, 144.2, and 246.1 ppm for C2, C3, C4,
C5, C6, and C7, respectively. For comparison, signals from the
reported osmapentalynes''®® were observed at 0 =324.5, 119.1,
158.5, 182.0, 154.3, 155.6, and 227.9 ppm for C1, C2, C3, C4,
C5, C6, and C7, respectively. The 'H NMR spectrum of the com-
plex 9 shows the signals for the metallacyclic protons at 6 =
7.46 (H3) and 8.68 ppm (H5). These values are also similar to
those from the reported osmapentalyne, indicating that com-
plex 9 has a similar metallacyclic structure. The molecular for-
mula of complex 9 was further confirmed by HRMS (m/z :
1251.2598, Figure S6, Supporting Information) data.

As shown in Scheme 2, a mechanism for the formation of
complex 9 is proposed as follows: at first, the reductive elimi-
nation of 8 occurs to give the 16e osmapentalene intermedi-
ate (A), which is subsequently oxidized by FeCl; to give the
higher valent chloro-osmapentalene intermediate (B). Then,
the known deprotonation? of the intermediate B gives the
osmapentalyne 9 as the final product.
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Scheme 2. Proposed mechanism for the formation of 9 from 8 and the isola-
tion of 10 and 11.
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The presence of the 16e osmapentalene intermediate A is
strongly supported by the isolation of a complex (10) from the
reaction of complex 8 with tert-butylisocyanide. The structure
of 10 was confirmed by NMR spectroscopy, HRMS data (Fig-
ures S7-513), and elemental analysis. In the "H NMR spectrum,
the resonance of the H1 proton is located at 6 =11.91 ppm (d,
Jp.y=22.0 Hz), which is similar to the spectra of reported osma-
pentalenes (6 =11.83-14.96 ppm)."® The signals of other pro-
tons in the fused rings are observed in the aromatic region
(0=7.00-8.70 ppm). In the *'P{"H} NMR spectrum, the CPPh,
signal appears at 11.00 ppm, and the two OsPPh; signals
appear at 0=6.67 ppm. The "*C{'"H} NMR spectrum of complex
10 displays the signals in the downfield region at 6 =244.6 (s,
C7), 2145 (s, C1), and 197.0 ppm (d, Jo.c=27.6 Hz, C4) for
carbon atoms bonded to metal; the other signals for carbon
atoms in metallacycles appeared at 6=134.7, 150.4 (d, Joc=
25.9 Hz), 161.9, and 155.7 ppm for C2, C3, C5, and C6, respec-
tively. However, we were unable to grow single crystals of
complex 10. To further confirm the metallacyclic structure of
10 and the occurrence of the reductive elimination of complex
8 in the presence of tert-butylisocyanide, we successfully ac-
quired a high-quality single crystal of complex 11, by an anion
exchange reaction of 10 with NaCl (Scheme 2). As shown in
Figure 1, 11 contains a near-planar metal-bridged bicyclic
structure, as reflected by the small mean deviation from the
least-squares plane (0.066 A). The Os—C bond lengths of 11
(2.085 for Os1—C1, 2.072 for Os1—C4, and 2.023 A for Os1—C7)
are close to those for reported osmapentalenes (1.926-
2.175 A).110121417.18e1 Complex 11 represents a new 18e osma-
pentalene, which strongly supports the existence of the16e os-
mapentalene intermediate A.

Figure 1. X-ray molecular structure of the cation of complex 11 drawn at the
50% probability level. Phenyl groups in PPh; moieties were omitted for clari-
ty. Selected bond lengths [A] and angles [*]: Os—C1: 2.085(5), Os1—C4:
2.072(5), 0s1—-C7: 2.023(5), Os1—C8: 1.987(5), C1—C2: 1.382(7), C2—C3:
1.431(7), C3—C4: 1.381(7), C4—C5: 1.422(7), C5—C6: 1.375(6), C6—C7: 1.454(6);
0s1-C1-C2: 115.9(4), C1-C2-C3: 116.4(4), C2-C3-C4: 112.5(4), C3-C4-Os1:
118.6(3), C4-0s1-C1: 76.6(19), Os1-C4-C5: 115.6(3), C4-C5-C6: 114.9(4), C5-C6-
C7: 114.2(4), C6-C7-0s1: 115.9(3), C7-0s1-C4: 77.9(19), P1-Os1-P2: 167.8(5).

Shiftable metallafuran rings

The formation of the osmapentalyne 9 motivated us to re-in-
vestigate the aforementioned nucleophilic reaction of osma-
pentalyne with phenol in the presence of base."” As expected,
treatment of osmapentalyne 9 with excess PhOH in the pres-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ence of K,CO; in air produced the osmapentalenofuran 12
(Scheme 3).

The structure of 12 was confirmed by single-crystal X-ray dif-
fraction analysis. As shown in Figure 2, the metallacyclic unit in
12 (Comprised of Os1, O1, and C1-C9) is almost planar, as re-
flected by the small mean deviation from the least-squares
plane (0.052 A). It can be noted that 12 was the first f-metalla-
pentalenofuran characterized by single-crystal X-ray crystallog-
raphy, despite the fact that the f-metallapentalenofuran 8 was
reported in an early primary communication.!” The interesting
structural feature of 12 is the presence of a phenoxy group on
the metallacycle.

Figure 2. X-ray molecular structure for the cation of complex 12 drawn with
a 50% probability level. The phenyl groups in PPh; moieties are omitted for
clarity. Selected bond lengths [A] and angles [*]: Os—C1: 2.054(3), Os1-C4:
2.096(3), Os1—C7: 2.084(3), Os1—-C11: 2.152(3), C1—-C2: 1.401(4), C2—C3:
1.408(4), C3—C4: 1.388(4), C4—C5: 1.400(4), C5—C6: 1.381(4), C6—C7: 1.415(4),
C10—C11: 1.395(4), C11-02: 1.385(4), C1—02: 1.350(3); Os1-C1-C2: 120.9(2),
C1-C2-C3: 111.5(3), C2-C3-C4: 115.2(4), C3-C4-0s1: 117.9(2), C4-0s1-C1:
74.52(12), Os1-C4-C5: 118.1(2), C4-C5-C6: 114.8(3), C5-C6-C7: 113.1(3), C6-C7-
Os1: 118.6(2), C7-0Os1-C4: 74.38(12), Os1-10-C11: 114.2(2), C10-C11-02:
117.1(3), C11-02-C1: 112.3(2), 02-C1-0s1: 122.2(2), C1-0s1-C10: 74.0(11), P1-
Os1-P2: 175.69(2).

The molecular structure of 12 was further confirmed by mul-
tinuclear NMR. In the 'H NMR (Figure S20, Supporting Informa-
tion), the signals of H3, H5, and Os—H are at 6 =28.80, 8.76, and
—2.32 ppm, respectively, which are similar to those of the com-
plex 8. In the *'P{'"H} NMR (Figure S21, Supporting Information),
the CPPh; signal appears at 6 =8.29 ppm, and two OsPPh; sig-
nals appear at 0=—2.26 ppm. In the *C{'"H} NMR (Figure S22,
Supporting Information), the signals of C1, C4, and C7 and C10
are located at §=249.4 (dd, Joc=13.6, Jo.=6.2 Hz), 184.3 (dt,
Jo.c=273, Joc=3.2Hz), and 169.1 ppm (br), respectively. The
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molecular formula of 12 was also confirmed by HRMS (m/z:
1309.3349, Figure S25, Supporting Information) data.

Surprisingly, the reaction of 12 with tBuOK eliminated the
phosphonium group attached at C2 and produced 13 in the
presence of H,O. Obviously, the metallafuran ring shifted from
the right (Scheme 3, 12) to the left (13) through the reversible
reductive elimination and oxidative addition of Ar—H bond on
the metal center.

The molecular structure of the 13 was also confirmed by
single-crystal X-ray diffraction analysis. As shown in Figure 3,
13 has a metallacyclic structure similar to that of 12, except
that it contains different substituents on the metallacycle. The

A
Figure 3. The X-ray molecular structure for the complex 13 drawn with 50%
probability level. The phenyl groups in PPh; moieties are omitted for clarity.
Selected bond lengths [A] and angles [°]: Os—C1. 2.081(3), Os1-C4: 2.109(2),
0s1—C7: 2.060(3), Os1—C10: 2.142(2), C1—C2: 1.399(4), C2—C3: 1.389(4), C3—
C4:1.387(4), C4—C5:1.385(4), C5—C6: 1.394(4), C6—C7: 1.419(4), C7-0O1:
1.352(3), 01—C11: 1.391(3), C11—C10: 1.387(4), Os1-C1-C2: 119.83(19), C1-C2-
C€3:112.9(3), C2-C3-C4: 115.0(2), C3-C4-0Os1: 118.14(19), C4-0s1-C1: 73.91(10),
0s1-C4-C5: 117.8(2), C4-C5-C6: 115.8(2), C5-C6-C7: 111.5(2), C6-C7-Os1:
120.6(2), C7-0s1-C4: 74.31(10), Os1-C10-C11: 114.73(19), C10-C11-01:
117.2(2), C11-01-C7: 111.8(2), 01-C7-0s1: 122.12(18), C7-0s1-C10: 73.99(10),
P1-Os1-P2: 174.51(2).

molecular structure of 13 was further confirmed by multinu-
clear NMR and elemental analysis, as well as HRMS (Fig-
ures $S26-531, Supporting Information) data. In particular, the
hydride signal of 13 in the '"H NMR (Figure S26, Supporting In-
formation) appears at 6 =—3.11 ppm, which is similar to those
for 8 and 12. In the *'P{'"H} NMR spectrum (Figure S27, Sup-
porting Information), the signal at d=—0.23 ppm is assigned
for the two OsPPh; groups.

Despite the fact that K,CO, is a weaker base than tBuOK,
both of them are strong enough to take away the acidic
proton of PhOH to generate PhO~, which acted as a nucleo-
phile to attack the osmapentalyne 9. However, only the stron-
ger base (tBuOK) can eliminate the phosphonium group of
PPh,, resulting in the shift of the metallafuran ring through the
reversible reductive elimination and oxidative addition of the
Ar—H bond on the metal center. It is noted that the base has
also been found to play an important role in transition-metal-
catalyzed organic reactions.”” When D,0 was used in this
phosphonium-eliminated reaction, the deuterium-labeled com-
plex 13D was isolated and its structure was supported by
’D NMR (Figure S33, Supporting Information) and HRMS (m/z:
1072.2471, Figure S34, Supporting Information) data, which in-
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dicated that the proton attached at C2 was originated from
water.

DFT studies

The interesting behavior of the metallafuran ring in the reversi-
ble reductive elimination and oxidative addition of the Ar—H
bond on the osmium in complexes 12 and 13 motivated us to
investigate the origin of this shift. The DFT results indicate that
the elimination of the phosphonium group in 12 to give inter-
mediate 14 is thermodynamically favorable (—192.3 kcal mol™',
Figure 4). The reductive elimination of intermediate 14 occurs
with a small barrier of 16.5 kcalmol™' to give the 16e osma-
pentalene intermediate 15, which is similar to the intermediate
A shown in Scheme 2. Then, the 16e osmapentalene inter-
mediate 15 is converted to the thermodynamically stable com-
plex 13 by the oxidative addition of the phenoxy group on the
left side (Figure 4) with a very small barrier of 0.04 kcalmol™".
In contrast, the shift of the metallafuran ring of 12 itself to
give 16 (a hypothetical complex) was not observed in our ex-
periments. The DFT result reveals that it is of thermodynamic
origin: complex 12 is thermodynamically more favorable
(9.79 kcalmol™") than complex 16.

To further understand the influence of substituents in the
shift of the metallafuran ring, we calculated the Gibbs free
energy profiles of a series of metallapentalenofurans with dif-
ferent substituents (Figure 5). When the substituent of [PPh,]™
was changed to [PH,]*, the resulting complex 20 is more ther-
modynamically unfavorable (2.65 kcalmol™') than complex 17
(Figure 5). This result suggests that the substituent effect
should be steric in origin, because the [PPh;]" and [PH,]"
groups are both strong electron-withdrawing groups. As ex-
pected, when the substituent is CMe, (large electron-donating
group), the resulting metallapentalenofuran 22 is thermody-
namically more favorable (5.78 kcalmol™") than the metallapen-
talenofuran 19 (Figure 5). The strong electron-withdrawing CF;
group, which is slightly larger than the [PH,]™ group but small-
er than the CMe; group, only shows a small energy difference
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Figure 5. Gibbs free-energy profiles for the energy differences between two
types of metallapentalenofurans calculated by DFT methods.

of 1.91 kcalmol™". Thus, the bigger substituent, the more
stable is the structure on the right (Figure 5).

To understand how the steric effect works, we took a close
look at the optimized structure of complexes 16 and 17. As
shown in Figure 6, when the substituent is a [PPh,]™ group,
the structure of 16 has very short distances of H—H (2.22 A)
and C—C (3.37 A), which are shorter than the sums of van der
Waals radii of H—H (2.40) and C—C (3.40 A), respectively, sug-
gesting the presence of strong repulsive interactions.”" Inter-
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Figure 6. DFT-optimized structures of 16 and 17 with omitting partial hydro-
gen atoms and Ph groups for clarity.
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Figure 4. Gibbs free energy profiles for the possible mechanism of the formation of complex 13 from 12 calculated by DFT methods.
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estingly, both short interactions disappeared after the forma-
tion of metallafuran ring in complex 12, because the benzene
ring changes its orientation and thus relieves the repulsion.
When the substituent is the much smaller [PH;]" group, the
H—H distance in the resulting complex 17 is 2.92 A. Thus, 17
does not experience any repulsion. These results explain why
the steric effect dominated in these reactions.

Conclusions

In summary, a new approach for the synthesis of a 7-carbon
osmium carbolong complex was developed from the oxidation
of an osmapentalenofuran with FeCl; in air via the 16e osma-
pentalene intermediate. This 7-carbon osmium carbolong com-
plex can further undergo a nucleophilic reaction with phenol
in the presence of base. It is interesting to find that the metal-
lafuran rings can shift in a manner that is dominated by the
sizes of the substituents on the metallacycle. The results pro-
vide very interesting examples that enrich the carbolong
chemistry.

Experimental Section
General information

All the reactions were carried out under a nitrogen atmosphere
using standard Schlenk techniques unless otherwise stated. Com-
plexes 1'% and 8"” was prepared by following the procedure in
the literature. Other commercial reagents were used without fur-
ther purification. NMR spectroscopic experiments were performed
on a Bruker AVII-400 ('H, 400.1, C, 100.6, *'P, 162.0 MHz) spec-
trometer, a Bruker AVII-500 ('H, 500.2, "C, 125.8, *'P, 202.5 MHz)
spectrometer, or a Bruker Ascend Il 600('H, 600.1, *C, 150.9, *'P,
242.9 MHz) spectrometer at room temperature. 'H and ">C NMR
chemical shifts () are relative to tetramethylsilane, and *'P NMR
chemical shifts are relative to 85% H;PO,. The absolute values of
the coupling constants are given in hertz. Multiplicities are abbrevi-
ated as singlet (s), doublet (d), triplet (t), multiplet (m), and broad
(br). HRMS experiments were performed on a Bruker En Apex Ultra
7.0T FT-MS. Elemental analysis data were collected using a Vario EL
Il elemental analyzer.

Complex 9

A mixture of 8 (650 mg, 0.5 mmol) and FeCl; (400 mg, 2.5 mmol) in
dichloromethane (20 mL) was stirred at room temperature for
10 min in air to give a yellow/brown solution. The solution was ex-
tracted with H,0 (3x 30 mL), and the organic phase was collected.
The orange solid of 9 (602 mg, yield: 90%) was collected after the
solvent was evaporated to dryness under vacuum and the result-
ing residue was washed with diethyl ether and then dried under
vacuum. "H NMR plus "H-">C HSQC (500.2 MHz, CD,Cl,): 6 =8.68 (s,
1H, H5), 746 (s, TH, H3), 6.20 (d, Jy4,=8.7 Hz, 2H, H11 H15),
2.98 ppm (s, 3H, COOMe; *'P NMR (202.5 MHz, CD,Cl,): 6=4.85 (t,
Jop=5.0 Hz, CPPh;), 1.14 ppm (d, Jp.,=5.00 Hz Os(PPhs),); *C NMR
plus DEPT-135, 'H-"*C HSQC and 'H-"*C HMBC (125.8 MHz, CD,Cl,):
6=3288 (dd, Jpc=13.6, Joc=13.5Hz, C1), 246.1 (t, Joc=8.7 Hz,
C7), 173.6 (d, Jp..=22.8 Hz, C4), 163.6 (s, C8), 160.2 (s, C5), 159.8 (s,
C10), 1514 (d, Jo.c=15.4Hz, C3), 144.2 (s, C6), 1354 (d, Jpc=
69.0 Hz, C2), 116.5-135.1 (m, other aromatic carbons), 51.0 ppm (s,
C9); HRMS (ESI): m/z: caled for [CgHssClO;0sP5]™: 1251.2662;
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found: 1251.2598; elemental analysis caled (%) for
CyoHssBCIF,050P,: C 61.96, H 4.14; found: C 62.10, H 4.34.

Complex 10

tBUNC (113 uL, 1 mmol) was injected into a solution of 8 (130 mg,
0.1 mmol) in CH,Cl,. The reaction mixture was stirred at room tem-
perature for 3 days to give a yellow/green solution. The solution
was evaporated under vacuum to a volume of approximately 2 mL
and then purified by column chromatography (neutral alumina,
eluent: dichloromethane/ methanol 20:1) to give a yellow/green
solution. The yellow/green solid of 10 (90 mg, 65%) was collected
after the solvent was evaporated to dryness under vacuum.
"HNMR plus 'H-C HSQC (600.1 MHz, CD,CL): 6=11.91 (d, Jo,=
22.0 Hz, 1H, H1), 8.70 (s, 1H, H5), 8.55 (s, TH, H3), 2.87 (s, 3H, H10),
0.89 ppm (s, 9H, tBu); *'P NMR: (242.9 MHz, CD,Cl,): 6=11.00 (s,
CPPh;), 6.67 ppm (s, Os(PPh),); *CNMR plus DEPT-135, 'H-"C
HSQC, and "H-"*C HMBC (150.9 MHz, CD,Cl,): 6 =244.6 (s, C7), 214.5
(s, C1), 197.0 (d, Jp.c=27.6 Hz, C4), 164.5 (s, C9), 161.9 (s, C5), 159.1
(s, C11), 155.7 (s, C6), 150.4 (d, Jp.=25.9 Hz, C3), 140.0 (m, C8),
134.7 (m, C2), 117.1-134.1 (m, other aromatic carbon atoms), 50.2
(s, C10), 55.8 (s, tBu), 30.2 ppm (s, tBu); HRMS (ESI): m/z: calcd for
[C,4HgsNO;OsP517: 1300.3787; found: 1300.3779; elemental analysis
caled (%) for C,4HgsBF,;NO;0sP;: C 64.11, H 4.73, N 1.01; found: C
64.53, H 5.12, N 1.34.

Complex 11

Excess NaCl was added into a solution of 10 (160 mg, 0.12 mmol)
in CH,Cl,. The reaction mixture was stirred at room temperature
for 5 h to give a yellow/green solution. The solution was then puri-
fied by extraction with H,O (3% 10 mL), and the organic phase col-
lected. The yellow-green solid of 11 (145 mg, 91 %) was collected
after the solvent was evaporated to dryness under vacuum.
'HNMR plus 'H-"C HSQC (400.1 MHz, CD,CL): 6=11.92 (d, Joy=
22.0 Hz, 1H, H1), 8.70 (s, 1H, H5), 8.57 (s, 1H, H3), 2.88 (s, 3H, H10),
0.89 ppm (s, 9H, tBu); *'P NMR: (161.9 MHz, CD,Cl,): 6=11.55 (s,
CPPh;), 7.17 ppm (s, Os(PPh,),);*C NMR plus DEPT-135, 'H-"3C
HSQC, and 'H-*C HMBC (100.6 MHz, CD,Cl,): 0=244.5 (m, C7),
2144 (m, C1), 197.0 (dt, Jpc=26.1, Jp=4.3 Hz, C4), 164.5 (s, C9),
161.8 (s, C5), 159.0 (s, C11), 155.6 (s, C6), 150.4 (d, Jo..=26.0 Hz,
C3), 140.0 (m, C8), 134.6 (m, C2), 117.1-134.1 (m, other aromatic
carbon atoms), 50.1(s, C10), 55.8 (s, tBu), 30.2 ppm (s, tBu); elemen-
tal analysis calcd (%) for C,,HgsCINO;OsP;: C 66.58, H 4.91, N 1.05;
found: C 66.18, H 4.87, N 1.00.

Complex 12

A mixture of 10 (670 mg, 0.5 mmol), K,CO; (685 mg, 5 mmol), and
phenol (280 mg, 3 mmol) in dichloromethane (20 mL) was stirred
at room temperature for 8 h to give a fuchsia solution. The solu-
tion was evaporated under vacuum to a volume of approximately
2 mL and then purified by column chromatography (neutral alumi-
na, eluent: dichloromethane/acetone=5:1) to give a fuchsia solu-
tion. The fuchsia solid of 12 (502 mg, 72%) was collected after the
solvent was evaporated to dryness under vacuum.'H NMR plus 'H-
3C HSQC (400.0 MHz, CD,Cl,): 6=8.80 (s, 1H, H5), 8.76 (s, TH, H3),
7.56 (d, Juy=6.0 Hz, TH, H11), 6.95 (t, Jy,y=6.6 Hz, 1H, H12), 630
(t, Juy=6.8Hz, 1H, H13), 6.08 (d, Jyy=7.5Hz, 2H, H17 H21), 5.91
(d, Jyn=7.6 Hz, TH, H14), 2.77 (s, 3H, COOMe), —2.31 ppm (t, Joy=
16.0 Hz, 1H, Os-H); *'P NMR (161.9 MHz, CD,Cl,): 6 =8.29 (s, CPPh;),
—2.26 ppm (s, Os (PPh,),); CNMR plus DEPT-135, 'H-"*C HSQC
and 'H-*C HMBC (100.6 MHz, CD,Cl,): 6 =249.4 (dt, Jp.=4.92 Hz,
Joc=650Hz, C1), 213.0 (t, Joc=11.3Hz, C7), 1844 (dt, Jo .=
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27.7 Hz, Jo.c=2.5 Hz, C4), 169.1 (s, C15), 163.9 (s, C8), 163.6 (d, Jp.c =
16.0 Hz, C3), 162.9 (s, C5), 159.3 (s, C16), 147.6 (s, C11), 146.2 (s, C6),
134.9 (t, Jo.c=10.1 Hz, C10), 127.4-134.8 (m, other aromatic carbon
atoms), 124.7 (s, C12), 1234 (s, C19), 123.1 (s, C13), 120.8 (d, Jpc=
89.4 Hz, CPPh), 116.8 (s, C18 C20), 134.1 (dt, Jo.c.=528, Jorc=
4.50 Hz, C2), 111.3 (s, C14), 50.3 ppm (s, C9); HRMS (ESI): m/z: calcd
for [C;5Hg0,40sP517: 1309.3314; found: 1309.3349; elemental analy-
sis calcd (%) for C;sHgoBF,0,0sP;5: C 64.56, H 4.33; found: C 64.47,
H 4.77.

Complex 13

A mixture of 12 (405 mg, 0.3 mmol) and tBuOK (168 mg, 1.5 mmol)
in dichloromethane/water (10/0.1 mL) was stirred at room temper-
ature for 10 h to give an orange solution. The solution was evapo-
rated under vacuum to a volume of approximately 2 mL and then
purified by column chromatography (neutral alumina, eluent: di-
chloromethane) to give an orange solution. The orange solid of 13
(283 mg, yield=90%) was collected after the solvent was evapo-
rated to dryness under vacuum. 'HNMR plus 'H-C HSQC
(400.0 MHz, CDCl,): 6=9.06 (s, 1H, H5), 8.00 (s, 1H, H3), 7.72 (d, J,.
4w=6.6 Hz, 1H, H15), 6.56 (brs, 2H, H12, H14), 6.28 (t, J,,=6.3 Hz,
H13), 6.18 (d, Ju4=7.08 Hz, 2H, H17, H21), 5.62 (s, 1H, H2), 3.77 (s,
3H, COOMe), —3.11 ppm (t, Joy=15.6Hz, 1H, Os—H); *'P NMR
(161.9 MHz, CDCl;): 6=—-0.23 ppm (s, Os(PPh;),); *CNMR plus
DEPT-135, 'H-"*C HSQC and 'H-"*C HMBC (100.6 MHz, CDCl,): 6 =
245.1 (t, Jp.c =7.66 Hz, C7), 228.5 (t, Jpc=11.9 Hz, C4), 183.6 (br, C1),
170.0 (s, C11), 163.7 (s, C8), 160.7 (s, C5),157.9 (s, C16), 157.4 (s, C3),
136.4 (t, Jo.c=9.9 Hz, C10), 136.0 (s, C2), 134.3 (s, C6), 126.8-134.7
(m, other aromatic carbon atoms), 124.5 (s, C19), 123.4 (s, C12),
121.9 (s, C13), 121.7 (s, C17 C21), 111.5 (s, C14), 50.6 ppm (s, C9);
HRMS (ESI): m/z: caled for [Cs,H,s0,0sP,Na]l*: 1071.2378; found:
1071.2399; elemental analysis calcd (%) for Cg,H,;0,0sP,: C 65.38,
H 4.43; found: C 65.15, H 4.88.

X-ray crystallographic analysis

Single crystals suitable for X-ray diffraction were grown from di-
chloromethane solutions of 11 and 12 layered with hexane, and
from a methanol solution of 13 layered with hexane. Single-crystal
X-ray diffraction data were collected on an Oxford Gemini S Ultra
CCD area detector for 11-13, with a Mo, radiation (1=0.71073 A).
The data were corrected for absorption effects using the multi-
scan technique. Using Olex2,”” the structures of 11-13 were
solved with the ShelXT®¥ structure solution program using Intrinsic
Phasing and refined with the ShelXL® refinement package using
least-squares minimization. All of the non-hydrogen atoms were re-
fined anisotropically unless otherwise stated. The hydrogen atoms
were placed at their idealized positions and refined using a riding
model unless otherwise stated. The solvent CH,Cl, and phenyl
groups on PPh; were disordered and refined by using restraints.

CCDC 1846846 (11), 1846847 (12), and 1846845 (13) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre.

Crystal data for 11

[C,4HgsNO;0sP,]1CI-H,0-0-2 CH,Cl, (M =1538.69 gmol~"): monoclinic;
crystal dimensions: 0.40x0.40x0.40 mm; space group: P21/c
(no. 14); a=16.5649(4), b=13.3273(3), c=32.1022(8) A; a =90, p=
93.801(2), y=90°; V=70715(3) A%; Z=4; T=293(2) K; u(Moy,)=
2111 mm™";  Dgq=1.445gcm™>; 35339 reflections measured
(6.114° <20 < 54.998°); 16230 unique (R, = 0.0425, Rygm, = 0.0639),
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which were used in all calculations. The final R, was 0.0552 (/>
20(l)) and wR, was 0.1152 (all data); GOF=1.116; residual electron
density [e A*] maxmin™': 2.36/—3.43.

Crystal data for 12

[C;sHs0,05P51BF,-0.5 CH,Cl, (M=1436.60 gmol'): triclinic, crystal
dimensions: 0.60x0.40x0.40 mm space group P—1 (no.2); a=
12.5667(4), b=13.4395(4), c=21.4741(4) A, 0=94.233(3), p=
96.881(3), y=116.602(3)°; V=3186.12) A*>; Z=2; T=293(2)K;
1(Moy,) =2.182 mm™"; Dyeq_1.497 gcm>; 26776 reflections mea-
sured (4.78°<20<54.998°); 14633 unique (R;,,=0.0301, Rjgm,=
0.0453), which were used in all calculations. The final R; was 0.0304
(I>20(/)) and wR, was 0.1001 (all data); GOF=0.789; residual elec-
tron density [e A*] maxmin~': 1.74/—1.47.

Crystal data for 13

[Cs,H460,0sP,]-CH;0H (M=1079.12 gmol™): triclinic; crystal dimen-
sions: 0.40x0.40x0.40 mm; space group P—1 (no.2); a=
12.5186(5), b=12.6233(6), c=15.9741(5) A; «=82.613(3), p=
86.494(3), y=71.299(4)°; V=2370.67(17) A>; Z=2; T=293(2)K;
u(Moy,) =2.808 mm™"; Dq=1.512 gcm3; 22221 reflections mea-
sured (6.248° <26 <54.998°); 10878 unique (R,;=0.0283, R gm,=
0.0406), which were used in all calculations. The final R, was 0.0260
(I>20(/)) and wR, was 0.0598 (all data); GOF =1.058; residual elec-
tron density [e A*] maxmin~': 0.94/—1.03.

Computational details

All the optimizations were performed with the Gaussian 09 soft-
ware package® at the B3LYP level of density functional theory.*®
Frequency calculations were performed to confirm the characteris-
tics of the calculated structures as minima. In the B3LYP calcula-
tions, the effective core potentials (ECPs) of Hay and Wadt with a
double-E valence basis set (LanL2DZ) were used to describe the
Os, P, and Cl atoms, and the standard 6-31G(d) basis set was used
for all other atoms.”” Polarization functions were added for Os
(£(f)=0.886), P (&(d) =0.34), and Cl (£(d)=0.514).
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